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Background: In bone tissue engineering (BTE), cell-laden scaffolds offer a promising strategy for repairing bone defects, particularly
when host cell regeneration is insufficient due to age or disease. Exogenous stem cell-based BTE requires bioactive factors to activate
these cells. Graphene oxide quantum dots (GOQDs), zero-dimensional derivatives of graphene oxide, have emerged as potential
osteogenic nanomedicines. However, constructing biological scaffolds with GOQDs and elucidating their biological mechanisms
remain critical challenges.

Methods: We utilized GOQDs with a particle size of 10 nm, characterized by a surface rich in C—-O—H and C—O-C functional groups.
We developed a gelatin methacryloyl (GelMA) hydrogel incorporated with GOQDs-treated dental pulp stem cells (DPSCs). These
constructs were transplanted into rat calvarial bone defects to estimate the effectiveness of GOQDs-induced DPSCs in repairing bone
defects while also investigating the molecular mechanism underlying GOQDs-induced osteogenesis in DPSCs.

Results: GOQDs at 5 pg/mL significantly enhanced the osteogenic differentiation of DPSCs without toxicity. The GOQDs-induced
DPSCs showed active osteogenic potential in three-dimensional cell culture system. In vivo, transplantation of GOQDs-preactivated
DPSCs/GelMA composite effectively facilitated calvarial bone regeneration. Mechanistically, GOQDs stimulated mitophagy flux
through the phosphatase-and-tensin homolog-induced putative kinase 1 (PINK1)/Parkin E3 ubiquitin ligase (PRKN) pathway. Notably,
inhibiting mitophagy with cyclosporin A prevented the osteogenic activity of GOQDs.

Conclusion: This research presents a well-designed bionic GOQDs/DPSCs/GelMA composite scaffold and demonstrated its ability to
promote bone regeneration by enhancing mitophagy. These findings highlight the significant potential of this composite for application
in BTE and underscore the crucial role of mitophagy in promoting the osteogenic differentiation of GOQDs-induced stem cells.
Keywords: graphene oxide quantum dots, dental pulp stem cells, osteogenesis, bone regeneration, mitophagy

Introduction

Bone tissue engineering (BTE) has emerged as a promising approach for treating bone defects, utilizing biomimetic
substitutes composed of seed cells, bioactive factors and scaffolds.! Compared with acellular scaffolds, cell-laden
scaffolds demonstrate greater therapeutic potential for repairing bone defects, particularly in patients with insufficient
host cell regeneration due to age, disease, or other factors. Dental pulp stem cells (DPSCs) are mesenchymal stem cells
(MSCs) found in dental pulp tissue, characterized by their multidirectional differentiation potential. They can differ-
entiate into odontoblasts, osteoblasts, chondroblasts, adipocytes, and neuronal cells in vitro after drug induction.”
A significant number of intact wisdom teeth and teeth extracted for orthodontic reduction can serve as sources of DPSCs.
This abundance of DPSCs provides an advantage over bone marrow stem cells (BMSCs), which are the traditional seed
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cells used in BTE, as their acquisition does not entail additional trauma or pain for patients. Since the differentiation
efficiency of exogenous stem cells at the recipient site may be limited by the host microenvironment, bioactive factors
that promote differentiation become increasingly important. However, the most commonly used bioactive factors in BTE,
bone morphogenetic proteins (BMPs), are expensive and can lead to clinical side effects, including ectopic bone and
arthritis.* © Consequently, new bone regeneration medicines that are safe and effective are still needed.

Graphene oxide quantum dots (GOQDs) are a type of zero-dimensional carbon nanomaterial with a lateral size less
than 20 nm.” Although GOQDs are derivatives of graphene oxide (GO), they are smaller, more biocompatible, and can
be cleared from the body more rapidly than GO.*° Additionally, GOQDs possess active chemical properties due to the
abundant oxygenated functional groups on their surfaces.'® Initially developed as a class of semiconductors for use in
batteries and electronic devices, GOQDs have recently garnered attention from biomedical researchers as promising
nanomedicines for bone regeneration.'' "> One study demonstrated that coating metal implants with GOQDs enhanced
the repair of bone defects in rabbit femurs.'? Furthermore, in vitro studies have indicated that GOQDs promote the
osteogenic differentiation of BMSCs by activating the Wnt/p-catenin pathway.'? Li et al found that GOQDs induced
DPSCs to differentiate into osteoblasts through reactive oxygen species-dependent autophagy pathway.'? Additionally,
Yang’s team revealed that GOQDs facilitated the osteogenic differentiation of stem cells from human exfoliated
deciduous teeth (SHEDs) via elevating Wnt/B-catenin signaling.'*'> These studies suggest the potential application of
GOQDs as bioactive factors for promoting bone defect repair. However, the in vivo osteogenic activity of GOQDs,
particularly in conjunction with DPSCs for the repair of bone defects, remains to be investigated. The optical methods for
constructing GOQDs, stem cells and scaffolds have not been completely defined. Moreover, the molecular mechanisms
by which GOQDs promote the osteogenic differentiation of stem cells are also not well understood. These research gaps
have limited the advancement of GOQDs in BTE. Given that bone defects can vary significantly in shape and size,
malleable scaffolds are essential for use in BTE. Gelatin methacryloyl (GelMA) is a biocompatible and biodegradable
hydrogel with excellent plasticity, making it suitable for adapting to the different shapes and sizes of bone defects.'®!”
Therefore, this study aims to optimize the combination of GOQDs, DPSCs, and GelMA scaffolds, and to evaluate
whether this construct can safely and effectively repair bone defects in vivo.

The utilization of GOQDs in BTE is impeded by the insufficient understanding of the mechanisms by which GOQDs
promote the osteogenic differentiation of MSCs; thus, exploring these molecular mechanisms is of paramount impor-
tance. The process of encapsulating damaged mitochondria into autophagosomes for subsequent degradation in lyso-
somes, known as mitophagy, is essential for maintaining mitochondrial quality and ensuring a reliable energy supply
during cell growth and differentiation.'® Previous studies have indicated that while graphene and GO are primarily
entrapped within lysosomes upon cellular internalization, a small fraction of graphene interact with mitochondria.'®-*
However, there is a notable lack of research investigating whether GOQDs affect mitophagy flux in DPSCs or whether
mitophagy plays a role in the GOQDs-induced osteogenesis of MSCs.

In this study, we evaluated the effect of GOQDs on the osteogenic differentiation of DPSCs in vitro. We subsequently
constructed a biomimetic substitute comprising GOQDs, DPSCs, GelMA and investigated its efficacy in repairing rat
calvarial bone defects. Furthermore, we explored whether GOQDs promote the osteogenic differentiation of DPSCs by
regulating mitophagy. Our findings demonstrated the osteogenic effects of GOQDs and elucidated the underlying
mechanism in detail, suggesting that GOQDs have potential applications in BTE; in addition, these results contributed
to the knowledge on the osteogenic function of GOQDs and the cellular response to GOQDs.

