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ABSTRACT: Graphene oxide quantum dots (GOQDs) are consid-
ered to be a new method for regulating the proliferation and
differentiation of bone marrow mesenchymal stem cells (BMSCs).
However, there are few reports on such regulation with different
concentrations of GOQDs, and the molecular mechanism has not been
fully elucidated. The purposes of this study were, first, to explore the
effects of GOQDs on the proliferation and differentiation of BMSCs in
vitro and in vivo, and, second, to provide a theoretical basis for the
repair of bone defects. Live/Dead staining, EdU staining, immuno-
fluorescence staining, alkaline phosphatase (ALP), western blotting,
and qT-PCR were used for detecting the proliferation and differ-
entiation of BMSCs after coculture with GOQDs of different
concentrations. Hematoxylin and eosin (HE) staining and Van Gieson
(VG) staining were used to detect new bone regeneration in vivo. The results showed that low-concentration GOQDs (0.1 and 1
μg/mL) promoted the proliferation and differentiation of BMSCs. Compared with the 1 μg/mL GOQD group, the 0.1 μg/mL
GOQD group had better ability to promote the proliferation and differentiation of BMSCs. HE and VG staining results showed the
greatest proportion of new bone area on sandblasted, large-grit, and acid-etched (SLA)/GOQD scaffolds. Furthermore, the ratio of
active β-catenin and the phosphorylation level of GSK-3β (p-GSK-3β) increased after BMSCs treatment with 0.1 μg/mL GOQDs.
Low concentrations of GOQDs improved the osteogenic differentiation ability of BMSCs by activating the Wnt/β-catenin signaling
pathway.

1. INTRODUCTION

Due to trauma, tumor, inflammation, and other factors, the
incidence of oral and maxillofacial bone defects has increased
sharply, with serious effects on the physical and mental health
of affected patients.1 Nanoregenerative medicine has become
an important method for the repair of bone defects.2−4 Bone
marrow mesenchymal stem cells (BMSCs) can differentiate
into different cell phenotypes, including osteoblasts, chon-
drocytes, etc. BMSCs are commonly used seed cells for
repairing bone defects in nanoregenerative medicine.5,6 In the
microenvironment of bone defects, the proliferation and
osteogenic differentiation of BMSCs are essential conditions
for promoting bone repair.7

At present, graphene and its derivatives have shown broad
prospective applications in the field of biology due to their
excellent mechanical properties, electrical conductivity, and
atomic structural stability.8 Graphene oxide nanosheets can
inhibit Staphylococcus aureus and Escherichia coli, preventing the
aggravation of wound infection.8 As a derivative of graphene,

graphene oxide (GO) has become one of the most promising
carbonaceous materials for cancer therapy due to its versatile
surface chemistry and easy functionalization.9 Graphene and its
derivatives can bring the desired electrical stimulation to
cellular osteogenic activity and bone formation and facilitate
the adsorption of active substances.10 Graphene oxide
quantum dots (GOQDs) are transformed from GO, with
quantum size and boundary effects, and have not only the
excellent properties of GO but also new characteristics, such as
better solubility, low cytotoxicity, and excellent biocompati-
bility.11−13
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Numerous studies have reported that GO within a certain
concentration range can promote the proliferation and
differentiation of BMSCs.14−16 Liao et al. evaluated the effects
of graphene nanosheets (GNs) with concentrations of 0, 1, 10,
30, 50, and 100 μg/mL on the osteogenic differentiation of
MSCs. These results demonstrated that when the GNs

concentrations were lower than 10 μg/mL, GNs improved
the proliferation and osteogenic differentiation ability of
MSCs.17 Qiu et al. studied the effects of GOQDs at
concentrations of 0, 1, 10, and 100 μg/mL on MSCs, and
found that when the concentration of graphene was lower than
10 μg/mL, it was more conducive to osteoblast proliferation.18

Figure 1. Characterization of GOQDs. (A) GOQDs suspension with concentrations of 0, 0.1, 1, 5, 10 μg/mL, and 2 mg/mL, respectively; (B)
Raman spectra of GOQDs; and (C) TEM image of GOQDs.

