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ABSTRACT: As zero-dimension nanoparticles, graphene oxide quantum dots (GOQDs)
have broad potential for regulating cell proliferation and differentiation. However, such
regulation of dental pulp cells (DPSCs) with different concentrations of GOQDs is
insufficiently investigated, especially on the molecular mechanism. The purpose of this study
was to explore the effect and molecular mechanism of GOQDs on the odontoblastic Odontoblastic 1
differentiation of DPSCs and to provide a theoretical basis for the repair of pulp vitality by AMPKf Differentiation
pulp capping. CCK-8, immunofluorescence staining, alkaline phosphatase activity assay and ) ()

staining, alizarin red staining, qRT-PCR, and western blotting were used to detect the .‘J \‘ J
proliferation and odontoblastic differentiation of DPSC coculturing with different mTOR‘
concentrations of GOQDs. The results indicate that the cellular uptake of low concentration

of GOQDs (0.1, 1, and 10 pg/mL) could promote the proliferation and odontoblastic differentiation of DPCSs. Compared with
other concentration groups, 1 pg/mL GOQDs show better ability in such promotion. In addition, with the activation of the AMPK
signaling pathway, the mTOR signaling pathway was inhibited in DPSCs after coculturing with GOQDs, which indicates that low
concentrations of GOQDs could regulate the odontoblastic differentiation of DPSCs by the AMPK/mTOR signaling pathway.

1. INTRODUCTION

Caries and crown fracture are common dental hard tissue
disease, which can cause the exposure or close proximity of
pulp tissue and ultimately result in inflammation of pulp and
periapical tissue." Pulp capping is a conservative treatment for
extensively dental defect.” This treatment can induce reparative
dentinogenesis by applying biomaterial to the dentine close to
the pulp or to the exposed pulp tissue and then protecting the
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pulp from noxious stimuli.’ As shown in Figure 1, localized ° Odomgle’llf;t'like Pulp
dental defect may lead to destruction of primary odontoblast. oW

However, the application of a pulp capping agent can induce Y

the dental pulp cells (DPSCs) to differentiate into odonto- B ¢

blast-like cells, which can form reparative dentin to protect the V5

pulp tissue. Therefore, a better material to promote b I

odontoblastic differentiation is of vital significance for the
success of pulp capping. N

As stem cells, the cell fate of DPSCs is determined by a
series of complex transcription factors and epigenetic net- Figure 1. Effect of pulp capping agent. Pulp capping agent can induce
works.> The physiological niche that controls cell fate is DPSCs. to difﬂ.erentiate into odontobl.ast-like cells, which can form
composed of a cell microenvironment, which can affect cell reparative dentin to protect the pulp tissue.
behaviors, including self-renewal and differentiation. In
biomedical applications, nanomaterials can serve as the Received:  October 10, 2022
physiological niche for the formation and differentiation of Accepted:  January 16, 2023
stem cells. The physical and chemical properties of nanoma- Published: February 1, 2023
terials can affect the cell microenvironment and then regulate
the cellular response to differentiation.” Nanomaterials refer to
particles with a size range of 1—100nm,” with the advantages of
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Figure 2. Characterization of GOQDs. (A, B) TEM image of GOQDs; (C) size distribution of GOQDs; (D) XPS survey peaks of GOQDs; (E)
excitation wavelength and emission wavelength of GOQDs; (F) photos of GOQDs colloid under natural light (left) and at 365 nm UV lamp

(right).

penetrating across cell barriers and preferential accumulation
in specific cells, which provide therapeutic and diagnostic
properties.8

According to different dimensional structures, nanostruc-
tures can be divided into zero dimensional (quantum dots),
one dimensional (nanotubes, nanofibers, and nanowires), two

5394

dimensional (nanosheets, nanodiscs, and nanowalls) and three
dimensional (hollow spheres and nanoflowers).” Quantum
dots are nanoscale (2—10 nm) fluorescent particles composed
Except from the excellent
properties of graphene oxide (GO) itself, as zero dimensional
nanoparticles, graphene oxide quantum dots (GOQDs) also

. . 110
of semiconductor materials.
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Figure 3. Characterization and proliferation of DPSCs. (A) 3 days of primary DPSCs, x50; (B) DPSCs at P3, x50; (C) cells were treated with
osteogenic induction medium after 14 days and stained with Alizarin red, X50; (D) cells were treated with adipogenic induction medium after 21
days and stained with oil red, X100; (E) flow cytometry analysis of cell surface marker CD34, CD45, CD44, CD73, CD90, CD105; (F)

proliferation of DPSCs cocultured with different concentrations (0, 0.1, 1, 10, and 50 yg/mL) of GOQD:s for 1, 3, S, and 7 days (*p < 0.05 vs the
control group).

