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Abstract

Evidence indicates that microRNAs (miRNAs) play vital roles in regulating osteogenic differentiation and
bone formation.

Methods: Here, we show that a polyethyleneimine (PEl)-functionalized graphene oxide (GO) complex
efficiently loaded with the miR-214 inhibitor is assembled into silk fibroin/hydroxyapatite (SF/HAP)
scaffolds that spatially control the release of the miR-214 inhibitor.

Results: SF/HAP/GO scaffolds with nanosized GO show high mechanical strength, and their hierarchical
microporous structures promote cell adhesion and growth. The SF/HAP/GO-PEI scaffolds loaded with
mir-214 inhibitor (SF/HAP/GPM) were tested for their ability to enhance osteogenic differentiation by
inhibiting the expression of miR-214 while inversely increasing the expression of activating transcription
factor 4 (ATF4) and activating the Akt and ERK1/2 signaling pathways in mouse osteoblastic cells
(MC3T3-E1) in vitro. Similarly, the scaffolds activated the osteoblastic activity of endogenous osteoblast
cells to repair critical-sized bone defects in rats without the need for loading osteoblast cells.

Conclusion: This technology is used to increase osteogenic differentiation and mineralized bone
formation in bone defects, which helps to achieve cell-free scaffold-based miRNA-inhibitor therapy for
bone tissue engineering.

Key words: miRNA-214 inhibitor, GO-PEI, SF/HAP scaffold, activating transcription factor 4 (ATF4), bone
regeneration

Introduction

Gene therapy offers an alternative for bone
remodeling and regeneration [1, 2]. Instead of using
plasmid DNA, developing microRNA (miRNA) has
recently attracted much attention. miRNAs function
as posttranscriptional repressors involved in the
regulation of osteogenic differentiation and

osteoblastic bone formation [3, 4]. miR-214 has been
demonstrated to inhibit osteoblast differentiation and
osteoblastic bone formation under both physiological
and pathophysiological conditions [5]. Thus, miR-214
could be a therapeutic target for miRNA inhibitors to
promote bone formation in the bone defect or reverse
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osteoporosis under pathophysiological conditions.
miRNAs cannot easily penetrate the negatively
charged cell membrane with Coulomb repulsion and
can rapidly degraded in vivo [6]. Therefore, vectors are
required for miRNA therapy to protect and deliver
miRNAs into cell types, tissues or organs [7]. Viral
vectors have efficient delivery but may cause adverse
immune responses, and the viral gene risks being
integrated into the host genome [8, 9]. Nonviral
vectors, such as Lipofectamine, cholesterol, and
polymer, have poor transfection efficiencies [10-14].
For instance, frequently used DNA delivery polymer,
polyethyleneimine (PEI) has been used to deliver
miRNA [15, 16]. However, PEI with low molecular
weight has low transfection efficiency, PEI with high
molecular weight is harmful to cells [17]. Thus,
developing an effective delivery platform for
synthetic miRNA oligonucleotides is still ongoing.

Research has shown that graphene can load with
biomolecules such as proteins, peptides and DNA for
tissue regeneration and tissue engineering [18].
Negatively charged graphene oxide (GO) nanosheets
bonded with cationic polymers have been used to
deliver DNAs or RNAs efficiently [19]. Therefore, we
designed GO-PEI complexes for a synthetic
miR-inhibitor delivery system, in which a cationic PEI
bound to the surface of GO and formed a shell for
miR-inhibitor =~ with  controlled release.  This
GO-PEIl-miR-inhibitor delivery method combines
high transfection efficiency and controllable release
duration.

A three-dimensional microenvironment is
important in tissue engineering. Available research
data suggest that silk fibroin/hydroxyapatite
(SF/HAP) scaffolds can be an excellent material for
bone regeneration [20, 21]. GO structures also provide
permissive surfaces for cell adhesion and affect cell
morphology [22]. Here, we immobilize a
GO-PEI-miR-inhibitor (GPM) in an SF/HAP cell-free
scaffold and let miR-inhibitor release moderately, and
sustained local miR-inhibitor delivery can activate
osteoblast cells to repair critical-sized calvarial bone
defects in mice. And schematic description of
GO-PEI-miRNA inhibitor complexes immobilized on
an SF/HAP scaffold was showed in Figure 1.