Materials and Methods

Isolation and Culture of Human Primary DPSCs

This study was reviewed and approved by the Medical Ethics Committee of the School of Stomatology, China Medical
University (Grant No. 2018009). All the experimental procedures were in accordance with The Code of Ethics of the
World Medical Association (Declaration of Helsinki). Isolated teeth that were extracted due to obstruction and the need
for orthodontic reduction were collected. The inclusion criteria for isolated teeth were as follows: (1) the patient was
18-25 years of age, (2) the apical foramen was closed, (3) the patient had no systemic disease, and (4) the dentition and
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periodontal tissues were intact. All patients provided informed consent. The pulp was removed from the teeth and
transferred to a mixture (1:1) of type I collagenase (3 mg/mL; Sigma—Aldrich, USA) and dispase (4 mg/mL; Solarbio,
China), where it was well sheared and subsequently digested at 37 °C for 5 to 15 min. The enzyme solution was
subsequently discarded. Next, the pulp tissues were cultured in a-MEM (Gibco, USA) supplemented with 20% fetal
bovine serum (FBS; Clark, USA), 100 units/mL penicillin and 100 g/mL streptomycin (HyClone, USA). Half of the
medium was changed after 7 days, and the full amount was changed after 10 days. Cells were passaged when their
density reached 80%, and the passaged cells were cultured in a-MEM supplemented with 10% FBS (complete medium,
CM). The 3rd—6th generation of cells was used for the subsequent experiments.

Characterization of GOQDs

GOQDs dispersion (1 mg/mL; XF074-1) was purchased from Nanjing XFNANO Materials Tech Co., Ltd (China).
A high-resolution field emission transmission electron microscope (HRTEM; JEOL, Japan) was used to photograph and
observe the dispersion of GOQDs in water, and the particle size of GOQDs was measured and counted using
Nanomeasure software. Atomic force microscopy (AFM; SHIMADZU, Japan) was used to photograph the dispersion
of GOQDs, and the height of the quantum dots was analyzed using Gwyddion software. The photoluminescence (PL)
spectra of GOQDs were detected using excitation light in a wavelength range from 350 to 500 nm. For X-ray
photoelectron spectroscopy (XPS) analysis, the GOQDs dispersion samples were coated on a silicon substrate, dried,
glued to the sample stage, and subsequently analyzed via an XPS analyzer (Thermo Fisher, USA) for full-spectrum
analysis and fine-spectral analysis of carbon and oxygen after vacuuming.

Flow Cytometry

A total of 1x10° cells (100 uL) were pipetted into each of the six tubes. The first tube contained a blank group without
any antibody, and the other five tubes contained 5 pL of phycoerythrin (PE) -conjugated anti-CD14, anti-CD29, anti-
CD45, anti-CD105 or anti-CD146 (Biolegend, USA). After incubating for 20 min at room temperature, the cells were
washed twice with PBS containing 3% FBS and centrifuged at 1000 rpm for 4 min. Then, 0.5 mL of PBS containing 3%
FBS was added to each tube to resuspend the cells, and flow cytometry was performed via a flow cytometer (BD, USA).

Induction of Adipogenic Differentiation and Oil Red O Staining

The adipogenic induction solutions included solution A and solution B. Solution A was high-glucose DMEM containing
0.2 mm indomethacin (Aladdin, China), 10 pg/mL insulin (Solarbio, China), 0.5 mm 3-isobutyl-1-methylxanthine
(IBMX, Aladdin, China), and 1 pM dexamethasone. Solution B was high-glucose DMEM containing 10 pg/mL insulin.
The cells were induced with solution A for three days and then with solution B for one day, and the cycle was repeated 5
times. On day 21, Oil Red O staining was performed according to the instructions of the Modified Oil Red O Staining Kit
(Beyotime, China) to examine the droplets within the cells.

Induction of Chondrogenic Differentiation and Alcian Blue Staining
Chondrogenic induction and alcian blue staining were performed according to instructions of the OriCell® Human
Related Stem Cells Chondrogenic Differentiation Induction Kit (Cyagen, China).

Induction of Osteogenic Differentiation

To characterize the osteogenic differentiation ability of the cells, they were incubated with growth medium (GM) or
osteogenic medium (OM), and the GM group served as the control. GM was high-glucose DMEM (Biolnd, Israel)
supplemented with 10% FBS. OM was high-glucose DMEM supplemented with 10% FBS, 100 nM dexamethasone,
10 uM B-glycerophosphate disodium salt hydrate (Sigma—Aldrich, USA) and 50 pg/mL L-ascorbic acid (Sigma—Aldrich,
USA). To determine the osteogenic activity of GOQDs, cells were cultured with OM or OM containing GOQDs, and OM
group served as the control. The medium was changed every 2 days.
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Alkaline Phosphatase (ALP) Staining and Activity Assay

For the ALP staining assay, DPSCs were seeded in twelve-well plates at 7x10* cells per well. ALP staining was
performed after osteogenic differentiation was induced for 8 days. The cells were fixed with 4% paraformaldehyde at
room temperature for 10 min and then washed with PBS. Subsequent staining was performed according to instructions of
the BCIP/NBT ALP Color Development Kit (Beyotime, China). An ALP activity quantitative assay was also performed
according to instructions of the Alkaline Phosphatase Assay Kit (Beyotime, China) after osteoblastic differentiation was
induced for 8 days.

Alizarin Red S (ARS) Staining and Quantification of Mineralized Nodules
Five hundred milligrams of ARS powder (Sigma—Aldrich, USA) was dissolved in 50 mL of deionized water, and the pH

was adjusted to 6.4. ARS staining was performed after osteogenic differentiation was induced for 21 days. The cells were
fixed with 4% paraformaldehyde for 10 min at room temperature and subsequently with 95% ethanol under the same
conditions for 10 min. Next, the cells were stained with ARS staining solution at room temperature for 10 min and
subsequently washed twice with deionized water. For the quantification of mineralized nodules, 10% (w/v) hexadecyl-
pyridinium chloride (Aladdin, China) was dissolved in PBS (pH = 7.0). The ARS-stained plates were air-dried, and 1 mL
of hexadecylpyridinium chloride solution was added to dissolve the mineralized nodules for 15 min. The dissolution
solution was added to 96-well plates, with three replicate wells in each group and 100 pL in each well; the absorbance at
540 nm was detected by a microplate reader (Tecan, Switzerland).

Cell Viability Assay

Cells (5%10%/well) were inoculated in 96-well plates with 200 uL of GM at 37 °C. After 24 h, the medium was replaced
with 200 pL of fresh GM with or without GOQDs. The culture medium was changed every three days. Cell viability was
determined by CKK-8 according to instructions of the Cell Counting Kit-8 (APEXBIO, USA) at the indicated time
points.

Western Blot (WB)

The cells were lysed with Cell Lysis Buffer (Beyotime, China) and sonicated. The protein concentration was determined
using the Detergent Compatible Bradford Protein Assay Kit (Beyotime, China). Denatured proteins were separated by
SDS-PAGE (Epizyme, China) and then transferred to nitrocellulose membranes (PALL, USA). After blocking with 5%
(w/v) nonfat milk (Beyotime, China) for 1 h, the membranes were incubated with antibodies at 4 °C overnight and then
with secondary antibodies (Proteintech, China) at room temperature for 1 h. The signal intensity was detected with an
Odyssey®™ DLx imaging system (LI-COR, USA). Fiji software was used to quantify the band intensities. The antibodies
used in the present study are as follows: osteogenic markers including Collagen Type I (Col-1; Proteintech, China),
Osteopontin (OPN; ABclonal, China), Runt-related transcription factor 2 (Runx2; CST, USA) and Osterix (Osx; Abcam,
USA); mitophagy markers including phosphatase-and-tensin homolog-induced putative kinase 1 (PINK1; CST, USA),
Parkin E3 ubiquitin ligase (PRKN; CST, USA), p62 (CST, USA), and LC3 (ABclonal, China); and Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Affinity, China).

