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ABSTRACT: Nucleic acid transfer has shown significant potential in the treatment of
bone damage because of its long lasting local effect and lower cost. Nonviral vectors,
such as nanomaterials, with higher biocompatibility are increasedly applied in the
study of bone defect repair. Carbon dots with various reactive groups on the surface
not only provide a unique surface to carry therapeutic genes, but also some carbon
dots have been reported to promote osteogenic differentiation. The bone regeneration
effect of carbon dots in vivo, however, is rarely investigated. MiR-2861 has revealed
osteogenic differentiation effects. In the current study, we created ascorbic acid-PEI
carbon dots (CD), which were able to carry miR-2861, by the microwave-assisted
pyrolysis method. Results demonstrated that CD had excellent fluorescence stability
leading to good fluorescence imaging in vitro and in vivo. CD was efficiently
internalized into bone marrow stromal cells (BMSCs) through the clathrin-mediated
endocytosis pathway and distributed in the mitochondria, endoplasmic reticulum,
lysosome, and nucleus. Results from alkaline phosphatase staining, alizarin red
staining, and reverse transcription real-time PCR (RT-QPCR) showed that our CD indeed had osteogenic effects in vitro. Flow
cytometry data indicated that CD could efficiently deliver miR-2861 into BMSCs in vitro, and CD carrying miR-2861 (CD@miR)
had the strongest osteogenic effects. Analyses of hematology, serum biochemistry, and histology showed that CD and CD@miR did
not have cytotoxicity and had higher biocompatibility in vivo. Most interestingly, CD and miR-2861 in the CD@miR could act
synergistically to promote osteogenic differentiation in vitro and new bone regeneration in vivo remarkably. Our results clearly
indicate that the osteogenic CD delivering osteogenic therapeutic gene, miR-2861, can obtain much stronger bone regeneration
ability, suggesting that our CD has great potential in future clinical application.
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■ INTRODUCTION

Bone damage is a challenging problem in clinical practice.1

Osteoblasts and their precursors, such as BMSCs, are critical
cells involved in bone regeneration. Delivery of therapeutic
nucleic acid into BMSCs is a promising method to promote
their osteogenic differentiation and mineralization for bone
regeneration.2 MicroRNA (miRNA) is a type of small
noncoding RNA that functions as a suppressor of gene
expression at the post-transcriptional level and plays a vital role
in cell fate determination and differentiation.3 By virtue of the
highly conserved property of miRNA across all animal species,
which highlights their evolutionary significance in biological
activity, miRNA therapy using miRNA mimics has aroused
extensive attention.4 Compared with traditional plasmid-based
gene therapy, small-molecular-weight miRNA mimics make
high transfection efficiency more accessible.4 In addition,
miRNA mimics regulate cell function in the cytoplasm for a
short term with no need for entry to the nucleus, avoiding the
potential genotoxicity caused by continuous and uncontrolled

gene expression.5 It is known that miR-20a, miR-29b, miR-26a,
miR-138, and miR-2861 are involved in osteogenic differ-
entiation.6−10 Interestingly, miR-2861 can target amino acid
coding sequences of histone deacetylase 5 (HDAC5) that is
involved in degradation of osteogenic transcriptional factor
RUNX2, resulting in promoting bone formation. On the other
hand, RUNX2 binds to the promoter of the miR-3960/miR-
2861 cluster, leading to the induction of miR-3960/miR-2861
transcription.11 This RUNX2/miR-3960/miR-2861 positive
feedback loop can further augment the effect of miR-2861 on
osteogenic differentiation.
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In general, viral vectors are the most efficient system for
nucleic acid delivery. However, they may have risk of
tumorigenesis, undesired adverse immune response, and so
on.12 Nonviral vectors do not have or have much less side
effects of viral vectors, leading to improved attention in recent
years.13 Several studies have used inorganic materials for
miRNA delivery including gold nanoparticles, Fe3O4 nano-
particles, and silica-based nanoparticles.14−16 The interactions
between these inorganic carriers and miRNAs, however, are
usually weak. Polymers, such as polyethylenimine (PEI),
poly(lactide-co-glycolide) (PLGA), poly(amidoamine) (PA-
MAMs) dendrimers, or cell-penetrating peptide (CPP), are
another type of nonviral system.4 PEI, a cationic polymer, is
considered as a gold standard of nucleic acid transfection.13

Positively charged PEI can facilitate the interaction with the
negatively charged cell membrane to achieve efficient internal-
ization into cells, as well as promote the escape from the
lysosome via the “proton sponge” effect to avoid degradation
of nucleic acid.13,17 However, the cytotoxicity of PEI hinders
its biological application, provoking to develop PEI-based
miRNA carriers with higher biosafety, such as PEI-PEG
copolymer or PEI polymer dots.18,19

Carbon dots were accidentally discovered during separation
and purification of single-walled carbon nanotubes (SWCNTs)
in 2004, which created a new class of fluorescent nanomateri-
als.20 Compared with traditional fluorescent semiconductor
quantum dots, carbon dots display decreased toxicity, eminent
biocompatibility, low cost, and chemical inertness accom-
panied by similar fluorescence properties.21 Besides, they also
possess smaller size (usually less than 10 nm), good solubility,
and excellent resistance to photobleaching and various reactive
groups, which afford the possibility to be modified by other
chemical groups.22−26 Therefore, carbon dots become a
prominent candidate of nucleic acid/drug carrier.27 Since
2004, a variety of carbon dots have been synthesized by
utilizing various precursors and applied in a broad spectrum of
applications, such as light-emitting diodes, photocatalysis,
biosensing, and nanomedicine.28−30 In nanomedicine, carbon
dots has been used to treat many kinds of diseases, including
Parkinson’s disease, cancer, and so on.31,32 It has been reported
that some carbon dots can promote osteogenic differ-
entiation.33−35 These studies, however, only focused on the
effect in vitro, and there was an absence of evidence for bone
regeneration in vivo.
Internalization of the vector into the target cell is the

foremost step of nucleic acid delivery.13 Previous studies have
shown that nanomaterials are internalized into cells through
endocytosis.36 Energy-dependent endocytic mechanisms in
non-phagocytic cell generally include clathrin-mediated,
caveolae-mediated endocytosis, and macropinocytosis.36 As
exogenous substances, nanomaterials usually are transferred to
the lysosome for degradation.37 An ideal vector should be
capable of escaping from the lysosome. Introducing PEI with
the proton sponge effect into the vector could be a splendid
choice.
In this study, our goal was to create osteogenic carbon dots

with the capacity of carrying miR-2861 to gain synergistic
effects on bone regeneration. We synthesized carbon dots
(CDs) with ascorbic acid and PEI using the microwave-
assisted pyrolysis method. These CDs showed desirable
bioimaging ability in vitro and in vivo. They were internalized
into BMSCs by the clathrin-mediated endocytosis pathway and
then could locate in the mitochondria, endoplasmic reticulum,

lysosome, and nucleus. This CD alone could promote
osteogenic differentiation of BMSCs. Most importantly, as a
vector, our CD with ameliorative biocompatibility and
increased transfection efficiency compared to PEI could
facilitate bone regeneration synergistically with miR-2861.