Figure 2. Effects of different concentrations of GOQDs on the viability, proliferation, and morphology of BMSCs. (A) Live/Dead staining image
shows the cell viability of BMSCs cocultured with GOQDs at different concentrations for 3 days. Green indicates live cells and red indicates dead
cells. (B) Number of living cells counted by means of ImageJ software, (C) EdU cell proliferation assay image showing the cell proliferation of
BMSCs cocultured with GOQDs at different concentrations for 1 day, (D) ratio of EdU-positive cell, and (E) confocal laser images used to capture
the cell morphology of BMSCs cocultured with different concentrations of GOQDs for 1 day after BMSCs were stained with phalloidin and DAPI.
Red indicates actin filaments and blue indicates cell nuclei. (F) Number of cell nuclei was counted by means of ImageJ software. Scale bars: 200 μm
(*p < 0.05, **p < 0.01, ***p < 0.001, compared with 0.1 μg/mL GOQDs, and #p < 0.05, ##p < 0.01, and ###p < 0.001, compared with control).
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These studies reported that the proliferation of osteoblasts
could be promoted when the concentration of graphene was
lower than 10 μg/mL. Therefore, in this study, a maximum of
10 μg/mL was summarized as the low concentration for the
experimental study. However, there are only a few reports on
the study of different concentrations of GOQDs in terms of
regulating the proliferation and differentiation of BMSCs.14,18

Some of these reports focused primarily on in vitro studies, and
the mechanism has not been fully elucidated.
GO may regulate bone formation through some specific

signaling pathways, such as Wnt/β-catenin, PI3K/Akt/GSK-
3β/β-catenin, and MAPK signaling pathways.19−21 The Wnt/
β-catenin signaling pathway, as a classic signaling pathway in
the process of bone formation, is a highly evolutionary
conserved pathway that plays a vital role in bone
regeneration.22 The promoting effects of graphene oxide
nanoparticles on bone formation and regeneration may be
related to the activation of the Wnt/β-catenin signaling
pathway.23 β-catenin is an important sign of signaling pathway
activation, which leads to the transcription of proteins in the
Wnt/β-catenin pathway and the activation of downstream
target genes.24

In the past, some scholars have studied the promotion of
proliferation and differentiation of BMSCs by GO and its
derivatives, with concentrations ranging from 0 to 50 μg/mL
or higher.17,23,25 However, other studies have reported that
when the concentration of GO is greater than 10 μg/mL, it will
inhibit cell proliferation.18 Therefore, in this study, the upper
concentration limit of 10 μg/mL was selected, and the
concentration of GOQDs was gradient-studied from 0 to 10
μg/mL for analysis of the effects of GOQDs on the
proliferation and differentiation of BMSCs in this low
concentration range, which has rarely been reported in the
literature. Our research team has made a preliminary
exploration of the mechanism of graphene derivatives
promoting bone formation and conducted in vitro experimental
research.8,23 Based on our previous research, this study

systematically evaluated low-concentration nanoscale
GOQDs. In vitro experiments were carried out at the same
time, and preliminary exploration of in vivo experiments was
conducted to provide new ideas and schemes for repairing
bone tissue defects with nanomaterials. This study analyzed the
effects of GOQDs at concentrations of 0, 0.1, 1, 5, and 10 μg/
mL on the proliferation and osteogenic differentiation of
BMSCs in vitro. In addition, whether 0.1 μg/mL GOQDs
could promote bone defect repair in vivo was explored in this
study. Further, the molecular mechanism of low concentrations
of GOQDs to induce the osteogenic differentiation of BMSCs
was preliminarily explored.

2. RESULTS
2.1. Characterization of GOQDs. In the Raman spectra

of GOQDs (Figure 1B), the characteristic D band (∼1350
cm−1) and G band (∼1580 cm−1) of carbon materials can be
observed.26 The D band indicates the defect level and
crystallinity of graphene, related to the sp3 domain, while the
G band indicates the vibration of sp2-bonded carbon atoms,
related to the sp2 structure. The morphology of GOQDs was
observed by transmission electron microscopy (TEM, Hitachi,
Japan). The lateral length of GOQDs was about 4−6 nm
(Figure 1C).

2.2. Cell Viability, Cell Proliferation, and Cell
Morphology. The survival numbers of BMSCs in different
concentrations of GOQDs were measured by means of the
Live/Dead viability kit. BMSCs were cocultured with GOQDs
at concentrations of 0.1, 1, 5, and 10 μg/mL for 3 days.
Compared with the control group, when BMSCs were
cocultured with GOQDs at concentrations of 0.1 and 1 μg/
mL, the survival rates of BMSCs increased significantly. In
contrast, when BMSCs were cocultured with GOQDs at
concentrations of 5 and 10 μg/mL, their survival rate
decreased (Figure 2A,B). After BMSCs were cocultured with
different concentrations of GOQDs (0.1, 1, 5, and 10 μg/mL)
for 1 day, their proliferative ability was tested by the EdU