Scratch Experiment

The cells were inoculated into a six-well plate (1.1x10%well), and scratches were created with a 20 pL pipette tip
24 h after the cells had been incubated in GM. After washed with PBS to remove floating cells, the cells were then
incubated in low-serum medium (a-MEM containing 2% FBS) alone or with different concentrations of GOQDs (1, 5,
10, or 20 pg/mL) and photographed using a microscope 3 h and 24 h later. The scratch width at two time points was
measured using ImageJ software. The migration distance was obtained by subtracting the scratch width at 24 h from that
at 3h. The migration index was obtained by dividing the migration distance of the experimental groups by that of the
control group (0 pg/mL group).
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Vitro Growth and Differentiation Capacity of DPSCs in GelMA

The lyophilized GelMA used in this study was purchased from EFL Co., Ltd. (China). For 6% GelMA, 0.6 g of
lyophilized GeIMA was dissolved in 10 mL of PBS; for 9% GelMA, 0.9 g of lyophilized GeIMA was dissolved in 10 mL
of PBS; and for 12% GelMA, 1.2 g of lyophilized GelMA was dissolved in 10 mL PBS. Lyophilized GelMA was
dissolved in PBS in 65 °C for approximately 10 min and to obtain a GeIMA hydrogel precursor solution.

To obtain GeIMA constructs, 0.2 mL of 6%, 9% or 12% (w/v) GelMA precursor solution was placed in the barrel of
a 1 mL syringe and light-cured at UV 405 nm for 6 s, respectively. To observe the microstructures of the GelMA
constructs, the constructs were cultured in GM for 7 days. Then, the constructs were frozen at —20 °C for 24 h and
subsequently —80 °C for 2 h. The frozen constructs were placed in a vacuum freeze dryer (SCIENTZ, China) for 24 h and
then observed via scanning electron microscopy (SEM; HITACHI, Japan). The average pore size and total porosity of the
hydrogels were measured using Image] software.

To determine the viability of DPSCs in different concentrations of GeIMA constructs, DPSCs (1x10° cells/uL) were
mixed with 6%, 9% or 12% (w/v) GelMA precursor solution. The cells/GelMA solution was injected into a 48-well plate
(200 pL/well) with three wells for each group and cured by ultraviolet (UV) at 405 nm for 6 s to form cells/GeIMA
constructs, which were then incubated in GM. A CCK-8 assay was performed to evaluate the viability of DPSCs in
GelMA scaffolds after 2, 5, and 8 days of incubation. The cells/GeIMA constructs were incubated with CCK-8 working
solution (600 pL/well) at 37 °C for 2 h, after which the reaction mixture was transferred to a 96-well plate (100 pL/well).
Then, the absorbance at 450 nm was detected using a microreader (Tecan, Switzerland).

To evaluate whether cells in GelMA constructs have full access to the nutrition or medicine in the culture medium,
DPSCs/Gel constructs in the GM group were cultured in GM, while the constructs in the other group were cultured with
GM containing the 200 nM apoptosis-inducing drug staurosporine (STS; Sigma—Aldrich, USA) after three days of
incubation in GM (GM+STS group), which served as an apoptosis positive control. Live/dead staining was then
performed to evaluate the cell viability of the DPSCs/Gel constructs using the Calcein/PI Cell Viability Assay Kit
(Beyotime, China) after 24 h. These constructs were observed and photographed using an inverted fluorescence
microscope (Nikon, Japan).

To examine the differentiation capacity of DPSCs in GeIMA, we constructed DPSCs-loaded GeIMA with or without
GOQDs, and incubated them in OM with or without GOQDs. The medium was changed every 2 days, and ALP staining
was carried out after 8 days.

Animal Experiment

Six-week-old male Spraque—Dawley rats (180 to 200 g weight; SPF Biotechnology Co., Ltd., Beijing, China) were used.
The animal experiment was approved by the Institutional Animal Care and Use Committee of China Medical University
(Issue No. CMU2021351). All in vivo experimental procedures in this study were performed in accordance with the US
Public Health Service Policy on Humane Care and Use of Laboratory Animals. The rats were randomly divided into 5
groups according to the implants, with six rats in each group. Model group: no material; Gel group: GelMA immersed in
OM for 8 days; GOQDs/Gel group: GelMA containing GOQDs immersed in GOQDs-contained OM for 8 days; DPSCs/
Gel group: GelMA loaded with DPSCs cultured in OM for 8 days; GOQDs/DPSCs/Gel group: GOQDs-contained
GelMA loaded with DPSCs cultured in GOQDs-contained OM for 8 days. All the implants were fabricated as cylinders
with a diameter of 5 mm and a height of 1 mm. Approximately 20 pL. of hydrogel is required to prepare such a piece of
cylinder. The concentration of cells within the hydrogel was 1x10> cells/uL. Accordingly, 2x10* DPSCs were implanted
in each rat’s bone defect in the DPSCs/Gel and GOQDs/DPSCs/GelMA groups. The concentration of GeIMA was 6%
and that of GOQDs within GelMA construct is 5 pg/mL. Accordingly, the dose of GeIMA implanted in each rat was
1.2 mg; the dose of GOQDs was 0.1 pg per rat in the GOQDs/Gel group and GOQDs/DPSCs/Gel group. An inhalation
anesthesia machine (RWD, China) was loaded with isoflurane (RWD, China) to anesthetize the rats. The area of the
cranial vault from the line connecting the outer corners of the eyes to the line connecting the two ear holes was shaved,
and the skin was disinfected alternately with 75% alcohol. The skin, subcutis, and periosteum were incised along the
sagittal midline of the cranial vault to expose the cranial vault bone, and the calvarial bone defect was modeled with an
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osteotomy drill with an outer diameter of 5 mm on the left side of the sagittal suture. During surgery, saline drops were
continuously applied to the operative area to cool it down and prevent thermal damage to the bone tissue and brain.
Damage to the dura mater and sagittal sinus was avoided during the operation. Implantation was performed according to
grouping. The wound was closed in layers via 6-0 absorbable sutures. Rats were sacrificed three weeks after surgery via
inhalation of excess carbon dioxide, and the calvarial bone was removed and fixed with 4% paraformaldehyde at room
temperature for 24 h. Micro-computed tomography (CT) scanning was performed, followed by decalcification, embed-
ding and sectioning.

Micro-CT Analysis

Micro-CT was used to scan the calvarial bone of the rats according to an imaging rotation of 360° with an operating
voltage of 70 kV and an operating current of 200 pA, and images were obtained. The images were adjusted to a suitable
angle using DataViewer software, the tomographic images were analyzed, the newborn bone volume was calculated
using CtAn software, and the tomographic images were reconstructed into three-dimensional images using CtVox
software. The volume and surface density of new bone were subsequently statistically analyzed.

Histological Analysis

For hematoxylin and eosin (HE) staining, the deparaffinized and hydrated sections were stained with hematoxylin
(Servicebio, China) for 5 min, and rinsed in tap water for 3 min. The sections were soaked in 75%, 85% and 95%
(v/v) ethanol for 2 min, respectively. Then, the sections were stained with eosin (Servicebio, China) for 10 min,
dehydrated twice in ethanol for two times and finally sealed with neutral gum. Masson’s trichrome staining was
performed according to instructions of the Masson’s Trichrome Staining Kit (Baso, China). Immunohistochemical
staining was performed according to the instructions of the DAB detection kit (Genetech, China). The deparaffi-
nized and hydrated sections were incubated in pepsin (MXB, China) at 37 °C for 30 min for antigen repair and
stained with osteocalcin (OCN) antibody (Affinity, China) at 4 °C overnight for further evaluation.