■ RESULTS AND DISCUSSION

Characteristics of CDs. In our study, we created the CD
with ascorbic acid (AA) and PEI (Figure 1A) by the
microwave-assisted pyrolysis that endowed the CD with

Figure 1. Characteristics of CDs. (A) Schematic illustration of CD
preparation through the microwave-assisted pyrolysis method. (B)
TEM image and HRTEM image. (C) Size distribution of the CD. (D)
XPS analysis of the CD. (E) C1s XPS of the CD. (F) N1s XPS of the
CD. (G) FTIR spectra of PEI (blue), AA (green), and CD (red). (H)
UV−vis absorption spectrum of the CD. (I) Excitation spectrum
(blue) and emission spectrum (green) of the CD. (J) Emission
spectrum at excitation wavelength progressively increasing from 360
to 520 nm.
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positive charge. The CDs are uniformly dispersed nano-
particles with a size of ∼2.5 nm as measured by transmission
electron microscopy (TEM) (Figure 1B,C). We also
determined the particle size and zeta potential by DLS,
which showed 9 nm average hydrodynamic diameter and 33 ±
0.8 mV, respectively. The high-resolution TEM (HRTEM)
image showed that the CD had a good crystallization nature
with a lattice spacing (∼0.32 nm) (Figure 1B), which is a close
match with the (002) lattice spacing of graphite. XPS analysis
indicated that the CD created herein had three major elements,
namely, C, N, and O, on its surface (Figure 1D). The
deconvolution of the C1s spectrum displayed four peaks,
namely, the O=C−OH peak at 288.5 eV, C=N peak at 287.5
eV, C−N/C−O peak at 285.7 eV, and C=C/C−C peak at
284.5 eV (Figure 1E). The deconvolution of the N1s spectrum
displayed pyridinic N (399.2 eV), pyrrolic N (400.1 eV), and
graphitic N (401.5 eV) (Figure 1F). Fourier transform infrared
(FTIR) was used to further analyze the structure of the CD
(Figure 1G). The FTIR spectrum of the CD exhibited =CH
stretching vibration at 3033 cm−1 and C−O stretching
vibration at 1085 cm−1, which came from =CH and C−O of
the aromatic ring in the AA. The center of the broad peak at
3450 cm−1 was attributed to the stretching vibrations of O−H
and N−H, which originated from the hydroxyl of the AA and
amidogen of PEI. Compared with the FTIR spectrum of the
AA, the increase of relative intensity of 1670 cm−1 originating
from the C=O group indicated the oxygenation process of
CD.38

Analyses by UV−vis absorption and fluorescence spectra
revealed that our CD had a remarkable optical property. The
UV−vis spectrum indicated a shoulder absorption peak at 344
nm for the CD corresponding to the n−π* transitions (Figure
1H). The radiative relaxation of the n−π* excitation results in
fluorescence.39 The narrow and symmetrical fluorescence
spectrum showed that the emission peak of the CD was at
537 nm at an excitation wavelength of 460 nm (Figure 1I).
The full width at half-maximum of the CD was ∼65 nm,
suggesting a narrow size distribution or limited emissive sites
on the surface.40,41 Furthermore, excitation-dependent fluo-
rescence behavior was observed, similar to most of the
fluorescent carbon dots.21 The emission peak was red-shifted
from 483 to 557 nm with excitation wavelength from 360 to
520 nm (Figure 1J), which may be attributed to the optical
selection of differently sized nanoparticles (quantum effect)
and different emissive trap on the surface of the CD.42

Fluorescent Images and Cytotoxicity of the CD. It has
been proven that carbon dots have excellent fluorescence
stability, which can be used in bioimaging. Therefore, we
evaluated if our CD had the same ability in vitro and in vivo.
First, confocal laser scanning microscope (CLSM) images
displayed that the CD could be efficiently internalized into
BMSCs after 24 h of incubation. As discussed previously, the
emission of the CD is excitation-dependent. We observed that
the cytoplasm of BMSCs displayed a blue, green, or red color
with ultraviolet, blue, and green light excitation in vitro,
respectively, with optimal fluorescence imaging at blue light
excitation, consistent with the result of fluorescence spectra
(Figure 2A). Except for BMSCs, other cell lines including
preosteoblast MC3T3-E1, keratinocyte HaCaT, and squamous
cell carcinoma cell CAL 27 were also used for cell imaging. All
of these cells exhibited excitation-dependent fluorescence
imaging after incubating with the CD. The strongest imaging

was observed in CAL27, which could be attributed to
overactive endocytic activity in cancer cells.43

Further, in vivo experiments were performed and demon-
strated that the CD exhibited obvious fluorescence emission
using an in vivo imaging system (IVIS) after CDs were injected
intravenously into the nude mouse (Figure 2B). To learn the in
vivo distribution of CDs in detail, organs were removed from
the body and imaged. Figure 2C shows that prominent
fluorescence signals were observed in liver and kidney.
Biodistribution of nanoparticles is associated with a myriad
of factors, such as administration route, property of nano-
particles, and physiological environment.44 It is reported that
particles less than 8 nm in diameter may be filtered by the
glomerular capillary membrane of kidney into renal tubules
and cleared through urine.45 The positive fluorescence signal in
kidney indicates that our CD can be directly excreted in urine.
On the other hand, surface charge also influences biodis-
tribution of nanoparticles. It is reported that positively charged