have a higher surface area to volume ratio and smaller size.’ chemical properties.” Studies have shown that a higher surface
Therefore, compared with other dimensional nanostructures, area to volume ratio could lead to more proteins adsorbed on
quantum dots have more active sites and unique physical and the surface of quantum dots, which will change the properties
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of the surface and size of the nanoparticle and then promote
cellular internalization through the internalization pathway
mediated by clathrin.® The size and morphology of nano-
particles can influence their penetration into cells. Compared
with nanorods of the same size, nanospheres are easier to enter
cells.'" The nanoscale size and well dispersibility provide
graphene quantum dots (GQDs) and their derivatives with
good cell permeability.'* In addition, GQD-like materials can
exert an antibacterial effect by inducing the generation of
reactive oxygen species,13 and this antibacterial effect can be
significantly enhanced under photoexcitation.'* Studies found
that the materials loaded with GOQDs can significantly
enhance the antibacterial activity against Escherichia coli and
Staphylococcus aureus'®> and improve the wound healing
effect.’

The perturbation caused by nanoparticle to normal
homeostasis of cells could affect their function and behavior,
and the cellular internalization of quantum dots has important
influence on the differentiation of stem cells.'”” Both the
mechanical stress in cells induced by quantum dots and the
surface modification of quantum dots play an important role in
determining the differentiation of mesenchymal stem cells
(MSCs).” In addition, many studies have also shown that the
regulation of differentiation caused by GQDs and their
derivatives depended on the interaction between quantum
dots and specific cellular signal pathways. For example, GQDs
and their derivatives have been proved to have the ability to
promote osteogenic differentiation of MSCs by up regulating
bone morphogenetic protein (BMP), TGF-f, and Wnt
signaling pathways.'” Our previous studies confirmed that
GOQDs at a specific concentration can promote the
osteogenic differentiation of stem cells from human exfoliated
deciduous teeth'® and bone marrow mesenchymal stem cells'”
by Wnt signaling pathways.

As a common classification of autophagy regulators, many
nanomaterials have the potential in balancing autophagy
homeostasis,”’ especially quantum dots.”’ Quantum dots can
induce oxidative stress and autophagy, thus regulating cell
behavior through mTOR, MAPK, and other signal pathways.22
By the cellular protection mechanism, quantum dots with
smaller sizes are more effective in autophagy induction.” Study
has confirmed that GOQDs can induce autophagy through
various ways.”’ As a coordinated intracellular process,
autophagy can remove unnecessary or dysfunctional cellular
components by degradation and recycling”* and then maintain
cell homeostasis.”® Therefore, autophagy is considered to be a
significant process for stem cells to maintain stemness,
including the proliferation, self-renewal, and directional
differentiation.”® This process plays an important role in
odontoblastic differentiation of DPSCs during tooth bud
development and reparative dentinogenesis.”” In addition, a
study has shown that autophagy can promote the differ-
entiation of odontoblast for the resistance to bacterial invasion
and stimulate subodontoblast layer cell differentiation into an
odontoblast-like cell for the production of reactionary dentin.”®

The initiation of autophagy is regulated by two critical
components of the nutrient/energy sensor pathway: mamma-
lian target of rapamycin (mTOR) and AMP-activated protein
kinase (AMPK).” Studies have shown that graphene-based
nanomaterials may signal through TLR receptors to induce
ROS stress and then trigger an autophagic response in cells by
AMPK/mTOR or MAPK signaling pathways.30 Although a
variety of signaling cascades and regulatory mechanisms can
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influence autophagy, AMPK may be the most conserved
autophagy inducer in biological evolution for its relationship
with autophagy degradation in almost all eukaryotic cells.”!
AMPK is an evolutionarily conserved serine/ threonine protein
kinase. As an energy sensor, AMPK can regulate cell
metabolism to maintain energy homeostasis.”> In contrary,
autophagy is inhibited by mTOR. mTOR belongs to the
phosphatidylinositol-3 kinases (PI3K)-related kinase (PIKK)
family, which can sense and integrate various environmental
and intracellular signals to regulate cellular and organismic
responses.”” Activated AMPK can inhibit mTOR and
ultimately lead to autophagy.”* The functions of AMPK and
mTOR, which correlate with autophagy signaling, have been
confirmed in the osteogenic differentiation of mesenchymal
stem cells.”>*

In this study, we speculated that the cellular uptake of
GOQDs in a proper concentration range can promote the
odontoblastic differentiation of DPSC through the AMPK/
mTOR signaling pathway due to the characteristics of
quantum dots. Furthermore, we will explore the appropriate
concentration range of GOQDs for promoting odontoblastic
differentiation, which will indicate whether this effect is
concentration-dependent.

2. RESULTS

2.1. Characterization of GOQDS. The morphology of
GOQDs was observed by transmission electron microscopy
(TEM, Hitachi, Japan). GOQDs are dispersed with the
diameters of 2.5—5.5 nm (Figure 2A—C). The chemical
composition of the material can be determined by X-ray
photoelectron spectroscopy (XPS). XPS shows two prominent
peaks, C,s (284.8 eV) and Oy (532.7 eV) (Figure 2D), which
prove that the GOQD sample contains only carbon and
oxygen, with no other impurity elements mixed. Having many
oxygen-containing functional groups is a characteristic that
distinguishes the GOQDs from the GQDs.