Transmission Electron Microscopy (TEM)

To determine whether treatment with GOQDs caused an increase in the number of mitophagosomes or mitolyso-
somes, DPSCs were cultured in OM with or without GOQDs for 24 h. Then, the cells were digested and
centrifuged at 1000 rpm for 10 min. The cell pellets were fixed with 2.5% (w/v) glutaraldehyde (Servicebio,
China) at 4 °C overnight, washed twice with 0.1 M sodium dimethylarsenate buffer for 10 min each time, fixed
with 1% (w/v) osmium acid at 4 °C for 1.5 h, and washed twice with distilled water for 10 min each. The cell
pellets were then dehydrated sequentially by alcohol at of 30%, 50%, 70%, and 90% (v/v) concentrations and
acetone at 90% and 100% (v/v) concentrations (I, II, and IIT) for 10 to 15 min for each solution. Samples were
sequentially permeated with 33%, 66%, and 100% (w/v) Epon812 resin (SPI, USA) diluted with acetone for 3 h at
each concentration. The resin-impregnated samples were then cured in an oven at 37 °C for 12 h, 45 °C for 12 h,
and 60 °C for 48 h. The samples were cut into 70-nm-thick sections using an ultrathin slicer (Leica, Germany).
After staining was performed with lead citrate, the slices were examined and photographed using TEM (HITACHI,
Japan).

Detection of Mitochondrial Membrane Potential (MMP)

JC-1 staining was performed to detect whether GOQDs treatment caused changes in MMP. JC-1 was a fluorescent
probe indicative of MMP. When mitochondria are healthy, the MMP is high, and JC-1 aggregates in the mitochon-
drial matrix, in which it can form polymers and emit red fluorescence. However, when mitochondria are depolarized,
the MMP is reduced, and JC-1 remains a monomer and emits green fluorescence. DPSCs were cultured in OM with
or without GOQDs (5 pg/mL) or CsA (10 uM) for 24 h. The cells were then incubated in JC-1 working solution
(30 uM; Bioquest, USA) at 37 °C for 30 min, washed with warm medium, and observed using an inverted
fluorescence microscope. The ratio of red/green fluorescence was calculated using Imagel] software to evaluate
the MMP.
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Mitochondrial and Lysosomal Colocalization

To determine whether GOQDs treatment caused mitolysosomes to increase, DPSCs were cultured in OM or OM
containing GOQDs (5 pg/mL) for 24 h, and the OM group was set as the control. To evaluate the effect of mitophagy
inhibition on GOQDs-elicited osteogenesis, the cells were incubated in 5 pg/mL GOQDs-supplemented OM with or
without cyclosporin A (CsA; 10 uM) for 24 h, with the group without CsA as the control. The cells were sequentially
incubated with LysoTracker Red (75 nM; Beyotime, China), MitoTracker Green (200 nM; Beyotime, China) for 30 min,
and Hoechst (Beyotime, China) for 10 min. The cells were then washed twice with prewarmed a-MEM in between,
immersed in CM, and observed and photographed using an inverted fluorescence microscope (Nikon, Japan). The
colocalization levels were indicated by Pearson’s correlation coefficient (PCC) obtained from the semiquantitative
analysis.

Statistical Methods

The details of the data analyses performed in this study are presented in the figure legends. Quantitative data are
displayed as the mean + standard deviation (represented as error bars) unless stated otherwise. A two-tailed Student’s
t-test was used to compare the differences between two groups. One-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test was used for comparisons among three or more groups. Differences were considered statistically
significant when P < 0.05. For in vivo studies, rats were randomly assigned to treatment groups. All the experiments were
conducted with at least three independent replicates unless stated otherwise.

Results

Isolation, Culture and ldentification of DPSCs

We isolated and cultured dental pulp tissues and observed that many cells grew out of the tissues after 16 days
(Figure 1A) and exhibited a fibroblast-like morphology (Figure 1B). The multipotency of these cells was subsequently
assessed by inducing adipogenic, chondrogenic or osteogenic differentiation. Oil red O staining showed the formation of
lipid droplets (stained red) in the cytoplasm, indicating that the cells differentiated into adipocytes (Figure 1C).
Chondrogenic induction was also successful, as shown by Alcian blue staining of acidic mucopolysaccharide, which is
secreted by chondroblasts (Figure 1D). ALP staining and ARS staining showed that ALP expression and the number of
mineralized nodules in the OM-induced cells were greater than those in the GM group (Figure 1E and F), demonstrating
that the cells underwent osteogenic differentiation. We next evaluated the mesenchymal origin of the cells through flow
cytometry analysis, and the results showed that these cells positively expressed the MSCs surface marker molecules
CD29 (100%), CD105 (100%), and CD146 (74.8%) but negatively expressed the hematopoietic markers CD14 (0.47%)
and CD45 (0.096%) (Figure 1G). Based on the above data, the isolated and cultured cells were DPSCs, which are dental
pulp-derived MSCs with multilineage differentiation potential.

Characterization of GOQDs

GOQDs are nearly spherical without sharp edges and are 4-18 nm in diameter as observed in the present study
(Figure 2A and B). The AFM image (Figure 2C) and height profile (Figure 2D) revealed that the height of the delineated
GOQDs was approximately 3.5 nm. The three-dimensional reconstructed image confirmed this analysis of the AFM
images (Figure 2E). The PL properties of GOQDs are due to their nanoparticle size and surface status. For PL
spectroscopy, excitation light in the wavelength range of 350-500 nm was used, and the results demonstrated that
GOQDs are photoluminescent and emit different fluorescent signals when subjected to different wavelengths of
excitation light (Figure 2F). Furthermore, GOQDs show the best emission when excited at 470 nm and emitted at
540nm. GOQDs solution emitted a weak yellow fluorescence when it was irradiated with 405-nm UV light
(Supplementary Figure S1A), which verified the results of the PL spectroscopy.

GOQDs exhibit excellent dispersion in water without forming bulky aggregates that can damage cells (Figure S1B).
The good dispersion of GOQDs may be related to the functional groups on their surface. The XPS full-spectrum scan
results showed that the surface of GOQDs contained abundant oxygen (68.58%) (Figure 2G). The trace amounts of
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Figure | Isolation, culture and identification of DPSCs. (A) A representative photo of primary colonies after 16 days (scale bar = 200 um). (B) A representative photo of
the first passage of DPSCs (scale bar = 200 um). (C) A representative image of Oil Red O staining after adipogenic induction (scale bar = 50 um). Lipid droplets were stained
red. (D) A representative image of Alcian blue staining after chondrogenic induction (scale bar = 80 um). Acidic mucopolysaccharides were colored blue. (E) Representative
images of ALP staining after induction with osteogenic medium (OM group) or not (GM group) (scale bar = 500 um). (F) Representative images of ARS staining (scale bar =
500 pm). The mineralized nodules were stained red. (G) Characterization of the DPSCs immunophenotype by flow cytometry.