Figure 2. Fluorescence images from cells or mouse tissues treated
with CDs in vitro and in vivo. (A) CLSM images of BMSCs, MC3TC-
E1, HaCaT, and CAL 27 treated with CDs at λex/λem of 359/461,
488/513, and 590/618, respectively. Scale bar, 80 μm. (B)
Fluorescence imaging of the nude mouse treated with CDs in vivo.
It shows that one is a PBS control mouse and another one is a mouse
treated with CDs. The image on the left panel is taken under X-rays,
and the image on the right panel is under visible light at 390/535 nm
wavelength of excitation/emission. (C) Fluorescence images from
heart, live, spleen, and kidney, which were collected from mice in
panel (B). The top panel is from the mouse treated with PBS. The
bottom panel is from the mouse treated with CDs. The image on the
left panel is taken under X-rays, and the image on the right panel is
under visible light at 390/535 nm wavelength of excitation/emission.
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iron oxide nanoparticles aggregated in liver while negatively
charged iron oxide nanoparticles were found in the lymph
nodes.46 Aggregation of our CD in liver can be attributed to
the positive charge of the CD, which suggests that our CD can
be metabolized via bile.47

Whether or not the CD really can be used in the future
clinical practice, one major factor is its cytotoxicity. The MTT
assay was performed to explore the cytotoxicity of the CD and
PEI. The result showed that viability of BMSCs had no
significant difference with the dose increase of the CD from 0
to 50 μg/mL, 97.84% at 50 μg/mL (Figure 3A). PEI, however,
started to show an inhibition effect even at 10 μg/mL. With
the increase of PEI concentration, the viability of BMSCs
reduced remarkably, only 35.00% at 50 μg/mL (Figure 3A). As

the gold standard of miRNA transfection, PEI’s biological
application is impeded by its cytotoxicity.13 In this study, our
CD composed of PEI and ascorbic acid showed much more
biocompatibility than PEI, which is in favor of biological
application. To further determine the biocompatibility of the
CD, we performed cell apoptosis and cell cycle assays. Cell
apoptosis (Figure 3B) and cell cycle (Figure 3C) assays also
revealed no significant difference among different groups.
These results indicate that the CD has no cytotoxicity effect for
BMSCs and a good biocompatibility in vitro.

Cellular Uptake and Intracellular Distribution of CDs.
From the previous section, we learn that our CD can be
efficiently internalized into cells. To further understand the
process of cellular uptake and intracellular distribution of CDs,

Figure 3. Cytotoxicity assays of CDs using BMSCs in vitro. (A) MTT assay of the CD and PEI. (B) Apoptosis analysis. (C) Cell cycle analysis.
Data are presented as means ± SD from three experiments.
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assays of time course and dose response were performed. CD-
treated cells were analyzed by flow cytometry, atomic force
microscopy (AFM), fluorescence microscopy, and TEM. Flow
cytometry data of the dose response showed that cellular
uptake elevated with CD dose increasing from 10 to 200 μg/
mL after 4 h of incubation (Figure 4A). Next, 100 μg/mL CD
dose was used to carry out the time course assay from 5 min to
8 h. Figure 4B reveals that cellular uptake had started before 5
min and exponentially boosted with increasing time before 4 h
and then became slow and plateau phases/saturation. This fast
internalization may be attributed to electrostatic interaction
between the positively charged CD and negatively charged cell
membrane, as well as ultrasmall size of the CD.13 These results
indicate that the cellular uptake of the CD is dose-dependent
and time-dependent.
To uncover internalization mechanisms of the CD, we used

three endocytosis inhibitors, namely, chlorpromazine (CHL,
inhibitor of clathrin-mediated endocytosis), nystatin (NYS,
inhibitor of caveolin-mediated endocytosis), and amiloride
(AMI, inhibitor of macropinocytosis), and energy blockage,
namely, sodium azide (SA) and 4 °C treatment, to figure out

the main pathway implicated in CD internalization in vitro.48,49

Data from flow cytometry analysis demonstrated (Figure 4C)
that cellular uptake of the CD was significantly decreased by
CHL treatment (∼30% decrease) while the other two kinds of
inhibitors could not block CD internalization, suggesting that
clathrin-mediated endocytosis is one of the factors that is
involved in internalization of CDs. Interestingly, the CD
internalization was remarkably reduced by SA (∼45%
decrease) or lower temperature 4 °C treatment (∼83%
decrease), especially lower temperature (Figure 4C). It is
known that low temperature also decreases the plasma
membrane fluidity, leading to lower substance exchange of
cells, which may result in more conspicuous inhibition of CD
internalization by 4 °C treatment than that by SA treat-
ment.50,51 It is worth noting that a small part of CDs still could
be internalized in SA or 4 °C treatment groups, suggesting that
an energy-independent pathway is also involved in CD
internalization. We also found that the serum-free medium
(SFM) increased cellular uptake of CDs (Figure 4C), which
indicates that proteins in the serum can be absorbed on the

Figure 4. Cellular uptake of CDs. Dose response (A) and time course (B) assays by flow cytometry. (C) Quantitative analysis of the influence
factors of uptake. (D) Morphological changes of the BMSC surface after incubating with CDs by AFM scanning (tapping mode) at 0 (left panel),
15 (middle panel), and 180 min (right panel). (E) Enlarged image from the corresponding image in panel (D). (F) Measurements of diameter and
depth of the invagination structure for each time point. Data are presented as means ± SD from three experiments. * P < 0.05, ** P < 0.01, *** P <
0.001.
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surface of CDs and cells, hindering the interaction between
CDs and cells.52

Next, we analyzed morphological changes on the surface of
cells during the process of cellular uptake of the CD by AFM.
Smooth surfaces were observed on the cell membrane of
untreated cells (Figure 4D,E). After stimulation for 15 min by
the CD, evident invagination emerged on the cell surface
(Figure 4D,E). The invagination exhibited ∼200 nm in
diameter and ∼50 nm in depth (Figure 4F), which was
consistent with a previous report that the size of a clathrin-
coated pit has an upper limit about 200 nm in diameter.53

After cells were incubated with CDs for 180 min, the
invaginated cell surface was recuperated (Figure 4D,F).
Considering that cellular uptake is still in progress at 180
min determined from Figure 4B, this further verified our
supposition that an energy-independent pathway participated
in internalization of CDs. Our results are similar to a previous
study that uptake of graphene quantum dots with an average
lateral size of 20 nm is both energy-dependent and energy-
independent.54 Taken together, clathrin-mediated endocytosis

plays an important role in cellular uptake of CDs while an
energy-independent pathway is also involved in the process.
In order to understand the distribution of CDs in the cells,

we labeled the cell nucleus with DAPI. Data from CLSM
showed that most CDs created herein distributed into the
cytoplasm and only a small fraction of CDs were internalized
into the nucleus (Figure 5A). Considering that the size of
nuclear pores is ∼10 nm, it is comprehensible that our CD
(1.5−4 nm) could enter into the nucleus.55