2.2, Characterization of DPSCs. The major morphology
of DPSCs was spindle-like or fibroblast-like (Figure 3B). After
the osteogenic and adipogenic induction of DPSCs, the
formation of calcium nodules and lipid droplet was observable
(Figure 3C,D). In the analysis of cell-surface markers, 99.9% of
the cells were CD44-positive, 99.9% were CD73-positive,
99.7% were CD90-positive, and 99.9% were CD105-positive;
only 0.078% of cells were CD34-positive and 0.34% were
CD4S-positvie (Figure 3E). These results show that the
expression of mesenchymal stem cell related markers was
positive, as the expression of hematopoietic markers was
negative, which indicated that DPSCs were mesenchymal stem
cell with multiple differentiation potential.

2.3. Cell Proliferation and Cellular Uptake of GOQDs.
The proliferation ability of DPSCs cocultured with different
concentrations of GOQDs was measured by CCK-8 assay.
DPSCs were cocultured with a medium, which include
different concentrations (0, 0.1, 1, 10, and SO pg/mL) of
GOQDs for 1, 3, S, and 7 days. According to the result (Figure
3F), GOQDs showed low cytotoxicity at low concentration
(0.1, 1, and 10 pg/mL). The proliferation of DPSCs was
significantly promoted with 1 and 10 yg/mL GOQDs. On the
contrary, when the concentration of GOQDs reaches 50 pg/
mL, it shows an obvious inhibitory effect of the proliferation of
DPSCs.

The location of GOQDs and the morphology of DPSCs
cocultured with GOQDs were observed by confocal laser

https://doi.org/10.1021/acsomega.2c06508
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Figure 4. Confocal laser scanning microscopy images of DPSCs cocultured with different concentrations (0, 0.1, 1, and 10 g/mL) of GOQDs for

72 h.

scanning microscopy. As shown in Figure 4, after coculturing
with GOQDs for 72 h, DPSCs in each concentration group
(0.1, 1, and 10 pg/mL) exhibited normal spindle-like
morphology at high magnification compared with the control
group. Furthermore, after coculturing with GOQDs for 72 h,
DPCSs emitted blue fluorescence under 405 nm of excitation
wavelength, which cannot be observed in the control group.
This phenomenon indicated that there was cellular uptake of
GOQDs happening in DPSCs: GOQDs can penetrate the cell
membrane and locate in the cytoplasm, by which these
nanoparticles can exert a certain effect.

2.4. ALP Activity Assay and ALP Staining. DPSCs were
cocultured with odontogenic induction medium (OIM), which
include different concentrations (0.1, 1, and 10 pug/mL) of
GOQDs for 7 and 14 days, and then the activity of ALP was
detected by the ALP assay and ALP staining. The result of the
ALP assay (Figure SB,C) suggests that after 7 days of
coculture, DPSCs treated with 1 pg/mL GOQDs show higher
ALP activity compared with the control group, and there was
no statistical difference between the other concentration
groups and the control group. This indicated that 1 ug/mL
of GOQDs could play a promoting role in the early stage of
odontoblast differentiation. After 7 and 14 days of coculture,
DPSCs treated with GOQDs show higher ALP activity
compared with the control group, of which DPSCs treated
with 1 yg/mL GOQDs had the highest activity of ALP. The
ALP staining of DPSCs cocultured for 7 days has the same
trend of result compared with the ALP assay (Figure SA),
which indicated that low concentration of GOQDs (0.1, 1, and
10 pg/mL) can promote mineralization of DPSCs.
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2.5. Alizarin Red Staining. DPSCs were cocultured with
OIM, which include different concentrations (0.1, 1, and 10
ug/mL) of GOQDs for 14 days, and then the deposition of
calcium nodules was evaluate by Alizarin red staining. The
result shows that DPSCs treated with 1 and 10 pug/mL
GOQDs have more obvious deposition of calcium nodules,
which manifested in both the quantity and diameter of calcium
nodules (Figure SD). In the semi-quantitative interpretation of
Alizarin red staining, the results of DPSCs treated with 1 and
10 pug/mL GOQDs were 165 and 149% higher than the
control group, respectively, while there were no significant
differences between 0.1 pg/mL GOQD group and the control
group (Figure SE).