calcium (Ca) and sodium (Na) were doped during the preparation process, while the neodymium (Nd) and silicon were
contaminants caused by the XPS detection process. The fine spectrum scanning of O 1s (Figure 2H) revealed significant
peaks at 531.1-531.8 eV (indicating C=0) and 532.3-533.3 eV (indicating C—O—H and C-O-C). The fine spectrum of
Cls (Figure 2I) showed significant peaks at 284.6 eV (representing C—H and C-C), 286.1 eV (representing C—O—H and
C—0O-C), and 287.6 eV (representing C=0). Analysis of fine spectra data revealed that the surface of GOQDs contained
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Figure 2 Characterization of GOQDs. (A) HRTEM image of the GOQDs dispersion (I mg/mL) (scale bar of the left photo = 50 nm; scale bar of the right photo = 2 nm).
(B) Histogram of the particle size distribution obtained by analyzing HRTEM images. (C) An AFM image showing the height of GOQDs (scale bar = 500 pum). (D)The height
profile at the positions indicated by the white line. (E) Three-dimensional reconstructed AFM image of GOQDs. (F) PL spectrum of GOQDs. The lines in different colors
indicate the different excitation light at various wavelengths, and the abscissa was the wavelength of the emitted light. (G) Full-spectrum XPS image of GOQDs. (H) Fine-
spectrum XPS scans for oxygen (O Is). (I) Fine-spectrum XPS scans for carbon (C Is).

many oxygen-containing groups, mainly C—O—H and C-O-C, followed by O—C=0. The above results indicate that the
surface of GOQDs contains abundant oxygen-containing groups, which may confer unique biological functions to
GOQDs.

Effects of GOQDs on the Viability, Osteogenesis, and Migration of DPSCs
We performed a CCK-8 assay to detect the viability of DPSCs treated with various concentrations of GOQDs, and to
determine the safe dose of GOQDs for DPSCs. Treating DPSCs with 0.5, 1, or 5 pg/mL GOQDs had no statistically
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significant effect on their viability from 1 to 7 days, whereas significantly inhibited cell proliferation was detected in the
10 pg/mL group on days 1 and 7 and in the 20 pg/mL group on days 1, 4, and 7 (Figure 3A). Although the proliferation
rate of the cells in the 10 and 20 pg/mL groups was lower than that in the control group, the cells were still proliferating
and did not show obvious morphological damage on day 7, as shown in their photographs (Supplementary Figure S2).

ALP staining and ALP activity assays after 8 days of induction showed that GOQDs at concentrations ranging from 5 to
20 pg/mL significantly promoted the ALP activity of DPSCs (Figure 3B and C). ARS staining and quantitative analysis
of the mineralized nodules after 21 days of induction also confirmed that the same promotion trend of GOQDs
(Figure 3D and E). The relative protein expression levels of Col-1 and OPN, which are late-stage biomarkers of
osteogenic differentiation, were significantly enhanced by treatment with 1-20 pg/mL GOQDs (Figure 3F-H).
Interestingly, our results revealed that although 10 and 20 pg/mL of GOQDs led to a significant slowdown of cell
proliferation, they still significantly enhanced osteogenic differentiation. The inhibitory effect of these two concentrations
of GOQDs on protein signaling associated with cell proliferation did not affect the activation of osteogenic differentiation
signaling pathways. To determine the effect of GOQDs on the migration of DPSCs, we performed scratch experiments.
The results indicated that 20 ug/mL GOQDs significantly impaired the migration ability of DPSCs, whereas 1 to 10 pg/
mL GOQDs exhibited no significant effect on the migration of DPSCs (Figure 31 and J).

In vitro Growth and Differentiation Capacity of DPSCs in GelMA

According to the above results, 5 pg/mL was confirmed to be the optimal concentration of GOQDs for promoting
osteogenic differentiation in vitro, and we then examined the ability of GOQDs to promote bone repair in vivo. To
determine the optimal concentration of GeIMA for use as a scaffold, the pore sizes of different concentrations of the
hydrogels were observed via SEM. The cross-sectional SEM images, average pore size analysis and porosity analysis
showed that the 6% (w/v) GeIMA group exhibited the largest pores and highest porosity among all of the tested groups
(Figure 4A—C). The viability of DPSCs loaded with the three concentrations of GeIMA was determined through the
CCK-8 assay, and the results showed that cells in the 6% (w/v) hydrogel exhibited the greatest viability (Figure 4D).
Therefore, 6% (w/v) GelMA was adopted as the scaffold in the present study.

To evaluate whether the cells in the GeIMA constructs had full access to the nutrition and drugs in the culture
medium, live and dead viability staining was performed, in which live cells were stained with Calcein AM and dead cells
with PI. The results demonstrated that the cells in the GM group were elongated and spindle shaped and rarely died;
however, many more red-stained dead cells were observed in the GM+STS group (Figure 4E), which served as a positive
control. The results showed that the cells encapsulated in GeIMA grew well in GM, whereas they were induced to
undergo apoptosis in STS-containing medium, indicating that the concentration and the duration of light-curing of
GelMA that we adopted can ensure that the DPSCs within hydrogel construct have full access to the nutrition and drugs
in the culture medium.

Next, the cells/hydrogel complexes were divided into DPSCs/Gel and GOQDs/DPSCs/Gel groups according to
whether the culture medium and hydrogel contained GOQDs (5 pg/mL). This was performed to test whether DPSCs
cultured in three dimensions within the hydrogel had the same osteogenic differentiation ability as DPSCs cultured on the
two-dimensional plastic substrate. Staining images showed that the expression of ALP in the GOQDs/DPSCs/Gel group
was much greater than that in the DPSCs/Gel group; ie, the addition of GOQDs to the culture medium and hydrogel
promoted the differentiation of DPSCs, which corresponded with the results obtained from cells cultured in two
dimensions (Figure 4F). These results indicate that we successfully constructed hydrogel scaffolds loaded with
GOQDs and DPSCs and verified that GOQDs promoted the osteogenic differentiation of DPSCs under three-
dimensional culture conditions.

GOQDs/DPSCs/Gel Promoted Bone Regeneration in vivo

To evaluate the effects of GOQDs on bone regeneration in vivo, nothing (Model), GelMA (Gel), GOQDs-laden GeIMA
(GOQDs/Gel), DPSCs-laden GeIMA (DPSCs/Gel), or GOQDs- and DPSCs-laden GelMA (GOQDs/DPSCs/Gel) were
implanted into the calvarial bone defects of the rats for 3 weeks (Figure 5A). To create the rat calvarial bone defect, we
prepared a unilateral defect of 5-6 mm in diameter to avoid bleeding caused by damaging the sagittal suture
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Figure 3 Effect of GOQDs on the viability, osteogenic differentiation, and migration of DPSCs in vitro. (A) CCK-8 analysis showing the effect of different concentrations of
GOQD:s on the viability of DPSCs (n = 3). (B—H) Effects of different concentrations of GOQDs on the osteogenic differentiation of DPSCs. (B) Representative ALP staining
images (scale bar = 500 pum). (C) ALP activity assay (n = 3). (D) Representative ARS staining images (scale bar = 500 um). (E) Quantitative analysis of mineralized nodules
stained with ARS (n = 3) (F) Representative Western blot images showing the effect of GOQDs on osteogenic marker molecules in DPSCs. (G) The relative expression
levels of Col-1 in (F) (n = 3). (H) The relative expression levels of OPN in (F) (n = 3). (I) Representative images of DPSCs at 3 h and 24 h after scratching (scale bar =
200 pm). (J) Migration indices of DPSCs treated with different concentrations of GOQDs (n = 3).
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Figure 4 In vitro growth and differentiation capacity of DPSCs in GelMA. (A) Representative SEM images of different concentrations of GelMA (scale bar = 20 pum). (B, C)
Average pore size and porosity of the hydrogels. (D) CCK-8 assay of DPSCs cultured in different concentrations of GelMA (n = 3). (E) Representative Calcein AM/PI
fluorescence images of DPSCs/hydrogel complexes incubated with GM or GM containing 200 nM STS (GM+STS group) (scale bar = 200 um). The GM+STS group served as
a positive control to evaluate whether cells encapsulated in GelMA had full access to the drugs in the medium. The live cells were stained with Calcein AM (green), and the
dead cells were stained with Pl (red). (F) Representative ALP staining images of DPSCs/hydrogel complexes (scale bar = 500 pum). Neither the culture medium nor the
hydrogel contained 5 pg/mL GOQDs in the DPSCs/Gel group, whereas both the culture medium and hydrogel contained 5 pg/mL GOQDs in the GOQDs/DPSCs/Gel