Figure 3.Western blotting and qRT-PCR analyses of the expression levels of osteogenic proteins and osteogenic genes after 7 days of incubation of
BMSCs with GOQDs at different concentrations. (A) Expression levels of related proteins analyzed by western blotting; (B−D) quantitative
analyses of β-catenin, Runt-related transcription factor 2 (RUNX2), and bone morphogenetic protein 2 (BMP2) protein expression; and (E−H)
expression levels of osteogenic genes β-catenin, osteocalcin (OCN), BMP2, and RUNX2 in BMSCs tested by qRT-PCR (*p < 0.05, **p < 0.01,
and ***p < 0.001, compared with 0.1 μg/mL GOQDs; #p < 0.05, ##p < 0.01, and ###p < 0.001, compared with control).
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proliferation assay. The experimental results (Figure 2C,D)
showed that, compared with the untreated cell group, when
BMSCs were cocultured with GOQDs at concentrations of 0.1
and 1 μg/mL, the ratio of EdU-positive cells in BMSCs
increased significantly (2.17-fold and 1.72-fold, respectively, p
< 0.001). In contrast, when BMSCs were treated with GOQDs
at concentrations of 5 μg/mL (0.82-fold, p < 0.05) and 10 μg/
mL (0.23-fold, p < 0.001), their proliferation rate decreased
significantly. Compared with other groups, the number of
BMSC nuclei treated with GOQDs at a concentration of 0.1
μg/mL was the greatest (351 ± 15), while the number of
nuclei treated with GOQDs at a concentration of 10 μg/mL
was the lowest (88 ± 4). In general, our results showed that
low-dose GOQDs (0.1, 1 μg/mL), especially at a concen-
tration of 0.1 μg/mL, had a beneficial effect on the growth of
BMSCs, while high-dose GOQDs (5, 10 μg/mL) had an
inhibitory effect on the proliferation of BMSCs.
2.3. Western Blotting and qRT-PCR. After BMSCs were

cocultured with different concentrations of GOQDs (0.1, 1, 5,
10 μg/mL) for 7 days, western blotting and qRT-PCR were
used to test the osteogenic protein expression levels and
osteogenic gene expression levels in BMSCs. Western blotting
analysis (Figure 3A−D) showed that, compared with the
control group, on the 7th day of osteogenic differentiation, the
expression levels of osteogenic protein increased significantly
after BMSCs were cocultured with lower concentrations of
GOQDs (0.1, 1 μg/mL). β-catenin protein expression levels
(1.45-fold and 1.34-fold, respectively, p < 0.01) increased most
significantly. In contrast, when BMSCs were cocultured with
higher concentrations of GOQDs (5, 10 μg/mL), the
osteogenic protein expression levels decreased significantly.
The qRT-PCR results (Figure 3E−H) showed that, on the 7th
day of osteogenic differentiation, as the concentrations of

GOQDs increased, the expression levels of osteogenic genes
decreased. After low-concentration GOQDs (0.1, 1 μg/mL)
were cocultured with BMSCs, the osteogenic gene expression
levels of BMSCs were upregulated, while coculture with high-
concentration GOQDs (5, 10 μg/mL) showed osteogenic
gene expression to be downregulated compared with the
control group. Overall, these results indicated that the low-
concentration GOQDs (0.1, 1 μg/mL) enhanced the
osteogenic differentiation of BMSCs, and that the optimal
concentration of GOQDs that promoted the osteogenic
differentiation of BMSCs was 0.1 μg/mL.

2.4. Alkaline Phosphatase (ALP) and Alizarin Red
Staining. BMSCs were cocultured with different concen-
trations of GOQDs (0.1, 1, 5, 10 μg/mL) in an osteogenic
medium for 14 days, and the calcium-rich deposits of
osteoblast differentiation were analyzed by alizarin red staining.
When BMSCs were cocultured with a lower concentration of
GOQDs (0.1, 1 μg/mL), the numbers of calcium nodules
increased, while coculture with higher concentrations of
GOQDs (5, 10 μg/mL) showed that the numbers decreased
(Figure 4B). The semiquantitative results of alizarin red
staining (Figure 4C) indicated that, compared with the control
group, the BMSCs cocultured with a low concentration of
GOQDs (0.1, 1 μg/mL) were 142 and 120% higher,
respectively. Both ALP staining and quantification were
consistent with the alizarin red staining test. These findings
further confirmed that low concentrations of GOQDs (0.1, 1
μg/mL) can promote the osteogenic differentiation of BMSCs.