2.6. qRT-PCR and Western Blotting. DPSCs were
cocultured with OIM, which include different concentrations
(0.1, 1, and 10 pug/mL) of GOQDs for 7 and 14 days, and then
gRT-PCR and western blotting were used to detect the
expression levels of odontoblastic differentiation related genes
and proteins in DPSCs. The result of qRT-PCR (Figure 6A,B)
shows that on the 7th and 14th days of odontogenic induction,
compared with the control group, the expression levels of ALP
and Runx2 increased in the 1 pg/mL GOQD group and 10
pug/mL GOQD group, and the expression of DSPP and DMP-
1 increased significantly. Western blotting analysis (Figure
6C—F) shows that the expression levels of odontogenic
proteins increased significantly in the 1 pg/mL GOQD group
and 10 pg/mL GOQDs group after 14 days of odontogenic
induction. These results suggest that GOQDs at the
concentration of 1 or 10 ug/mL can promote the
odontoblastic differentiation of DPSCs, and the optimum

https://doi.org/10.1021/acsomega.2c06508
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concentration of GOQDs in such a promotional effect is 1 pug/
mL in this study.

2.7. Inhibitor Treatment. In order to explore the
molecular mechanism of the promotional effect of odonto-
blastic differentiation caused by GOQDs, we treat DPSCs with
compound C, which is an inhibitor of the AMPK pathway, and
the carry-over effect was detected by ALP and Alizarin red
staining, QRT-PCR and western blotting. The result (Figure
7A—H) indicated that compared with the control group,
GOQDs at the concentration of 1 pg/mL can significantly
stimulate the mineralization capacity and ALP activity, as well
as the expression levels of odontogenic genes and proteins, of
DPSCs with odontogenic incubation. However, after treatment
with compound C, such a promotional effect of GOQDs in
DPSCs was reversed, which was manifested in the decrease of
calcium nodule’s deposition and ALP activity, and the
reduction of odontoblastic differentiation related genes and
protein’s expression as well. This indicated that GOQDs can
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influence the odontoblastic differentiation of DPSCs through
the AMPK signaling pathway.

2.8. Effects of AMPK/mTOR. DPSCs were cocultured
with OIM, which include different concentrations (0.1, 1, and
10 ug/mL) of GOQDs for 14 days, and then western blotting
was used to detect the protein activation levels of AMPK and
mTOR pathways. According to the result (Figure 8A—C), after
coculturing with GOQDs at low concentrations (0.1, 1, and 10
ug/mL), the expression level of phosphorylated AMPK
increased, while the expression level of phosphorylated
mTOR decreased, which suggested that GOQDs at low
concentration can activate the AMPK pathway and inhibit the
mTOR pathway in DPSCs. In this study, the optimum
concentration of GOQDs for activating the AMPK pathway
while inhibiting the mTOR pathway was 1 pg/mL. This result
was consistent with the aforementioned optimum concen-
tration of GOQDs for promoting the odontoblastic differ-
entiation.

https://doi.org/10.1021/acsomega.2c06508
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Figure 6. qRT-PCR and western blotting analyses of the expression levels of odontogenic proteins and genes of DPSCs cocultured with GOQDs at
different concentrations. (A) Expression levels of odontogenic genes of 7 days’ coculture tested by qRT-PCR; (B) expression levels of odontogenic
genes of 14 days of coculture tested by qRT-PCR; (C) expression levels of odontogenic proteins of 14 days of coculture analyzed by western
blotting; (D—F) quantitative analyses of western blotting (*p < 0.05, **p < 0.01, **¥p < 0.001, and ****p < 0.0001 vs the control group; *p <
0.05, *p < 0.01, ™ < 0.001, and *#*#*p < 0.0001 vs 0.1 pg/mL GOQDs; *p < 0.05, ®p < 0.01, **p < 0.001, and **p < 0.0001 vs 1 pg/mL

GOQDs).

3. DISCUSSION

Quantum dots exhibit great potential in the biomedical field. In
the current research, semiconductor quantum dots stand out in
the field of bioimaging due to their optical properties.
However, there are few studies on the impact of quantum
dots on the behavior of stem cells. Some studies have proved
that GQDs and their derivatives can affect the self-renewal and
cell differentiation of MSCs. Among these, studies on
osteoblastic differentiation of MSCs are the most common.
Qiu et al.'” proved that GQDs at an appropriate concentration
can promote the expression of osteogenesis related genes and
proteins in BMSCs. Han et al.® proved that GQD based on
adenosine and aspirin can promote osteogenic differentiation
of BMSCs. Our previous research also proved that GOQDs
can promote osteogenic differentiation of SHEDs'® and
BMSCs."” Because of the similarity in mineralization between
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osteogenic and odontogenic differentiation, it is reasonable to
speculate that GQDs and their derivatives can also promote
the odontogenic differentiation of stem cells.