group.

200 ym
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(Supplementary Figure S3). The effectiveness of bone repair was visualized and quantified via micro-CT. Limited bone

regeneration was observed in the Model group, and newly formed bone was observed only at the edges of the defect.
Nearly identical amounts of new bone were observed in the Gel, GOQDs/Gel, and DPSCs/Gel groups, and the amounts
of these groups were greater than that of the Model group. In comparison, the greatest amount of newly formed bone
among the five groups was detected in the GOQDs/DPSCs/Gel group, indicating that GOQDs-induced DPSCs exhibited
powerful bone regeneration ability in vivo (Figure 5SB—D). HE staining of the disembodied cranium confirmed that
fibrous connective tissue had formed in the defects of the Model group. The largest volume of regenerated bone was
observed in the GOQDs/DPSCs/Gel group, and many bone lacunae were clearly visible in the bone matrix (Figure SE
and F). As revealed by Masson’s trichrome staining, the GOQDs/DPSCs/Gel group exhibited the greatest collagen
deposition, suggesting that the greatest amount of immature bone tissue was present (Figure 5G and H). Additionally, the
IHC staining results revealed that the defects in the GOQDs/DPSCs/Gel group exhibited the largest OCN-positive bone
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Figure 5 GOQDs/DPSCs/Gel promoted bone regeneration in vivo. (A) Grouping and flow of animal experiments (created with Biorender.com). (B) Three-dimensional
reconstructed micro-CT images. (C) New bone volume at the defect site was calculated from micro-CT data (n = 6). (D) The surface density of new bone at the defect site
was calculated from micro-CT data (n = 6). (E) Representative HE staining images (scale bar of the upper panel = | mm; scale bar of the lower panel = 500 um). (F) The
semiquantitative analysis of the new bone area in HE staining images (n = 6). (G) Representative Masson’s trichrome staining images (scale bar of the upper panel = | mm;
scale bar of the lower panel = 500 pm). (H) The semiquantitative analysis of the area of the newly formed immature collagen in Masson’s trichrome staining images (n = 6).
(I) Representative images of immunohistochemical staining for OCN (scale bar = 500 um). (J) The semiquantitative analysis of the OCN-positive area in the immunohis-
tochemical staining for OCN images (n = 6). NB indicates the newly formed bone (NB). HB indicates the host’s bone (HB).
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area (Figure 51 and J). These experimental results demonstrated that calvarial bone defects of 5 mm in diameter in rats
cannot easily heal on their own within 3 weeks. However, the GOQDs/DPSCs/Gel construct accelerated the repair of the
calvarial bone defects by inducing the greatest amount of newly generated bone. Compared to the transplantation of
GOQDs/Gel constructs, which are acellular implants, the transplantation of GOQDs-preactivated DPSCs in GOQDs/
DPSCs/Gel constructs repaired bone defects more efficiently.

GOQDs Promoted Mitophagy in DPSCs

The molecular mechanism by which GOQDs promote the osteogenic differentiation of DPSCs has yet to be elucidated.
To further explore the biological mechanisms by which GOQDs promote the osteogenic differentiation of DPSCs, TEM
images of DPSCs incubated with or without GOQDs were compared. We were surprised to discover that more
mitochondria were engulfed by lysosomes (indicated by orange arrowheads) in GOQDs-incubated DPSCs
(Figure 6A), which may imply that mitophagy in DPSCs has been influenced. JC-1 staining was performed to detect
the changes in the MMP induced by GOQDs. Staining revealed that a decreased MMP occurred in the GOQDs-treated
DPSCs (Figure 6B and C), which indicated that mitophagy was initiated. Consistent with the above observation,
a significantly greater degree of colocalization of mitochondria and lysosomes was detected in DPSCs treated with
GOQDs for 24 h, which was indicated by the overlap of yellow fluorescence (Figure 6D) and the PCC (Figure 6E).
Accordingly, increased expression levels of PINK1, PRKN, and p62 and an increased LC3 II/I ratio were detected in
GOQDs group (Figure 6F—J). The above data suggested that the level of mitophagy increased upon GOQDs induction.

Mitophagy Inhibition Weakened the GOQDs-Induced Osteogenic Differentiation of

DPSCs

To further demonstrate that mitophagy is a key regulatory target of GOQDs, we treated GOQDs-induced DPSCs with or
without CsA. CsA inhibits the MMP transition, thereby hindering the early stage of mitophagy. The effectiveness of CsA
in inhibiting mitophagy was first examined. JC-1 staining images demonstrated that CsA effectively inhibited the
reduction in the MMP caused by GOQDs (Figure 7A and B). The fluorescence showed that CsA significantly inhibited
the GOQDs-triggered colocalization of mitochondria and lysosomes (Figure 7C and D), and this change was accom-
panied by a decrease in the expression of mitophagy hallmarks (Figure 7E-I). Therefore, 10 uM CsA effectively
inhibited GOQDs-induced mitophagy. The effect of CsA-mediated mitophagy inhibition on GOQDs-induced osteogen-
esis was then determined by Western blotting and ALP staining. The results showed that CsA markedly attenuated the
expression of the osteogenic marker proteins Runx2 and Osx (Figure 7J-L) and the GOQDs-induced increase in ALP
activity (Figure 7M). These results indicated that mitophagy inhibition weakened the GOQDs-induced osteogenic
differentiation of DPSCs.

Discussion
The acellular biological scaffolds may have limited efficacy in promoting bone regeneration, particularly when the
intrinsic regenerative potential of the host’s cells is compromised due to factors such as age and health.?! Therefore,
utilizing exogenous cells for bone repair remains a promising therapeutic strategy. MSCs have garnered great interest in
cell therapy due to their multipotency, which is central to their therapeutic functions. MSCs derived from different tissue
sources exhibit distinct characteristics.”> DPSCs, which are derived from dental pulp tissue, benefit from the protective
environment of the pulp cavity, allowing for the isolation of primary DPSCs while minimizing the risk of tissue
contamination. This advantage provides DPSCs with a notable edge over other dental-derived stem cells, such as
periodontal ligament stem cells and dental follicle progenitor cells. In addition, DPSCs are more readily accessible
and exhibit greater clonogenic and proliferative potential compared to BMSCs.? Therefore, in this study, DPSCs were
selected as the seed cells for the bone repair.