To further reveal the exact intracellular distribution of CDs,
TEM was used to precisely visualize the location of CDs in the
cells. After BMSCs were incubated with CDs for 15 min, large
and dense aggregated CDs appeared in the invagination of the
cell membrane (Figure 5D) and intracellular vesicle (Figure
5G). This phenomenon suggests that the invagination may be
formed by clathrin-mediated endocytosis and the intracellular
vesicle could be a clathrin-coated pit. Besides, CDs were also
found outside the cell membrane without invagination and in
the cytoplasm without vesicle encapsulation at 15 min (Figure
5E), which might be internalized by passive transport. When
incubated with BMSCs for 180 min, CDs were found in the

Figure 5. Intracellular distribution of CDs. (A) CLSM images of BMSCs treated with the CD and DAPI. From left to right, BMSCs imaged under
bright-field, 488 nm excitation, 359 excitation, and merged image. (B) TEM image of BMSCs without CD treatment. (C) Enlarged image from a
part (black rectangle) of panel (B). (D−J) TEM images of BMSCs treated with CDs. Yellow dots outline the subcellular structure (contours of the
nucleus, intracellular vesicle, mitochondria, lysosome, and endoplasmic reticulum are shown in panels (F), (G), (H), (I), and (J), respectively). Red
arrows point the CD in the BMSCs.
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nucleus (Figure 5F), mitochondria (Figure 5H), lysosome
(Figure 5I), and endoplasmic reticulum (Figure 5J). In our
experiments, only a small amount of CDs was found in the
lysosome, which suggests that most CDs could escape from the
lysosome via the proton sponge effect originating from the
positive charge, laying the basis for our CD as a nucleic acid
carrier.17

Osteogenic Effects of CDs. It has been reported that
some carbon dots can promote osteogenic differentiation.33−35

Furthermore, ascorbic acid, which is the raw material of the
CD, can also regulate positively osteogenic differentiation.56

To verify that if the CD created herein has the same effect on
BMSCs, alkaline phosphatase (ALP) staining, alizarin red
staining (ARS), and RT-QPCR were performed. ALP is an
important marker for osteogenic activity, and ARS is used to
identify calcium deposit, which is the crucial action in the late
phase of osteoblast differentiation.57,58 BMSCs were cultured
with CDs at 0, 2, 5, and 10 μg/mL for 3 days, 7 days, or 21
days. Data from ALP on day 7 showed that CD-treated
BMSCs had more and darker ALP staining than control
BMSCs and positive ALP in BMSCs was increased with the
increase of CD concentration (Figure 6A). The result from
ARS on day 21 demonstrated that CD-treated BMSCs had
more calcium deposits than control BMSCs and the extent of
ARS also enhanced with the increase of CD concentration
(Figure 6B,C). RUNX2 and SP-7 are two vital transcription
factors in osteogenic differentiation.59,60 Data from RT-QPCR
on day 3 showed that CDs significantly promoted gene
expressions of Runx2 and SP-7 in a dose-dependent manner
(Figure 6D,E). It has been reported that SP-7 is the
downstream of RUNX2, in which RUNX2 specifically binds

to the DNA element in the SP-7 promoter.61 The increase of
Runx2 was more evident than that of SP-7 in this study, which
could be attributed to the reason that it needs to take some
time to activate transcription of SP-7 by RUNX2. These results
clearly indicate that our CD can also facilitate osteogenic
differentiation of BMSCs.

Characteristics and Osteogenic Effects of CD@miR.
Although our CD alone can promote osteogenic differ-
entiation, a much stronger promotion effect is needed to
deal with in vivo situations. To elude possible adverse effects of
continuous gene expression from the plasmid on cells, we
chose miRNA mimics as delivered nucleic acid. A previous
study has shown that miR-2861 can promote osteoblast
differentiation.10 Therefore, herein, we used positively charged
CDs to carry negatively charged miR-2861 for enhanced effects
of osteogenic differentiation. Results from agarose gel electro-
phoresis revealed completely retarded migration of miR-2861
at a 4:1 weight ratio of the CD and miR-2861, suggesting that
miR-2861 fully complexed with the CD at this ratio (Figure
7A). Therefore, this ratio was used to prepare the CD@miR
complex in subsequent research. Data from the transfection
experiment showed that Cy3-labeled miR-2861 alone cannot
be internalized into BMSCs while PEI and CD both can
mediate miR-2861 to enter into BMSCs on 24 h post-
transfection (Figure 7B). Quantitative analysis by flow
cytometry showed 47.44% of transfection efficiency for CD@
miR and 17.62% for PEI with miR-2861 (PEI@miR) (Figure
7C). Data of RT-QPCR also confirmed that the miR-2861
level from the CD@miR group was the highest on days 1, 3,
and 7 post-transfection and the second was the PEI@miR
group (Figure 7D). HDAC5 is the target gene regulated by

Figure 6. Osteogenic effects of CDs. (A) ALP staining on day 7 post-treatment. Scale bar, 300 μm. (B) ARS on day 21 post-treatment. Scale bar,
300 μm. (C) Relative quantitative data of ARS through calcium nodule elution by 10% cetylpyridinium chloride. (D) SP-7 gene expression on day
3 post-treatment. (E) Runx2 gene expression on day 3 post-treatment. Data are presented as means ± SD from three experiments. * P < 0.05, ** P
< 0.01, *** P < 0.001.
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miR-2861 in osteoblast differentiation.10 Results from Western
blot showed that miR-2861 alone did not affect the HDAC5
protein level while HDAC5 protein expression was significantly
decreased after transfection with PEI@miR and CD@miR,
especially CD@miR (Figure 7E,F). Currently, there is a
consensus that the low transfection efficiency of miRNA

remains a bottleneck for miRNA therapy. Although polymers
usually have prominent transfection efficiency, their high
cytotoxicity limits their further application. Multiple methods
have been developed to increase the biocompatibility of
polymers such as modification with different functional
groups.62,63 However, these modifications have no effect on