However, most studies have not explored the optimal
concentration of GQDs and their derivatives for application. At
the cellular level, the overall toxicity of quantum dots appears
at the threshold concentration.”” Compared with differentiated
cells, stem cells are more resistant to quantum dots. In terms of
the concentration of GQDs, the toxicity of GQDs increases
with the increase of concentration. With the increase of
concentration, GQDs can aggregate into a larger cluster and
then lead to the formation of pores in the lipid membrane.*® In
a cytotoxicity study of graphite nanoparticles, cell viability
decreased in a concentration-dependent manner (10—100 ug/
mL) and had a steeply decrease at concentrations greater than
30 pg/mL.*” This indicated that graphite nanoparticles have
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Figure 7. Effect of compound C. (A) Gross appearance and microscopic images of Alizarin red staining, X50; (B) semi-quantitative interpretation
of Alizarin red staining; (C) gross appearance and microscopic images of ALP staining, X50; (D) expression levels of odontogenic genes tested by
qRT-PCR; (E—H) expression levels of odontogenic proteins analyzed by western blotting (*p < 0.0S, **p < 0.01, and ****p < 0.0001 vs the
control group; *p < 0.05, #p < 0.01, and #*p < 0.0001 vs GOQDs (+) Comp.C(—) group).

significant concentration-dependent toxicity in vitro, and 30
pug/mL might be the threshold concentration. Therefore,
according to the expected application of quantum dots, the
optimal concentration range must be defined to obtain the
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expected effect of the study. In this study, we analyzed the
effects of GOQDs at different concentrations on the
proliferation of DPSCs. The results of the CCK-8 assay
show that GOQDs have dose-dependent toxicity to DPSCs.
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Figure 8. Protein activation levels of AMPK and mTOR pathways. (A—C) Protein expression levels of AMPK/mTOR pathway analyzed by
western blotting (****p < 0.0001 vs the control group; ####p < 0.0001 vs 0.1 pg/mL GOQDs; **p < 0.0001 vs 1 ug/mL GOQDs).

Compared with the control group, when the concentration of
GOQDs reached 50 ug/ml, the proliferation activity of
DPSCs was inhibited. However, when the concentration of
GOQDs was 0.1, 1, or 10 pg/mL, GOQDs can significantly
increase the proliferation activity of DPSCs. 50 pg/mL seems
to be a common threshold concentration for quantum dots to
exhibit cytotoxicity. In Wang et al’s study’® on the
enhancement of osteogenic differentiation of BMSC caused
by GQDs, the concentration range of quantum dots is 0.5—50
p#g/mL. When the concentration of GQDs is 50 pug/mL, cell
viability was slightly inhibited after coculturing for 72 h.
Therefore, they believe that the safe treatment concentration
should be less than 50 pg/mL. Another study17 also showed
that 50 ug/mL GQDs can start to inhibit the proliferation of
MSCs, which is consistent with the results of our study.
Different concentrations of GOQDs lead to different cell
proliferative ability, which may be attributed to the dual
behaviors of GOQDs based on concentration:® in an
appropriate concentration range, GOQDs can promote cell
survival by reducing intracellular ROS, stimulating the
synthesis of growth promoting factors and degrading toxic
proteins;10 If GOQDs exceed this concentration range, these
nanoparticles will exhibit cytotoxicity of quantum dots.*!
Nanoparticles at an excessive concentration would accumulate
and interact with the surrounding cells, granulating the cellular
microenvironment and increasing the risk of cellular structural
damage.

Attributed to the nanoscale size of GOQDs, these
nanoparticles exhibit a distinct physicochemical characteristic
from GO, including penetrating across cell barriers and then
directly producing intracellular effects.*” The cellular uptake of
quantum dots is a process of active transport, and clathrin-
mediated endocytosis is possibly the dominant way for the
internalization of quantum dots.*’ The result of cellular
immunofluorescence staining showed that, after coculture,
GOQDs could aggregate in DPSCS and emit blue fluorescence
under 405 nm of excitation wavelength due to photo-
luminescence features. In addition, the actin filaments of
DPSCs treated with 0.1, 1, or 10 ug/mL GOQDs exhibited
normal spindle-like morphology, indicating that GOQDs did
not affect the normal cell morphology of DPSCs within this
concentration range.

Alkaline phosphatase (ALP) is an extracellular enzyme that
releases phosphate for mineralization at the stage of cell
differentiation, which is closely related to the secretory activity
of cells. Regarded as an early marker of osteogenic and
odontoblastic differentiation, ALP usually significantly ex-
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presses after 1 week of induction.”* The result of the ALP
activity assay and ALP staining showed that, after coculturing
with GOQDs, DPSCs exhibited higher ALP expression than
those in the control group, and DPSCs treated with 1 pug/mL
GOQDs had the highest ALP activity. Alizarin red staining and
the semi-quantitative interpretation can detect the calcium
deposits content in the extracellular matrix. The results of these
experiments were consistent with the results of the ALP
activity assay and ALP staining, indicating that 1 ug/mL
GOQDs can promote the formation of calcium nodules in
extracellular matrix.