2.5. Inhibitor Treatment. To explore the mechanism of
osteogenic differentiation of BMSCs cocultured with GOQDs
at a concentration of 0.1 μg/mL, we used western blotting to
test the expression levels of proteins and genes related to the
Wnt/β-catenin signaling pathway. The expression levels of

Figure 4. After BMSCs were cocultured with GOQDs at different concentrations, the effects of GOQDs on mineralization were detected. (A)
Alizarin-red-stained image and (B) alizarin-red-stained calcium nodule image (represented by red arrows). Scale bars, 500 μm. (C)
Semiquantitative detection of calcium nodules and (D) microscopic images of ALP staining. Scale bars, 200 μm. (E) Quantitative detection of ALP
activity (*p < 0.05, ***p < 0.01, and ***p < 0.001, compared with 0.1 μg/mL GOQDs; #p < 0.05, ##p < 0.01, and ###p < 0.001, compared with
control).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06892
ACS Omega 2022, 7, 13546−13556

13549

https://pubs.acs.org/doi/10.1021/acsomega.1c06892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06892?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06892?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


total protein and phosphorylated protein of GSK-3β (p-GSK-
3β) were detected. Compared with the control group, the p-
GSK-3βin BMSCs were significantly increased after GOQD
treatment, while the total protein expression levels of GSK-3β
did not change significantly. The effects of GOQDs on β-
catenin, p-GSK-3β, and RUNX2 protein expression were
significantly inhibited after cell treatment with Dickkopf-1-
related protein 1 (DKK1). The results indicated that GOQDs
activate the Wnt/β-catenin signaling pathway (Figure 5).
For further verification of the role of the Wnt/β-catenin

pathway in GOQD-induced osteogenic differentiation of
BMSCs, cells were pretreated with DKK1 (100 ng/mL) to
inhibit the activation of the Wnt/β-catenin signaling pathway.
The qRT-PCR test results (Figure 6A−D) indicated that, after
DKK1 treatment, the expression of osteogenic genes (BMP2,
OCN, RUNX2, β-catenin) was significantly downregulated
(0.73-fold, 0.75-fold, 0.69-fold, and 0.53-fold, respectively).
Further, ALP activity and the degree of matrix mineralization
were also significantly reduced (Figure 6E−I). These results
further verified that GOQDs (0.1 μg/mL) promote the
osteogenic differentiation of BMSCs by activating the Wnt/
β-catenin signaling pathway.
2.6. Tissue Section Analysis. Energy dispersive spec-

trometry (EDS) was applied to determine the surface element
types of Ti6Al4V scaffolds and sandblasted, large-grit, and
acid-etched (SLA)-treated + GOQDs + Ti6Al4V scaffolds. As
shown in Figure 7B,C, the spectra of the SLA-treated +
GOQDs + Ti6Al4V scaffolds exhibited significant C and O
peaks compared with those on the Ti6Al4V scaffolds, which
were related to the successful coating of GOQDs on the SLA-
treated Ti6Al4V scaffolds. The HE staining of superhard tissue
sections (Figure 7D,E) showed that the three groups of
Ti6Al4V scaffolds all had new bone formation after
implantation, but that in the SAL + GOQD (5.04 ± 0.06%)

group was higher than those in the other two groups (control,
2.10 ± 0.12%; SAL, 3.88 ± 0.33%). Further, VG staining
(Figure 7F,G) also showed that the three groups of Ti6Al4V
scaffolds had new bone formation. The bone area proportion
of SAL + GOQDs (6.14 ± 0.11%) was the greatest, which was
statistically significantly different from that of the other two
groups.

3. DISCUSSION

Graphene family materials have been widely studied in tissue
engineering and nanomedicine. Recently developed GOQDs
have further optimized their biocompatibility, cellular function,
and anti-inflammatory properties, but their cytotoxicity cannot
be eliminated.18,27 The concentrations of GOQDs are among
the important factors affecting the proliferation and differ-
entiation of BMSCs.17 Studies have reported that when
nanomaterials are cocultured with cells, the changes in cell
viability are closely related to the material dose.28 Nanoma-
terials can trigger cellular stress responses or enhance
therapeutic effects at lower doses.29 In the low-dose/non-
cytotoxic level range, heterogeneous cellular responses are a
common feature of nanomaterial−biological interactions.30