Figure 7. Characteristics and osteogenic effects of CD@miR. (A) Data of agarose gel electrophoresis at various ratios of the CD and miR-2861. (B)
Transfection efficiency assay of BMSCs by fluorescence images. miR-2861 was labeled with Cy3. Scale bar, 250 μm. (C) Transfection efficiency by
flow cytometry. (D) Levels of miR-2861 in BMSCs on days 1, 3, 5, and 7 post-transfection. (E) Expression of HDAC5 by Western blot on day 2
post-transfection. (F) Quantitative result of Western blot for panel (E). (G) ALP staining on day 7 post-transfection. Scale bar, 300 μm. (H) ARS
on day 21 post-transfection. Scale bar, 300 μm. (I) Relative quantitative data of ARS through calcium nodule elution by 10% cetylpyridinium
chloride. (J) SP-7 gene expression on day 3 post-transfection. (K) Runx2 gene expression on day 3 post-transfection. Data are presented as means
± SD from three experiments. * P < 0.05, ** P < 0.01, *** P < 0.001.
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the improvement of transfection efficiency. We used PEI, one
of the most commonly used polymers for miRNA delivery, to
synthesize CDs with ascorbic acid. Prepared CDs revealed
reduced cytotoxicity compared with raw PEI (Figure 3A).
Most importantly, enhanced transfection efficiency was
observed from CDs, which may benefit from increased cellular
uptake of nanometer-sized CDs. These results indicate that
CD is an excellent nucleic acid transfer carrier for miR-2861.
Next, we evaluated if our CD could deliver functional miR-

2861 to further stimulate osteogenic differentiation. Data from
ALP staining showed that ALP activity from the CD@miR
group elevated dramatically after 7 days post-transfection
compared to other groups (Figure 7G). ARS results also
showed that the CD@miR group remarkably had more and
larger calcium nodules than the other groups (Figure 7H,I).
Consistently, CD@miR significantly increased gene expres-
sions of Runx2 and Sp-7 (Figure 7J,K). It has been reported
that miR-2861 indirectly promoted the expression of Runx2
protein through repressing HDAC5 while the mRNA level of
Runx2 showed no considerable change by miR-2861.10

However, in our research, transfection of miR-2861 enhanced

the Runx2 mRNA level. Considering that the cell used in our
research was distinct from that in the previous study and that
miRNAs may have multiple targets even in the same cell, this
can be understandable. Indeed, in another research, it is found
that the upregulation of miR-2861 was accompanied with
increased Runx2 mRNA in human gingival MSCs.64 In
addition to regulation of Runx2 by miR-2861, the Runx2/
miR-3960/miR-2861 positive feedback loop played an
important role in osteoblast differentiation, in which Runx2
transactivates miR-3960/miR-2861, leading to amplified
osteoblast differentiation.11

Based on the results above, we believe that the CD is an
excellent nucleic acid transfer carrier for miR-2861 and that the
CD and miR-2861 in the CD@miR can play synergistic roles
in enhancing osteogenic differentiation of BMSCs.

Effects of CD@miR on Bone Regeneration In Vivo.
Bone regeneration is a well-orchestrated physiological process
of bone formation and is also involved in bone defect repair.2

To evaluate if our CD and its carried miR-2861 can play the
synergistic effects on bone regeneration, in vivo experiments
were required. Therefore, two animal models, intra-tibial

Figure 8. Effects of CD@miR on bone formation in vivo in the intra-tibia injection model. (A) Vertical 3D images from right reconstructed tibia by
micro CT. (B) Cross 3D images from right reconstructed tibia by micro CT. (C) Trabecular quantitative measurement from right tibia. (D) H&E
staining from the same right tibia as panel (A). Scale bar, 0.75 cm. Data are presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001.
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injection for bone formation and calvarial bone defect for bone
repair, were used.
In the intra-tibial injection model, data from the vertical

section of tibia showed that the CD@miR group had more
extended trabeculae into the diaphysis than the other five
groups after 1 week post-injection (Figure 8A). Further,
quantitative analysis from micro CT revealed that the
trabecular bone volume fraction (BV/TV), trabecular number
(Tb.N), and trabecular thickness (Tb.Th) increased while
trabecular spacing (Tb.Sp) and bone surface density (BS/BV)
decreased in the CD@miR group because of new bone
formation (Figure 8C). PEI@miR, CD@Scr, and CD alone
were second, third, and fourth, respectively (Figure 8C). Data
from the cross section also showed that the CD@miR group
had the most cortical thickness followed by PEI@miR, CD@
Scr, and CD alone. (Figure 8B). H&E staining further
confirmed that the CD@miR group had the highest trabecular
bone formation, even extended to mid-diaphysis (Figure 8D).
In the calvarial bone defect model, gelatin sponge was used

as a scaffold for the CD and miRNA to implant into defect
area. Data from micro CT showed that there was scarcely new
bone in the PBS and PEI@Scr groups and there were abundant
and scattered new bones generated at the edge and center of
the defect in the CD and CD@Scr groups on week 12 (Figure
9A,B). Interestingly, CD@miR formed much more new bones

and covered almost 71% of bone defect area although PEI@
miR also generated more new bones and covered almost 54%
of bone defect area (Figure 9A,B). H&E staining demonstrated
that defect areas of the PBS and PEI@Scr groups were mainly
filled with connective tissues (Figure 9C). A bony bridge
emerged to connect the defect fringe and the mature bone
structure could be observed in the CD, CD@Scr, and PEI@
miR groups (Figure 9C). Newly formed bone encompassed by

the osteoblast, however, almost completely covered the defect
area in the CD@miR group (Figure 9C).
Recently, many studies reported miRNA delivery systems for

osteoblast differentiation. However, in vivo studies are still few,
and the effect of bone regeneration is restricted.65−67 In these
studies, polyurethane nanomicelles, silica nanoparticles, and
lipidoids were used only as carriers to assist in transfection of
miRNAs. While in our research, in addition to delivering
miRNA, CDs exhibited a remarkable ability to promote bone
regeneration, revealing the superiority of our miRNA delivery
system. Repairing bone defects, especially big bone defects, is
still a big challenge for clinicians. Many previous studies show
that they have a difficulty to get new bone to cover over 70% of
defect area.68−70 With the synergistic effect of the CD and
miR-2861, we can repair bone defects dramatically up to 71%.
Taken together, CDs can effectively deliver miR-2861 in vivo
and promote bone regeneration synergistically. The study
herein demonstrates that CD@miR has a potential benefit for
bone injury treatment in clinical practice.