Dentin sialophosphoprotein (DSPP) and dentin matrix
protein-1 (DMP-1) are positive regulators of hard tissue
mineralization,*> which play significant roles in early
odontoblast differentiation and later dentin mineralization.
DPSS can encode two dentin matrix proteins, including dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP). DSP is
the regulator of initiation of dentin mineralization, while DPP
is the regulator of mineralized dentin maturation.** Therefore,
the increased expression of DSPP and its cleavage products
confirmed odontoblastic differentiation of DPSCs, and the
expression of DSPP in odontoblasts and dentin was 400 times
higher than that in osteoblasts and bone tissue.** DMP-1 is an
extracellular matrix protein that can induce the deposition of
mineral particles along the collagen fibril axis and produce a
marked effect in regulating dentin mineralization.*” Runx2 is a
specific transcription factor that regulates the differentiation of
mesenchymal stem cells, and it is closely related to the
differentiation of odontoblasts. The expression of Runx2 has
temporospatial characteristic for its high expression at the early
stage of odontoblast differentiation.*® The results of gRT-PCR
and western blotting showed that, after coculturing with
GOQDs, the expression levels of odontoblastic differentiation-
related genes and proteins in DPSCs were significantly
increased, and this increase was affected by the concentration
of GOQDs. Compared with other concentrations of GOQDs,
1 pug/mL GOQDs have a stronger ability to promote
odontoblast differentiation, which was consistent with the
results of the previous ALP related experiments and Alizarin
red staining. However, in the previous experiment of our
research group, the optimal concentration of GOQDs to
promote osteogenic differentiation of BMSCs and SHEDs
were 0.1'” and 10 ug/mL."® This discrepancy may be due to
the different sensitivity of different cell types to the
concentration of quantum dots.

Intracellular nanoparticles are not only degraded by the
endolysosomal pathway but also encapsulated by autophago-
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somes, which would result in degrading by the autolysosomal
pathway. Autophagy caused by nanoparticles may be a cellular
defense mechanism to against nanoparticles,10 for it has a
protective effect on the toxicity of quantum dots.*” The study
by Wang et al.”’ showed that oxidative stress is triggered by the
generation of ROS during the process of carbon dots
promoting osteogenic differentiation. When studying the
mineralization of DPSCs induced by GOQDs, Li et al.”' also
found the involvement of ROS, which suggested the
occurrence of autophagy. During the process of cell differ-
entiation, unnecessary proteins can be degraded by autophagy
to provide zymolyte for the synthesis of new morphogenesis
related proteins. Autophagy is regulated by nutrient sensors,
AMPK and mTOR, and coordinates physiological conditions
and environmental stress of cells in the form of signal
pathways.”® The complex protein network composed by
AMPK and mTOR is mainly regulated by rapid and reversible
post-translational modifications, such as phosphorylation.>”
Phosphorylated AMPK can induce autophagy by inhibiting
mTOR.** Unc-51-like kinase 1 (Ulkl) is the main checkpoint
regulating autophagy initiation.”> mTOR inhibited by AMPK
can eliminate the phosphorylation inhibition of Ulkl and then
induce the combination of Ulkl and AMPK, which is a main
mechanism of autophagy induced by AMPK. AMPK and
mTOR synergistically regulate Ulkl to control autophagy,
which means that the dynamic balance of autophagy depends
on the signaling triad formed by a transient feedback
mechanism of AMPK, mTOR, and Ulkl.>* Compound C
(also known as dorsomorphin) is a selective and competitive
AMPK inhibitor with cell permeability, which is widely used in
cell-based, biochemical, and in vivo assays.55 In this study,
compared with the control group, DPSCs cocultured with
GOQDs exhibited better ability of odontoblast differentiation,
accompanied by activation of the AMPK pathway and
inhibition of the mTOR pathway, indicating that GOQDs
can regulate the odontoblast differentiation ability of DPSCs
through the AMPK/mTOR pathway. Studies have shown that
the process of nanoparticle cellular internalization may affect
the recruitment/activation of AKT localized at the cell
membrane, thereby altering its ability to activate mTOR.
Meanwhile, the internalized nanoparticles could further affect
the activation of mTOR by preventing the recruitment of
mTOR to the lysosomal membrane.*® This may explain the
reason why GOQDs lead to mTOR pathway inhibition in this
experiment. Between all the concentration groups, 1 pug/mL
GOQDs showed the strongest effect of odontogenic induction.
After the application of the AMPK inhibitor compound C, the
promotion of odontoblast differentiation caused by 1 pug/mL
GOQDs was partially reversed.

Based on these results, we demonstrated that the internal-
ization of GOQDs at an appropriate concentration could
activate AMPK and inhibit mTOR, thereby promoting
odontoblastic differentiation of DPSCs. The odontoblastic
differentiation effect of GOQDs showed a significant
concentration dependence, and 1 ug/mL was the optimum
concentration for this promoting effect in this experiment.
When the concentration of GOQDs was 50 pig/mL, it showed
an inhibitory effect on the cell viability of DPSCs. However, in
this study, whether cellular defensive autophagy against
GOQDs occurs with the activation of the AMPK/mTOR
signaling pathway requires further investigation.
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4. MATERIALS AND METHODS

4.1. Characterization of GOQDS. GOQDs were provided
by Nanjing Xianfeng (Nanjing XFNANO Materials, China).
The concentration of GOQDs colloid was 1 mg/mL, and the
solvent is water. The size and nanomorphology of GOQDs
were detected by transmission electron microscopy (TEM; FEI
Tecnai G2 Spirit, Hillsboro, OR, USA). The composition of
GOQDs was characterized by X-ray photoelectron spectros-
copy (XPS).