Bioactive factors are drugs that enhance the differentiation of seeded stem cells in BTE. GO exhibits osteogenic
activity, a large surface area and excellent mechanical properties, with a single-layer Young’s modulus exceeding 200
GPa.” Thus, the potential application of GO in BTE has attracted considerable attention.”**> However, GO is a two-
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Figure 6 GOQDs promoted mitophagy in DPSCs. (A) Representative TEM images of DPSCs induced with or without GOQD:s (scale bar of the upper panel = | pum; scale
bar of the lower panel = 250 nm). The Orange arrowheads indicate the mitochondria engulfed by lysosomes. (B) Representative JC-1 staining images showing the influence
of GOQDs on the MMP of DPSCs (scale bar = 100 pm). (C) Ratios of red/green fluorescence intensity were calculated to determine the MMP (n = 3). (D) Colocalization of
mitochondria (green) and lysosomes (red) in DPSCs treated with or without GOQDs (scale bar = 25 pum). The colocalization scatterplot was obtained by analyzing the
merge image using the Color2 plugin of Image] software. (E) Semiquantitative analysis of colocalization images (n = 3). (F) Representative Western blot images showing the
effect of GOQDs induction on the expression of the mitophagy markers. (G) The relative expression levels of p62 in (F) (n = 3). (H) The relative expression levels of PINKI
in (F) (n = 3). (I) The relative expression levels of PRKN in (F) (n = 3). (J) The ratios of LC3Il/l expression levels in (F) (n = 3).

dimensional nanosheet with lateral dimensions of 200-300 nm and sharp edges, which often causes mechanical damage
to cells.®* GOQDs are derivatives of GO that are reduced to the quantum scale. GOQDs synthesized using different

methods can display significant variations in their particle size, surface functional groups, and photoluminescence
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Figure 7 Mitophagy inhibition weakened GOQDs-induced osteogenic differentiation in DPSCs. (A) Representative JC-| staining images showing the effect of CsA on the MMP of
DPSCs (scale bar = 100 um). (B) The semiquantitative analysis of JC-1 staining images (n = 3). The ratio of red/green fluorescence intensity indicates the MMP. (C) Representative
fluorescence images showing the colocalization of mitochondria (green) and lysosomes (red) (scale bar = 25 um) and the colocalization scatterplot, which was obtained by analyzing the
merge image using the Color2 plugin of Image] software. (D) The semiquantitative analysis of the fluorescence colocalization images (n = 3). (E) Representative Western blot images
showing the effect of CsA on the expression of mitophagy markers. (F) The relative expression levels of PINK1 in (E) (n = 3). (G) The relative expression levels of PRKN in (E) (n = 3).
(H) The relative expression levels of p62 in (E) (n = 3). (I) The ratios of LC3 II/l expression levels in (E) (n = 3). (J) Representative Western blot images showing the effect of mitophagy
inhibition on the expression of osteogenic transcription factors (n = 3). (K) The relative expression levels of Runx2 in (J) (n = 3). (L) The relative expression levels of Osx in (J) (n = 3).
(M) Representative ALP staining images showing the effect of mitophagic inhibition on the ALP expression in DPSCs (scale bar = 500 pm).
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characteristics.”® The GOQDs used in this study were prepared using the modified Hummer’s method, which involves the
exfoliation of large graphite materials into nanosized quantum dots."*?” Our GOQDs are 4-18 nm in diameter and
contain abundant oxygen-containing functional groups, including carboxyl and hydroxyl groups, which facilitate inter-
actions with water molecules through hydrogen bonding.*® This good dispersibility allows GOQDs to interact more
efficiently with cells. In contrast to GO, the zero-dimensional size of GOQDs contributes to their excellent biocompat-
ibility. Previous research has shown that GOQDs at concentrations below 200 pg/mL did not impair cell viability and
were either degraded or excreted within 14 days without causing significant organ damage.®* However, the noncytotoxic
concentration determined in the present work (5 pg/mL) is lower than that reported in the literature mentioned above;
these discrepancies may arise from variations in cell types and treatment durations. Approximately one week is typically
required for the in vitro osteogenic differentiation of stem cells, making it particularly relevant to assess the biosafety of
GOQDs when in contact with DPSCs over this duration. Additionally, the C—O groups of GOQDs (C—O—H/C—0—C)
increase the number of reactive sites, especially hydroxyl groups. These strong electron donor groups are believed to
accelerate the electron transfer process to H,O, by reinforcing the delocalized electron density of the conjugated =

2
system, 9:30

which might contribute to the production of intracellular ROS. Consequently, high concentrations of GOQDs
may lead to a burst of intracellular ROS and inhibition of cell viability.

In this study, we found that 5 pg/mL of GOQDs significantly promoted differentiation without comprising cell
viability. However, another study indicated that a minimum concentration of 10 pg/mL of GOQDs was necessary to
promote osteogenic differentiation in DPSCs,'* which contradicts our findings. This discrepancy may be attributed to the
different methods of GOQDs production; the previous study utilized pyrolysis of citric acid, a bottom-up approach, while
the GOQDs used in the present study were prepared using the modified Hummer’s method, a top-down method. These
two methods result in distinct particle sizes and functional groups, which account for the variations in effective
concentrations.’! The mechanism by which GOQDs promote osteogenic differentiation may involve the adsorption of
proteins from biological environment (eg, culture media) onto the oxygen-containing functional groups on the nanoma-
terial surface, forming a protein corona.****> The protein profile of the corona is determined by the charge, size and
functional groups on the surface of the nanoparticles.***> The biological effects of nanomaterials are strongly influenced
by the nature of protein corona.*® A previous study showed that proteins adsorbed onto the surface of GO in culture
media were primarily associated with metabolic processes and signal transduction.>” The C—O—C and C—O—H groups on
the surface of GOQDs can interact with dexamethasone and ascorbic acid, both of which are critical agents for the
osteogenesis of MSCs.** *° Dexamethasone synergizes with B-glycerolphosphate to activate the expression of ALP and
other osteogenic proteins, while ascorbic acid acts as a cofactor for the synthesis of Col-1, facilitating
biomineralization.*! Therefore, the enrichment of dexamethasone and ascorbic acid by GOQDs effectively promotes
osteogenic differentiation and biomineralization. Evaluating the effectiveness of bioactive factors involves not only their
effect on stem cell differentiation but also their impact on cellular migration. The present work revealed that 1 to 10 pg/
mL GOQDs exhibited no significant effect on the migration of DPSCs. This finding aligns with a previous study that
similarly reported no significant effect of GOQDs on the migration ability of fibroblasts.** This result suggests that
GOQDs may lack the ability to enhance cell migration, potentially limiting their therapeutic efficacy when used in
isolation in vivo. Thus, combining GOQDs with exogenous stem cells may provide improved therapeutic outcomes
compared to regimens that without exogenous seed cells.