Biocompatibility of CD@miR In Vivo. Biocompatibility is
always a major concern of nanomaterial-based nucleic acid
delivery systems for clinical application. Although very little of
the gelatin sponge residue could be found in the bone defect
area, we did not observe an inflammation response around the
residue (Figure 9C). All rats used in this study were alive until
the termination of the experiment. Data from hematological
analysis including red blood count (RBC), platelet count
(PLT), white blood count (WBC), hemoglobin (HGB),
hematocrit (HCT), and mean corpuscular hemoglobin
(MCH) as well as serum biochemistries including alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), blood urea nitrogen (BUN),
creatinine (CREA), and total bilirubin (TBIL) did not show
any significant difference in all six groups on day 7 post-
treatment (Figure 10A). Histological analysis from H&E
staining did not reveal histological abnormity in the heart, liver,
spleen, and kidney in all six groups (Figure 10B). Therefore,
our results demonstrate that CD@miR has no side effect on
hematology and no toxicity for visceral organs, suggesting that
CD@miR has excellent biocompatibility for in vivo application.

■ CONCLUSIONS
CDs synthesized in this study not only have excellent
fluorescence stability but also the ability to promote osteogenic
differentiation and as nucleic acid transfer carriers. Our CD can
be internalized into BMSCs by the clathrin-mediated
endocytosis pathway and then locates in the mitochondria,
endoplasmic reticulum, lysosome, and nucleus. We demon-
strated that our CD is able to efficiently deliver miR-2861 into
cells without cytotoxicity and with higher biocompatibility in
vitro and in vivo. Importantly, CDs and miR-2861 in CD@miR
play synergistical roles in osteogenic differentiation in vitro and
new bone formation in vivo (recovering ∼71% of defect bone
area) dramatically, which suggests that our CD has stronger
potential in future clinical application.

■ EXPERIMENTAL SECTION
Synthesis of CDs. The CD was synthesized by the microwave-

assisted pyrolysis method. Briefly, 0.5 g of ascorbic acid (Sigma-
Aldrich, St. Louis, MO, USA) and 0.125 g of PEI 25 K (Sigma-
Aldrich) were dissolved in 10 mL of PBS under ultrasonication for 3
min to form a homogeneous solution, microwaved (700 W) for 5 min,
then cooled at room temperature for 5 min, and dissolved in 40 mL of

Figure 9. Effects of CD@miR on bone repair in vivo in the calvarial
bone defect model. (A) 3D image from a reconstructed cranium by
micro CT. Yellow dashed circles show the defect area created before
treatment. (B) Bar graph of new bone formation for panel (A). (C)
H&E staining from the same samples as in panel (A). The black
dotted rectangle shows the original defect area. Red arrows point to
the the gelatin sponge residue. Scale bar, 0.5 cm. Data are presented
as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001.
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deionized water. This yellow solution was centrifuged at 5200g for 5
min and filtered through a 0.22 μm membrane to remove large
particles. The supernatant was dialyzed with deionized water in a
dialysis bag (MWCO = 3.5 KD) for 7 days. Finally, clear, light yellow
CD solution was lyophilized to yield a powdered material.

Characterization of CDs. To determine the detailed physical
properties of our CD, TEM (Hitachi H-800 electron microscope at
200 kV acceleration voltage with a CCD camera, Hitachi, Tokyo,
Japan) and HRTEM (JEM-2100F electron microscope at 200 kV,
JEOL, Tokyo, Japan) were used. Zeta potential was analyzed by

Figure 10. Evaluation of CD biocompatibility and toxicity in vivo. (A) Blood samples from the intra-tibia injection model were examined by
hematological analysis and serum biochemistries on day 7. All data are presented as means ± SD. No statistical differences were found in all six
groups. (B) Histological evaluation of CD toxicity by H&E staining. Heart, liver, spleen, and kidney from the calvarial bone defect model were
examined on week 12. Scale bar, 1 mm.
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dynamic light scattering (DLS) (Malvern Panalytical, Malvern, UK).
A Lambda 800 UV−vis spectrophotometer was used to obtain UV−
vis spectra. A Shimadzu RF-5301 PC spectrophotometer (Shimadzu,
Kyoto, Japan) was used to acquire fluorescence spectra. FTIR spectra
were obtained using a Nicolet AVATAR 360 FTIR instrument
(Analytical Instruments, MN, USA). X-ray photoelectron spectros-
copy (XPS) was performed using a VG ESCALAB MKII
spectrometer with Mg KR excitation (1253.6 eV)( Thermo Fisher
Scientific, Waltham, MA, USA).
Cell Culture. BMSCs were isolated from femurs and tibias of 4

week old Wistar rats. The epiphyseal growth plates were removed, and
bone marrow was collected by flushing with a DMEM medium
(Gibco, Waltham, MA, USA) containing 20% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin with a 25 gauge needle. Cells
were centrifuged at 1500 rpm for 5 min and resuspended with the
fresh medium, plated at 1 × 106 cells/flask in a 25 cm2 culture flask,
and incubated at 37 °C in humidified 5% CO2. The growth medium
was changed every 2−3 days. After first trypsinization, cells were
cultured with a DMEM medium containing 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin. Cells at passages 3−5 were
used for our experiments. For osteogenic induction, 50 μg/mL
ascorbic acid and 10 mM β-glycerophosphate were added into the
medium. After 3 days, cells were harvested to extract RNA, which
were used to check osteogenic gene expressions by RT-QPCR. After 7
days, cells were stained with ALP. ARS was performed on day 21
culture.
MC3T3-E1, HaCaT, and CAL27 were obtained from Nanjing

Keygen Biotech Company (China). These cells were grown in a
DMEM medium containing 10% FBS with 100 units/mL penicillin
and 100 μg/mL streptomycin in a 37 °C humidified incubator
containing 5% CO2.
Fluorescence Images of CD-Treated BMSCs or Mouse In

Vitro and In Vivo. For in vitro imaging, BMSCs were plated at 1.5 ×
105 cells/well in 6-well plates for 24 h. The growth medium was
replaced by a growth medium with 50 μg/mL CDs. After 24 h of
incubation, cells were washed with PBS three times, then fixed with
4% paraformaldehyde at 37 °C for 10 min, and washed twice with
PBS again. Samples were observed by CLSM.
All animal procedures were performed under the Guideline for