4.2. Isolation and Characterization of DPSCs. DPSCs
were isolated form intact third molars extracted from clinical
patients (20—30 years old), and these caries-free third molars
were extracted for being impacted or orthodontic treatment.
Ethics Committee approval was provided by the School of
Stomatology, Sun Yat-sen University. The teeth were stored in
precooled phosphate-buffered saline (PBS; Hyclone, Logan,
UT, USA) with 1% penicillin/streptomycin (P/S; Gibco,
Thermo Fisher Scientific, Inc., GrandIsland, NY, USA) before
being taken to the laboratory. After cleaning the surface of the
teeth in clean bench, pulp tissue was extracted from teeth split
longitudinally. The pulp tissue was sheared into 1 mm?® pieces
and digested with 1:1 3 g/L collagenase type I (Sigma-Aldrich,
St. Louis, MO, USA) and 4 g/L dispase (Roche, Basel,
Switzerland) at 37 °C for 30 min. The discrete cells were
resuspended in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco), which included 20% fetal bovine serum (FBS; Gibco),
and then cultured in 37 °C and 5% CO, incubator. The
medium was changed every 3 days.

The cell morphology of primary and third-passage DPSCs
was observed by an inverted microscope (Zeiss, Oberkochen,
Germany). Adipogenic induction medium (Cyagen Bioscien-
ces, China) was used to induce adipogenic differentiation of
DPSCs. After 21 days of adipogenic induction, Oil red O
staining was applied to evaluate the formation of lipid droplet.
Osteogenic induction medium [DMEM with 10% FBS, 1% P/
S, 0.1 uM dexamethasone (Sigma-Aldrich), 10 mM f-
glycerophosphate (Sigma-Aldrich), and 50 uM ascorbic acid
(Sigma-Aldrich)] was applied to induce osteogenic differ-
entiation of DPSCs. After 14 days of osteogenic induction,
Alizarin red staining was used to evaluate the deposition of
calcium nodules. Flow cytometry was performed with the
Beckman Coulter CytoFlex system, and the characterization of
DPSCs was assessment by CD34, CD44, CD4S, CD73, CD90,
and CD10S.

4.3. Proliferation Assay. DPSCs were seeded in 96-well
plates at a density of 5 X 103 per well. After 24 h, the cells
adhered and the growth state was stable, and then the medium
was changed to the medium containing GOQDs. The cells
were cocultured with medium (DMEM, 10% FBS and 1% P/
S), which include different concentrations (0, 0.1, 1, 10, and 50
ug/mL) of GOQDs. The medium was changed every 2 days.
Cell proliferation of DPSCs was detected by a Cell Counting
Kit-8 (CCK-8; Beyotime, China). After 1, 3, S, and 7 days of
coculture, the medium was changed into 100 L. DMEM with
10 uL of CCK-8, and then well plates were incubated at 37 °C
and CO, for 1 h. The OD value of each well was detected by a
microplate reader (Tecan, Mannedorf, Switzerland) at a
wavelength of 450 nm.

4.4. Live Cell Imaging. DPSCs were plated on laser-
scanning confocal petri dish at 1 X 10* cells per dish. DPSCs
were cocultured with a medium, which include different
concentrations (0, 0.1, 1, and 10 ug/mL) of GOQDs after cell
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attachment. After 72 h, DPSCs were rinsed with PBS and fixed
with 4% paraformaldehyde for 30 min. The cells were treated
with 0.1% Triton X-100 for 15 min, and then 100 uL of
phalloidin was used for cytoskeleton staining. The morphology
of DPSCs was observed by confocal laser scanning microscopy
(Olympus, Japan).

4.5. ALP Activity Assay and ALP Staining. The
odontogenic induction medium (OIM) is DMEM with 10%
FBS, 1% P/S, 0.1 M dexamethasone (Sigma-Aldrich), 10 mM
p-glycerophosphate (Sigma-Aldrich), and S0 M ascorbic acid
(Sigma-Aldrich). DPSCs were seeded in 6-well plates at a
density of 2 X 10° per well and then cocultured with OIM,
which include different concentrations (0, 0.1, 1, and 10 ug/
mL) of GOQDs after cell attachment. The medium was
changed every 2 days. For ALP activity determination, the ALP
assay kit (Nanjing Jiancheng Bioengineering Institute, China)
was applied after 7 and 14 days of coculture. ALP staining was
performed by the BCIP/NBT Alkaline Phosphatase Color
Development Kit (Beyotime) after 7 days of coculture.