However, the effects of GOQD concentrations on BMSCs are
rarely studied. In this study, we analyzed the effects of GOQDs
of different concentrations on the proliferation and differ-
entiation of BMSCs in vivo and in vitro. In addition, we also
preliminarily explored whether low concentrations of GOQDs
regulate the proliferation and differentiation of BMSCs by
activating the Wnt/β-catenin pathway.
The results of the Live/Dead cell-staining assay (Figure

2A,B) showed that GOQDs had dose-dependent toxicity to
BMSCs. When the concentration of GOQDs was higher than 5
μg/mL, the activity of BMSCs was inhibited compared with
that of the control group. Similarly, the EdU proliferation test

Figure 5. Western blotting was used to analyze the protein expression levels of RUNX2, β-catenin, p-GSK-3β, and GSK-3β of BMSCs cocultured
with or without 0.1 μg/mL GOQDs and DKK1 (an inhibitor of β-catenin). (A) Expression levels of related proteins tested by western blotting and
(B-E) quantitative analysis of protein expression (*p < 0.05, **p < 0.01, and ***p < 0.001, compared with 0.1 μg/mL GOQDs; #p < 0.05, ##p <
0.01, and ###p < 0.001, compared with control).
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(Figure 2C,D) supported the previous conclusion. However,
when the concentrations of GOQDs were 0.1 and 1 μg/mL,
GOQDs stimulated the proliferation and differentiation of
BMSCs, and the optimal concentration of GOQDs for
stimulating the proliferation and differentiation of BMSCs
was 1 μg/mL. After different concentrations of GOQDs
stimulated BMSCs, their viability and proliferation ability were
different because, at low concentrations, only a few cells were
in contact with nanoparticles, and a relatively complete
microenvironment remained. When the concentration of
GOQDs increased gradually, the cytotoxicity increased, some
cell structures were destroyed, and the number of cells
decreased.17 Significant differences in cell viability have been
reported after cells were treated with different concentrations
of nanoparticles. When the concentrations of nanoparticles
increased, nanoparticles aggregated and interacted with
surrounding cells,31−33 which may lead to microenvironment
granulation. Further, the adhesion of nanoparticles decreased
and the risk of cell structure damage increased, resulting in
inflammatory responses.33−35 Therefore, the principle of

microenvironment integrity can be used to explain the higher
cell viability in GOQDs at 0.1 μg/mL.
The results of cellular immunofluorescence staining (Figure

2E,F) showed that as the concentration of GOQDs increased,
the numbers of actin filaments and cell nuclei gradually
decreased. The high expression of actin stress fibers and the
increase in the numbers of nuclei indicated that GOQDs (0.1
and 1 μg/mL) had superior signal transduction in the process
of osteogenic cell differentiation. When BMSCs were
cocultured with GOQDs (5 and 10 μg/mL), the numbers of
nuclei decreased. It may be that these concentrations of
GOQDS increased intracellular oxygen species (ROS) levels
and superoxide dismutase (SOD) activity and decreased
mitochondrial membrane potential.36,37

Western blotting and qRT-PCR were used to detect the
expression levels of osteogenesis-related proteins and genes.
RUNX2 is a key regulator of osteogenic differentiation and
osteogenic development, controlling the early stages of
osteogenic development.38,39 β-catenin and BMP2 are
important molecules involved in bone formation.40 In addition,
OCN plays an important role in bone formation and

Figure 6. Effect of DKK1 on the osteogenic differentiation of BMSCs. (A−D) Osteogenic gene expressions of BMP2, OCN, β-catenin, and
RUNX2 in BMSCs tested by qRT-PCR; (E) alizarin-red-stained image; (G) semiquantitative detection of calcium nodules; and (F) alizarin-red-
stained calcium nodule image (represented by red arrows). Scale bars, 500 μm. (H) Microscopic images of ALP staining. Scale bars, 200 μm. (I)
Quantitative detection of ALP activity (*p < 0.05, **p < 0.01, and ***p < 0.001, compared with 0.1 μg/mL GOQDs; #p < 0.05, ##p < 0.01, and
###p < 0.001, compared with control).
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remodeling.41 Therefore, RUNX2, β-catenin, BMP2, and OCN
are key genes for the detection of bone formation. Western
blotting and qRT-PCR results (Figure 3) indicated that the
osteogenesis-related protein and gene expression levels
decreased with increased GOQD concentrations. Compared
with the other group, the osteogenic protein and osteogenic
gene expression levels of GOQDs at 0.1 μg/mL were the
highest. In addition, this study found that, compared with
other concentrations of GOQDs, GOQDs at 0.1 μg/mL had a
greater ability to increase the expression levels of β-catenin
proteins and genes.
It is well known that ALP is an early marker of the