Bioactive factors and seed cells need to be loaded into scaffolds before implantation at the defect site. As an analog of
the extracellular matrix, the scaffold should possess a three-dimensional porous structure to facilitate nutrient delivery
and promote cell growth.* Studies have shown that macroporous scaffolds not only provide extensive surface area for
cell attachment but also support cell differentiation.** Hydrogel-based adhesives have been employed for sealing tissues
or coating implants, enhancing their adhesion to surrounding tissues and increasing the invasion and retention of
functional cells.*> Therefore, we chose a highly porous GeIMA hydrogel with macropores as a scaffold to ensure that
DPSCs have full access to nutrients in the culture medium. Our experiments demonstrated that GOQDs can promote the
osteogenic differentiation of DPSCs encapsulated in three-dimensions GelMA scaffold with a pore size of approximately
50 pum, confirming the successful construction of the GOQDs/DPSCs/Gel composite scaffold. Craniofacial bones
primarily form through intramembranous ossification, wherein MSCs differentiate directly into osteoblasts and
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subsequently develop into cancellous bone structures cross-linked by organic/inorganic hybridization.*® We created
a unilateral 5 mm round bone defect in the rat calvaria, which exhibited minimal self-healing over a three-week period.
GOQDs-preactivated DPSCs within the GOQDs/DPSCs/Gel constructs demonstrated the most efficient repair of the
bone defects. This finding supports our hypothesis that the combination of GOQDs with exogenous seed cells may
mitigate the limitations of GOQDs in promoting cell migration and fully exploit their osteogenesis-promoting effect.
Moreover, in this study, the GOQDs-treated DPSCs were cultured in vitro for 8 days prior to implantation. This
incubation allows the DPSCs to differentiate into osteoblasts in a mild and stable environment, enabling them to secrete
bone matrix more rapidly upon implantation and reducing potential hindrance to osteogenic differentiation that DPSCs
may encounter in the harsh microenvironment of bone defects.*’ To our knowledge, this study is the first to validate the
calvarial bone regeneration effect of GOQDs-activated exogenous stem cells in vivo. These results strongly indicate that
GOQDs-preactivated DPSCs/Gel can effectively repair bone defects, providing a novel approach for the application of
GOQDs in BTE.

Understanding the mechanism by which GOQDs promote the osteogenic differentiation of DPSCs is crucial for the
targeted application of GOQDs in BTE. TEM revealed an increased probability of round, damaged mitochondria being
encapsulated in lysosomes in GOQDs-activated DPSCs, implying that mitophagy was promoted. Mitophagy is a process
that allows cells to eliminate damaged mitochondria through finely regulated signals and plays a critical role in
mitochondrial quality control.*® PINK1 and PRKN are key proteins involved in the ubiquitin-dependent mitophagy
pathway.** When the MMP decreases, the PINK1 precursor is retained in the outer mitochondrial membrane and
undergoes autophosphorylation, which recruits PRKN from the cytoplasm to the outer mitochondrial membrane and
activates its E3 enzyme activity.*® Subsequently, PRKN ubiquitinates outer mitochondrial membrane proteins, which are
then phosphorylated by PINK1.** The phosphorylated, ubiquitin-modified outer membrane proteins are then recognized
as “eat me” signals by autophagy receptors such as p62, NDP52, OPTN. These receptors bind to LC3 on the
autophagosome membrane, bridging damaged mitochondria to the autophagosome and initiating mitophagy.**>° The
present study demonstrated that mitophagy indicators, including PINK1, PRKN, p62, and LC3, are upregulated in
GOQDs-preactivated DPSCs. This suggests that the activation of mitophagy may contribute to the enhanced osteogenic
differentiation observed in these cells. Currently, no study has revealed how GOQDs promote mitophagy. Nonetheless,
understanding the effect of GO on mitochondria may provide insight into the mechanism of GOQDs-induced mitophagy.
GO exerts potent interlinking effects with the plasma membrane, allowing it to easily enter the cytoplasm and target at
neuronal mitochondria, thereby inducing mitophagy.”'** The intracellular behavior of GOQDs may differ from that of
GO, as GOQDs are quantum-dot in size with excellent dispersibility. This property makes them more prone to escape
from lysosomes into the cytoplasm and then interact with mitochondria.'®** Therefore, GOQDs may have more
opportunities to adhere to mitochondria and trigger elevated levels of mitophagy. The mechanism by which mitophagy
promotes osteogenic differentiation may involve providing energy and metabolic support for osteogenesis. During
osteogenic differentiation, the primary source for cellular energy transits from glycolysis to the mitochondrial oxidative
phosphorylation (OXPHOS) pathway.’*>* However, excessive OXPHOS produces high levels of reactive oxygen species
(ROS), which can be detrimental to both mitochondria and cells, thereby hindering the continued differentiation of
MSCs.>* > Mitophagy plays a crucial role in removing excessive ROS and clearing damaged mitochondria, facilitating
the continuation of the differentiation process.’®>” Our study demonstrated that the osteogenic differentiation of DPSCs
was promoted following an increase in mitophagy levels, which is consistent with findings from previous research. Our
experiments, alongside earlier studies, indicate that enhanced mitophagy significantly promotes the osteogenic differ-
entiation of MC3T3 cells or DPSCs.*®>° These findings suggest that not all damaged mitochondria are removed during
osteogenic differentiation, and that enhanced mitophagy can further eliminate the residual damaged mitochondria.
Therefore, mitophagy represents a promising target for regulating stem cell differentiation. Additionally, mitophagy
fosters the renewal and remodeling of mitochondria by removing dysfunctional organelles, which contributes to
conducive to the establishment of an efficient OXPHOS system and provides a stable energy source for cell differentia-
tion. Furthermore, mitophagy plays an important role in mineralization stage by transporting amorphous calcium
phosphate precursors from mitochondria to the extracellular matrix.’® In summary, the present study innovatively
proposed a mechanism underlying GOQDs-induced mitophagy-driven osteogenic differentiation of DPSCs.
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Scheme | Summary of DPSCs activated by GOQDs repair rat calvarial bone defect via promoting mitophagy-related osteogenic differentiation. GOQDs/DPSCs/GelMA
hydrogel composites are incubated in GOQDs-containing medium in vitro for eight days and then implanted into calvarial bone defects. The GOQDs/DPSCs/GelMA
composites effectively repair the bone defects. The underlying mechanism is revealed that GOQDs induce mitophagy in DPSCs, as evidenced by a decrease in MMP, up-
regulation of the expression of PRKN, PINKI, LC3, and P62, and an increase in the co-localization of mitochondria and lysosomes. Then, the mitophagy-regulated
osteogenic differentiation of DPSCs is promoted by GOQDs (created with Biorender.com).

Furthermore, it suggests that GOQDs could serve as agonists targeting stem cell mitophagy, presenting promising

application in the surface modification and performance optimization of biomaterials for bone repair.

Conclusion

In summary, this study showed that GOQDs enhance the osteogenic differentiation of DPSCs and that the BTE substitute
composed of GOQDs-preactivated DPSCs and GelIMA accelerated bone regeneration in vivo. Importantly, we identified
that the mechanism underlying GOQDs-induced osteogenesis is linked to improved PINK1/PRKN-mediated mitophagy
flux, which is an uncharted signaling pathway in DPSCs exposed to GOQDs (Scheme 1). Collectively, our findings
provide an operative approach for bone defect repair utilizing GOQDs as bioactive factors while uncovering the
mechanism of GOQDs-elicited osteogenesis. Compared to traditional growth factors, GOQDs are cost-effective and
simple to prepare, and their nanoscale size facilitates modification, making them well-suited for widespread application.
In addition, by promoting mitophagy, GOQDs enhance stem cell osteogenic differentiation and therefore can be used as
modulators of mitophagy in BTE, potentially offering a novel method for precise treatment of bone defects.
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