4.6. Alizarin Red Staining. DPSCs were seeded in 6-well
plates at a density of 2 X 10° per well and then cocultured with
OIM, which include different concentrations (0, 0.1, 1, and 10
ug/mL) of GOQDs for 14 days after cell attachment. The
medium was changed every 2 days. The cells were fixed by 4%
paraformaldehyde for 30 min and then were dyed by Alizarin
red (Cyagen Biosciences) for 30 min. The photographs of
calcium nodules were taken by an inverted fluorescence
microscope (Zeiss). For semi-quantitative interpretation, 10%
cetylpyridinium chloride (Sigma) was added into each well,
and the OD value was detected at a wavelength of 562 nm.

4.7. qRT-PCR. The cell seeding density was the same as
above. After coculturing with OIM, which include different
concentrations (0, 0.1, 1, and 10 #g/mL) of GOQDs for 7 and
14 days, total RNA was extracted by the RNA-Quick
Purification Kit (YiShan Biotech, China). Complementary
DNA was obtained through mRNA by PrimeScript RT Master
Mix (Takara Bio Inc., Japan). The expression of odontogenic
related genes (ALP, Runx2, DSPP, and DMP-1) were
quantified by qRT-PCR, and GAPDH was regarded as the
internal control. The primer sequences are shown in Table 1.

Table 1. Primer Sequence Used in qRT-PCR

gene primer sequence

DSPP forward §-CAACCATAGAGAAAGCAAACGCG-3
reverse S-TTTCTGTTGCCACTGCTGGGAC-3’

DMP-1 forward §-GAGCAGTGAGTCATCAGAAGGC-3’
reverse 5-GAGAAGCCACCAGCTAGCCTAT-3’

ALP forward §-CCTCCTCGGAAGACACTCTG-3’
reverse §-GCAGTGAAGGGCTTCTTGTC-3’

Runx2 forward §-CCACTGAACCAAAAAGAAATCCC-3
reverse §-GAAAACAACACATAGCCAAACGC-3

GAPDH forward §-TCTCCTCTGACTTCAACAGCGACA-3’

reverse §-CCCTGTTGCTGTAGCCAAATTCGT-3’

4.8. Western Blotting. The cell seeding density was the
same as above. After coculturing with OIM, which include
different concentrations (0, 0.1, 1, and 10 pg/mL) of GOQDs
for 14 days, RIPA was applied to lyse DPSCs and extract
proteins. The concentration of proteins was detected by the
BCA assay kit (CWBIO, China). The proteins separated by
10% SDS-PAGE (GenSpirt, China) were transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore,
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USA) and then were blocked by Tris-buffered saline with
Tween (TBST) with 5% skimmed milk for 1 h. The PVDF
membranes were incubated with primary antibodies against
ALP, Runx2, DSPP, and GAPDH at 4 °C for 18 h, after which
the membranes were rinsed by TBST and incubated with
secondary antibody for 1 h in room temperature. The
enhanced chemiluminescent (ECL) detection system (Milli-
pore) was applied to detect the immunoblots, and Image]
software (National Institutes of Health, Bethesda, MD, USA)
was used for quantification.

4.9. Inhibitor Treatment. DPSCs were plated on 6-well
plates at 2 X 10° cells per well. DPSCs were divided into three
groups: control group (DPSCs cultured in OIM), GOQDs
group (DPSCs cultured in OIM with 1 ug/mL GOQDs), and
Comp.C group (DPSCs cultured in OIM with 1 pg/mL
GOQD:s after treatment with 10 M compound C for 4 h).
The cells were cultured respectively as the above methods for 7
and 14 days, and the effect of compound C was testified by
ALP staining, Alizarin red staining, qRT-PCR, and western
blotting.

4.10. Effects of AMPK/mTOR. DPSCs were plated on 6-
well plates at 2 X 10° cells per well and then cocultured with
OIM, which include different concentrations (0, 0.1, 1, and 10
ug/mL) of GOQDs for 14 days after cell attachment. Except
for the application of 4—12% SDS-PAGE (GenSpirt), the
methods of protein extraction and western blotting were the
same as above. AMPK/mTOR pathway protein expression was
indicated by western blotting.

4.11. Statistical Analysis. The presented data are shown
as means =+ standard deviations. Significant differences
between and within groups were assessed by t-test and one-
way analysis of variance (ANOVA). P < 0.05 was regarded as a
significant difference. SPSS 20.0 software (SPSS Inc., Chicago,
Illinois, USA) was used for statistical analyses.

5. CONCLUSIONS

The cellular uptake of GOQDs in a proper concentration range
promotes proliferation and odontoblastic differentiation of
DPSCs, and the AMPK/mTOR signaling pathway is involved
in this promotion. The odontoblastic differentiation effect of
GOQDs showed a significant concentration dependence, and
the optimum concentration of GOQDs in such facilitation is 1
pug/mL in this study.
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