Care and Use of Laboratory Animals of Jilin University and approved
by the Institutional Animal Care and Use Committee of Jilin
University. Six nude mice were divided into two groups: PBS-treated
group and CD-treated group. 200 μL of CDs at 2 mg/mL or 200 μL
of PBS was injected into the caudal vein. Mice were anesthetized and
imaged using a Kodak (Rochester, NY, USA) IVIS with an excitation/
emission wavelength at 390/535 nm. Then mice were euthanized, and
the heart, liver, spleen, and kidney were harvested for ex vivo imaging
under the same parameters.
Cytotoxicity Assays. Cytotoxicity of CDs in vitro was evaluated

by the MTT assay, apoptosis analysis, and cell cycle assessment. CD
solution was filtered through a 0.22 μm membrane to eliminate
microbial contamination before incubating with cells. BMSCs were
seeded at 8 × 103/well in 96-well plates for 24 h followed by
incubating with 200 μL of a growth medium containing CDs at 0, 10,
20, 30, 40, or 50 μg/mL for 24 h. Then, 20 μL of 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, 5 mg/mL,
Sigma-Aldrich) was added in each well and incubated for 4 h. Finally,
the supernatant was removed, and 150 μL/well of dimethyl sulfoxide
(DMSO, Sigma-Aldrich) was added. A microplate reader was used to
measure the absorbance at 570 nm. Cell viability was calculated
through eq 1:

=

‐

×

cell viability(%)

absorbance of the CD treated group/absorbance of the control group

100 (1)

Apoptosis analysis was performed by the Annexin V-APC
Apoptosis Analysis Kit (Tianjin Sungene Biotech, Tianjin, China).
Briefly, BMSCs treated with different concentrations of CDs were
collected, washed with cold PBS, and then resuspended in 100 μL of

binding buffer. 5 μL of Annexin V-APC and 5 μL of PI solution were
added in the cell solution for 15 min at room temperature, and then
flow cytometry analysis was performed (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA).

For cell cycle analysis, BMSCs treated with different concentrations
of CDs were collected, fixed with cold ethanol for 1 h at room
temperature, washed with cold PBS, then resuspended/incubated in
0.5 mL of PI/RNase staining solution (Tianjin Sungene Biotech) for
30 min at room temperature, and analyzed by flow cytometry.

Cellular Uptake Kinetics. BMSCs were seeded at 1 × 105 cells/
well in 6-well plates for 24 h and then incubated with different
concentrations (10, 20, 50, 100, 200 μg/mL) of CDs for 4 h for the
dose-dependent uptake assay while incubated with 100 μg/mL CDs
for different times (5, 15, 30, 60, 120, 240, 360, 480 min) for the time-
dependent uptake assay. Cellular uptake was evaluated by flow
cytometry.

Cellular Uptake Pathways. BMSCs were seeded at 1 × 105

cells/well in 6-well plates for 24 h. For the energy-dependent uptake
assay, cells were precooled at 4 °C or pretreated with 10 mM sodium
azide (SA) at 37 °C for 45 min, and then CDs were added/incubated
at 100 μg/mL for 1 h. For endocytosis evaluation, uptake pathway
inhibitors were used. Cells were pretreated with CHL (10 μg/mL)
(Sigma-Aldrich), NYS (50 μg/mL) (Sigma-Aldrich), or AMI (50
μM) (Sigma-Aldrich) for 45 min, and then CDs were added/
incubated at 100 μg/mL for 1 h. For the serum-free medium (SFM)
group, cells were pretreated with SFM for 45 min, and then CDs in
SFM were added/incubated at 100 μg/mL for 1 h. Cellular uptake
was evaluated by flow cytometry. Cells only treated with CDs at 100
μg/mL or no treated cells were used for control groups.

AFM was used to evaluate morphological change of the cell surface
at different stages of CD uptake. BMSCs were seeded/cultured at 1 ×
104 cells a in chamber coverglass for 24 h, then incubated with CDs at
100 μg/mL for 15 or 180 min, washed three times with cold PBS,
fixed with freshly prepared 4% cold paraformaldehyde for 20 min, and
washed three times with cold PBS. Air-dried cells were scanned in
tapping mode AFM with a Nanoscope IIIa scanning probe
microscope (Digital Instruments, Bresso, Italy).

Intracellular Distribution of CDs by TEM. BMSCs were seeded
at 1 × 105 cells/well in 6-well plates for 24 h. CDs were added at 100
μg/mL and incubated for 15 or 180 min. After washing three times
with PBS, cells were trypsinized, harvested, and centrifuged. Cells
were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer
at pH 7.4 at room temperature overnight. Then, cells were washed
with 0.1 M sodium cacodylate buffer for 10 min three times, further
fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for
1 h, washed with PBS three times, dehydrated in a graded series of
ethanol ending with propylene oxide, and embedded in EPON. Then,
70 nm thin sections were prepared with a Reichert Ultracut E
ultramicrotome. The sections were observed using a JEM-2100F
HRTEM (JEOL, Tokyo, Japan) operating at 120 kV accelerating
voltage.

Agarose Gel Electrophoresis. MiR-2861 was dissolved in
deionized water to form 1 μg/mL solution. Equal volume of solution
containing different concentrations of CDs (0, 0.5, 1, 2, 4, 8, or16 μg/
mL) was added to the miR-2861 solution followed by pipetting up
and down to make the mixture homogeneous thoroughly. Then the
mixture was incubated to form the CD@miR-2861 complex at room
temperature for 30 min followed by mixing 8 μL of each solution with
2 μL of loading buffer and loading into 1% agarose gel containing
ethidium bromide (0.5 μg/mL) to run at a constant voltage of 100 V
for 40 min. The band of miR-2861 was visualized under a UV
transilluminator at a wavelength of 365 nm.

Transfection Efficiency In Vitro. BMSCs were seeded at 1.0 ×
105 cells/well in 6-well plates for 24 h. When cell confluency was
∼60%, the growth medium was replaced with the serum-free medium.
Freshly prepared complexes of CDs and Cy3-labeled miR-2861
(CD@miR) were added into the well. After 4 h of incubation, the
medium with CD@miR was replaced by the growth medium and
cultured for 24 h. Transfection efficiency was analyzed by flow
cytometry.
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Gene Expression by RT-QPCR. BMSCs were seeded at 1 × 105