osteogenic differentiation of BMSCs, and its activity reflects
the degree of osteogenic differentiation.42,43 The ALP activity
results (Figure 4D) showed that the ALP activity of GOQDs at
0.1 μg/mL was higher than that of the control group. In
addition, the content of calcium deposits in the extracellular
matrix was detected by alizarin red staining (Figure 4A−C).
Calcium deposits are considered to be a late marker of
osteogenic differentiation. The results of alizarin red staining
were consistent with those of the ALP activity test, indicating
that GOQDS at 0.1 μg/mL could improve the formation of
calcium nodules.

The Wnt/β-catenin signaling pathway plays an important
role in regulating bone homeostasis. It can inhibit the
differentiation of BMSCs into chondrocytes and adipocytes
while improving the osteogenic differentiation of BMSCs.44−46

When the WNT signaling pathway is activated, the release of
β-catenin in the cytoplasm increases, and β-catenin can be
directly transferred to the nucleus to activate the transcription
of downstream target genes. When GSK-3β is active, β-catenin
in the cytoplasm will be degraded by the complex (APC and
Axin), so it cannot enter the nucleus smoothly. Conversely,
when GSK-3β loses its activity, β-catenin will not be degraded
and enters the nucleus smoothly, thereby activating related
signal molecules’ downstream of the WNT signaling pathway
and the transcription of downstream target genes.47 Dkk1, as a
secreted protein, can effectively inhibit WNT, with good
specificity and high activity.48 Studies have reported that Dkk1
binds to and isolates specific Frizzled receptors and low-density
lipoprotein receptor-related protein 5 (LRP5) membrane
complexes to inhibit the activity of WNT.49 When the
BMSCs were treated with 0.1 μg/mL GOQDs, compared
with the control group, the protein levels of p-GSK-3β and β-
catenin in BMSCs were upregulated and the protein levels of
GSK-3β remained unchanged (Figure 5). The ALP activity,
osteogenic gene expression, and matrix mineralization of

Figure 7. Histological analysis of new bone formation 3 months after scaffold implantation in rabbits. The new bone is red and the scaffold is black.
(A) Physical image of the scaffold, (B) EDS of the Ti6Al4V scaffolds, (C) EDS of the SLA-treated + GOQDs + Ti6Al4V scaffolds, and (D) HE
staining image of a superhard tissue section 3 months after the scaffold was implanted into the rabbit. The bone tissue is red and the Ti6Al4V
scaffold is black. The light white or light red in the contact surface between the scaffold and the bone tissue is the new bone tissue. (E) Proportion
of the new bone area on the scaffold after HE staining and (F) VG-stained image of a superhard tissue section 3 months after the scaffold was
implanted into the rabbit. The bone tissue is red and the Ti6Al4V scaffold is black. The light white or light yellow in the contact surface between
the scaffold and the bone tissue is the new bone tissue. (G) Proportion of new bone area on the scaffold after VG staining. Scale bars, 1000 μm (*p
< 0.05, **p < 0.01, and ***p < 0.001, compared with SLA + GOQDs; #p < 0.05, ##p < 0.01, and ### p < 0.001, compared with control).
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BMSCs in 0.1 μg/mL GOQDs were much higher than those in
the control group. However, this promotion effect of 0.1 μg/
mL GOQDs can be specifically blocked by DKK1. The results
indicated that 0.1 μg/mL GOQDs may activate the Wnt/β-
catenin signaling pathway, improving the osteogenic differ-
entiation of BMSCs. In addition, we also found that the
expression of p-GSK-3β and β-catenin protein and osteogenic
gene expression of BMSCs in the 0.1 μg/mL DKK1 + GOQDs
group were higher than those in the DKK1 group. The ALP
activity and the matrix mineralization degree of BMSCs in the
0.1 μg/mL DKK1 + GOQDs group were still higher than
those of the DKK1 group. These results indicated that 0.1 μg/
mL GOQDs can partially reverse the inhibitory effect of DKK1
by the Wnt/β-catenin signaling pathway.
The results of HE and Masson staining (Figure 7) showed

that new bone tissue formation was found at the interface
between scaffolds and bone in the three groups, which was
consistent with our previous research results, that is, that
Ti6Al4V scaffolds have the ability to promote new bone
formation.50 However, the new bone area on SAL/GOQDs
scaffolds was the greatest, which proved that GOQDs could
accelerate bone tissue regeneration in vivo. In conclusion, low
concentrations of GOQDs can promote the proliferation and
differentiation of BMSCs in vitro and in vivo.