cells/well in 6-well plates for 24 h. Then, cells were treated differently,
cultured for 72 h, and harvested to extract total RNA by the Qiagen
RNeasy mini purification kit (Qiagen, Valencia, CA, USA). Reverse
transcription reaction was performed with 1 μg of total RNA of each
sample using the iScript cDNA synthesis kit (Takara, Tokyo, Japan).
RT-QPCRs were performed to determine expression levels of SP-7,
Runx2, and β-actin (used as internal control) using the SYBR-Green
Preminx Ex Taq (Takara) with a MxPro Mx3005P real-time PCR
detection system (Agilent Technologies, Santa Clara, CA, USA).
Primers SP-7 F (5′-CATCCATGCAGGCATCTCA-3′)/SP-7 R (5′-
CTGCCCACCACCTAACCAA-3′), primers Runx2 F (5′-
CATGGCCGGGAATGATGAG-3′)/Runx2 R (5′-TGTGAA-
GACCGTTATGGTCAAAGTG-3′), and primers β-actin F (5′-
GGAGATTACTGCCCTGGCTCCTA-3′)/β-actin R (5′-GACT-
CATCGTACTCCTGCTTGCTG-3′) were used.
Western Blot Assays. BMSCs were seeded at 1 × 105 cells/well

in 6-well plates for 24 h. Then, cells were treated differently, cultured
for 48 h, harvested, washed with cold PBS three times, and lysed in
RIPA containing the protease inhibitor (MedChemExpree, Mon-
mouth Junction, NJ, USA). Lysates were centrifuged at 13,145g for 20
min, and supernatants were collected. Proteins in the sample were
separated by 8% SDS-PAGE and transferred onto PVDF membranes.
Membranes were blocked with 5% BSA in TBST for 2 h, then
incubated with the HDAC5 antibody (1:1000, Cell Signaling
Technology, Danvers, MA, USA) or β-actin antibody (1:1000,
Proteintech, Rosemont, IL, USA) overnight at 4 °C, washed, and
incubated with secondary antibodies (1:5000, Proteintech). Signals
were detected by an ECL detection reagent using a Tanon 5200
Chemiluminescent Imaging System (Tanon, Shanghai, China).
Results were normalized to the internal control β-actin.
Alkaline Phosphatase Staining. BMSCs were seeded at 1 × 105

cells/well in 6-well plates for 24 h. Then, cells were treated differently
and cultured in an osteogenic induction medium for 7 days. Cells
were stained with the Leukocyte Alkaline Phosphatase Kit (Sigma-
Aldrich).
Alizarin Red Staining. BMSCs were seeded at 1 × 105 cells/well

in 6-well plates for 24 h. Then, cells were treated differently, cultured
in an osteogenic induction medium for 21 days, then fixed with ice-
cold 70% ethanol for 1 h, rinsed twice with deionized water, stained
with 1% alizarin red S in deionized water (pH 8.3) for 30 min at 37
°C, and washed with deionized water. Calcium nodules were observed
under an inverted optical microscope. The stain was eluted through
incubating the stained cell with 10% cetylpyridinium chloride for 1 h.
The absorbance of the collected dye was read at 540 nm using a
microplate reader.
Bone Regeneration In Vivo. To evaluate the bone regeneration

effect, two animal models were used: one is the intra-tibial injection
for bone formation, and the other one is the calvarial bone defect for
bone repair. All animal procedures were performed under the
Guideline for Care and Use of Laboratory Animals of Jilin University
and approved by the Institutional Animal Care and Use Committee of
Jilin University. Thirty male Wistar rats (160−200 g) were used for
each model and randomly divided into six groups: PBS, CD, PEI@Scr
(PEI with scrambled miRNA), CD@Scr (CD with scrambled
miRNA), PEI@miR (PEI with miR-2861), and CD@miR (CD
with miR-2861) (n = 5).
For the intra-tibial injection model, rats were anesthetized, then

injected with 10 μL of PBS, CD (2 mg/mL), PEI@Scr (0.5 mg/mL
PEI and 40 μM scrambled miRNA), CD@Scr (2 mg/mL CD and 40
μM scrambled miRNA), PEI@miR (0.5 mg/mL PEI and 40 μM miR-
2861), or CD@miR (2 mg/mL CD and 40 μM miR-2861) into the
right tibial marrow space. One week after injection, right tibias were
excised, fixed in 4% paraformaldehyde solution for 48 h, and then
analyzed by micro CT. Bone morphology parameters of the proximal
tibial metaphysis and mid-diaphysis were quantified using a Scanco
Medical μCT 35 system (Scanco Medical AG, Bassersdorf, Switzer-
land). These included BV/TV, BS/BV, Tb.Sp, Tb.N, and Tb.Th. A
distance of 1.68 mm distal from the growth plate of metaphysis was
the start point to evaluate for trabecular bone at 12 μm resolution and

55 keV intensity settings, and from 1.68 to 9.68 mm for cortical bone.
Reconstructed solid 3D images were then used to quantify the bone
microarchitecture.

For the calvarial bone defect model, rats were anesthetized, and a
defect was made in a sagittal plane across the cranium using a 5 mm
diameter hollow trephine bur. After removing the trephined calvarial
disk, a gelatin sponge loaded with 200 μL of PBS, CD (1.2 mg/mL),
PEI@Scr (0.3 mg/mL PEI and 25 μM scrambled miRNA), CD@Scr
(1.2 mg/mL CD and 25 μM scrambled miRNA), PEI@miR (0.3 mg/
mL PEI and 25 μM miR-2861), or CD@miR (1.2 mg/mL CD and 25
μM miR-2861) was applied to the defect site. Twelve weeks after
surgery, cranium bones were excised, fixed in 4% paraformaldehyde
solution for 48 h, and then analyzed by micro CT. Specimens were
scanned using a Scanco Medical μCT 35 system at a spatial resolution
of 15 μm (1 mm aluminum filter, 100 kV, 100 mA) and 500
projections/180°. Reconstructed solid 3D images were then used to
quantify the bone microarchitecture.

After micro CT imaging, samples were immersed in 50% formic aid
solution for decalcification for 7 days. Then, the samples were
dehydrated in a series of ethanol and embedded in paraffin, and 5 μm
sections were prepared for hematoxylin and eosin staining (H&E
staining).

Biocompatibility Assay In Vivo. Blood samples from the intra-
tibial injection model were collected for hematology and serum
biochemistry analyses. A hematology analyzer (MEK-7222 K; Nihon
Kohden, Tokyo, Japan) was used for hematological parameters.
Serum biochemistry was analyzed by the ALT, AST, ALP, BUN,
CREA, TBIL commercial kit (Roche Diagnostics, Mannheim,
Germany). The heart, liver, spleen, and kidney from the calvarial
bone defect model were collected for H&E staining.

Statistical Analysis. All experiments in vitro were repeated three
times. Data were presented as mean ± standard deviation (SD).
Statistical analyses were conducted by one-way ANOVA. P value <
0.05 was considered for statistical difference.
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