4. MATERIALS AND METHODS
4.1. Preparation and Characterization of Materials.

GOQD dispersions were provided from Nanjing Xianfeng
(Nanjing XFNANO Materials, China) with a concentration of
1 mg/mL. The morphology and sizes of the GOQD particles
obtained were detected by TEM. The number of layers and
structural defects in GOQD nanosheets were detected by
Raman spectroscopy (LabRAM HR Evolution, HORIBA).
4.2. BMSC Culture and Seeding. BMSCs were isolated

from the femurs and tibiae of 4-week-old male Sprague-Dawley
rats. Subsequently, BMSCs were seeded in DMEM-F12
containing 10% fetal bovine serum (FBS) and 1% penicillin−
streptomycin and cultured in a humidified condition of 5%
CO2 at 37 °C. The culture medium was changed every 2−3
days. When the cell coverage reached 85−95% of the culture
dish, the BMSCs were subcultured. In this study, all cells were
used between generations 3 and 5.
4.3. Cell Viability and Cell Proliferation. Cell viability

and cell proliferation were detected by means of the Live/Dead
viability kit (calcein AM/PI, Bestbio, China) and the EdU
proliferation kit (Beyotime, China), respectively. BMSCs were
seeded in culture dishes at 5 × 104 cells per well, and then
treated with GOQDs at different concentrations (0, 0.1, 1, 5,
and 10 μg/mL). After 3 days of cell culture, the culture
medium was removed, and cell viability was detected by means
of the Live/Dead kit. After 1 day of cell culture, the culture
medium was removed, and cell proliferation was detected by
means of the EdU proliferation kit. The cell images were taken
by laser confocal microscopy (Olympus, Japan).
4.4. Cell Morphology. The cell morphology of BMSCs

treated with different concentrations of GOQDs was observed
by laser confocal microscopy. BMSCs were seeded in culture
dishes at 1 × 104 cells per well, and then treated with GOQDs
of different concentrations (0, 0.1, 1, 5, and 10 μg/mL). After
3 days of BMSC culture, the culture medium was removed,
and the BMSCs were fixed with 4% paraformaldehyde for 30
min at room temperature, and then infiltrated with 0.1% Triton
X-100 for 15 min. A 100 μL quantity of phalloidin and 700 μL

of a DAPI solution (Solarbio, China) were used to stain the
cells, and the cell images were taken by laser confocal
microscopy.

4.5. ALP Staining and ALP Activity. ALP is an early
marker for the detection of the osteogenic differentiation of
BMSCs. BMSCs were seeded in a 24-well plate at a density of
2 × 104 cells per well and cultured with an osteogenic-inducing
medium (OIM), then treated with GOQDs of different
concentrations (0, 0.1, 1, 5, and 10 μg/mL). After 7 days of
cell culture, ALP staining was detected by the BCIP/NBT ALP
Color Development Kit (Beyotime, China) according to the
manufacturer’s protocol. For the testing of ALP activity, after 7
days of cell culture, protein concentrations were detected by
the BCA protein test kit (Beyotime, China), and the ALP
activity of BMSCs was detected by the ALP Kit (Nanjing
Jiancheng, China).

4.6. Alizarin Red Staining. Alizarin red staining was used
to evaluate the degree of matrix mineralization of BMSCs.
BMSCs were seeded in a six-well plate at a density of 2 × 105

cells per well. After the BMSCs adhered to the wall, they were
treated with different concentrations of GOQDs in OIM. After
7 days of culture, the BMSCs were fixed in 4%
paraformaldehyde for 1 h and stained with alizarin red
(Cyan Biosciences, China) at room temperature for 45 min.
Calcium nodules were captured by color fluorescence
microscopy (Zeiss, Germany). A cetylpyridine solution at
10% (Sigma, USA) was added to the six-well plate, and the OD
values were detected at 562 nm.

4.7. qRT-PCR. Cell seeding was the same as described
above. After 7 days of culture at different concentrations of
GOQDs in OIM, total RNA was extracted with a Trizol
reagent (Thermo Fisher, USA). The gene expression levels of
OCN, BMP2, RUNX2, and β-catenin were detected. GAPDH
was used as an internal reference. The gene primer design is
shown in Table S1 in the Supporting Information.

4.8. Western Blotting. BMSC seeding and processing
methods were the same as described above. BMSCs underwent
lysis with RIPA, the protein concentration was detected,
separated by 10% SDS-PAGE (CWBIO, China), and trans-
ferred to a poly(vinylidene fluoride) membrane (CWBIO,
China), which was blocked with (TBS + Tween) TBST
containing 5% skimmed milk at room temperature for 60 min,
incubated with primary antibodies against RUNX2, β-catenin,
OCN, BMP2, GSK-3β, p-GSK-3β, and GAPDH at 4 °C
overnight. The membranes were washed in TBST and
incubated with the secondary antibody for 2 h at room
temperature.

4.9. Inhibitor Treatment. BMSCs were treated with or
without GOQDs at a concentration of 0.1 μg/mL. When the
cell coverage area reached 70% of the culture dish, DKK1 was
added or not for cell treatment. The cells were divided into
four groups: a control group (BMSCs cultured in OIM alone),
the DKK1 group (BMSCs cultured in OIM and DKK1), the
DKK1 + GOQD group (BMSCs cultured in OIM, DKK1, and
GOQDs), and the GOQD group (BMSCs cultured in OIM
and GOQDs). The expression levels of osteogenic genes and
proteins were detected by qRT-PCR and western blotting.

4.10. Animal Model. Ti6Al4V scaffolds with a diameter of
5 mm and a height of 8 mm were provided by the Metal
Research Institute, Chinese Academy of Sciences (Shenyang,
China). According to the methods of previous research, SLA
scaffold surfaces were obtained by etching the scaffolds in the
mixed liquids of HCl and H2SO4 in a 60 °C bain-marie
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(double boiler) for 8 h.51 Then, SLA-treated scaffolds were
soaked in the GOQDs at a concentration of 0.1 μg/mL and
placed on the shaking table of a 4 °C chromatography cabinet
for 24 h. After scaffolds were freeze-dried, the functionalized
modified titanium surfaces were obtained and stored at 4 °C.
The elemental compositions of Ti6Al4V scaffolds and SLA-
treated + GOQDs + Ti6Al4V scaffolds were analyzed by EDS.
All animal experiments were conducted in accordance with

the principles and procedures approved by the Experimental
Animal Ethics Committee of Sun Yat-sen University (Approval
number: SYSUIACUC-2019-000169). A total of 18 adult male
New Zealand white rabbits (2.5−3.0 kg) were randomly
divided into three groups: the Ti6Al4V scaffold group (control
group), the SLA-treated Ti6Al4V scaffold group (SLA group),
and the SLA-treated + GOQDs + Ti6Al4V scaffold group
(SLA + GOQDs group). The three groups of scaffolds were
implanted into the rabbits’ femurs, and bone tissue
regeneration was analyzed after 3 months.
4.11. Histological Analysis. All samples were gradually

dehydrated in 70, 80, and 90% n-butanol and absolute ethanol,
embedded, and the tissue was cut into 60-μm-thick sections by
means of a superhard tissue slicer and subjected to HE and VG
staining. The bone tissue regeneration of the scaffolds was
observed by fluorescence microscopy (Olympus, Japan).
4.12. Statistical Analysis. All quantitative results in this

study are given as mean ± standard deviation (SD). The
significant differences between and among groups were
evaluated by t-test and one-way analysis of variance
(ANOVA). p < 0.05 was considered a significant difference.

5. CONCLUSIONS

This study explored the effects of different concentrations of
GOQDs on the osteogenic differentiation of BMSCs and
initially explored the molecular mechanism of GOQDs for
improving the osteogenic differentiation of BMSCs. GOQDs
with concentrations lower than 1 μg/mL significantly
improved the activity and proliferation ability of BMSCs.
Compared with other concentrations, GOQDs at a concen-
tration of 0.1 μg/mL significantly promoted the osteogenic
differentiation of BMSCs. Therefore, in this study, the optimal
concentration of GOQDs to promote the proliferation and
differentiation of BMSCs was 0.1 μg/mL. In addition, this
study also demonstrated that GOQDs at a concentration of 0.1
μg/mL activated the Wnt/β-catenin signaling pathway to
promote the osteogenic differentiation of BMSCs. Further-
more, the GOQDs with a concentration of 0.1 μg/mL,
modified on the surfaces of Ti6Al4V scaffolds, accelerated the
formation of new bones. These findings provide a theoretical
basis for GOQDs to regulate the osteogenic differentiation of
BMSCs to repair bone defects.
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