Results

I Characterizations of GO-PEI and
GO-PEI-miRNA complexes

A previous report suggested that the interaction
between GO and double-stranded DNA is via m-mt
stacking, which is relatively weak [23, 24]. Thus, we
adopted GO coated with PEI, the “gold standard”
cationic polymer among delivery agents, to perform

the miR-214 inhibitor transfection [25, 26]. For GO-PEI
complex preparation, PEI solution was slowly added
into a GO solution (100 pg/mL) at ratio of 1:2
(GO:PEI). Unbound PElI was discarding by
centrifuging and washing. GO-PEI complexes were
stable in both phosphate-buffered solution (PBS) and
culture medium without obvious aggregation as
previously reported [27]. Transmission electron
microscopy (TEM) analysis revealed that the
functionalization of GO with PEI changed the surface
slightly increased the size of GO-PEI (Figure 2A). The
FT-IR was used so as to confirm the synthesis process
and the results were shown in Figure 2B. The peak at
3400 cm™ was related to the O-H, while the peaks at
1620 cm™ and 1400 cm! were attributed to C=0O. CO
bonds existed due to the peak appearance at 1100 cm?
and that indicated the GO had some
Oxygen-containing functional groups such as O-H
and C=0 [27]. Furthermore, several peaks appeared
in the spectrum after the functionalization procedure.
The peaks at 2894 cm! and 2810 cm™ attributed to the
CH, vibration of PEI, which indicated the PEI was
conjugated to GO successfully. Dynamic light
scattering (DLS) analysis showed the mean diameters
of GO and GO-PEI were 375.51 + 36.8 nm and 749.31 +
35.9 nm, respectively (Figure 2C). The surface charge
of GO and GO-PEI was analyzed using an
electrophoretic light-scattering spectrophotometer.
The zeta potential of GO was -32.73 = 3.17 mV,
whereas that of GO-PEI was 24.5 + 2.27 mV (Figure
2D). These results demonstrated that positive charged
PEI binding to negatively charged GO sheets and
made the GO-PEI complexes bear positive charge [28,
29]. Moreover, positively charged PEI of GO-PEI
complexes could bind and wrap negatively charged
miRNA. The UV-Vis spectrum measurement was
carried out for the miRNA-inhibitor-conjugated
GO-PEI using a UV-Vis instrument (Shimadzu,
Japan), and miRNA had an ultraviolet absorbance
peak at 280 nm (Figure 2E).

2 Evaluation of GO-PEI complex
biocompatibility and delivery effectiveness

To measure the delivery efficiency of miRNA
inhibitor into the cells, we first observed the uptake of
GO-PEI complexes into MC3T3-E1 cells by TEM.
GO-PEI was found in both the cytoplasm and vesicles
inside the cells after 24 h of incubation with 3 pg/mL
of GO-PEI, and no sheets were found in non-GO-PEI
treated cells (named as control group) (Figure 3A). In
addition, we also labeled GO-PEI with FITC to track
its cellular uptake through laser scanning confocal
microscopy (LSCM). FITC-labeled GO-PEI complexes
(3 pg/mL) were incubated with the cells and could be
detected on the cell plasma membranes after 6 h and
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inside the cells after 12 h. Most of GO-PEI complexes
were located in the cell cytoplasm, and some were
located within the nucleus (Figure 3B). To test our
hypothesis that such GO-PEI complexes result in low
cytotoxicity, (CCK)-8 assay was performed for
MQC3T3-E1 cells treated with GO-PEI [30]. There was
no significant toxicity in the cells even when the
concentration of GO-PEI reached 40 pg/mL.
Interestingly, 1 pg/mL GO-PEI promoted cell
proliferation, which is consistent with previous
results showing that GO enhances the growth and
differentiation potential of cells [31]. Moreover, the
results demonstrated that GO-PEI-treated cells were
still viable after treated for 24 h or 48 h. Thus, GO-PEI
had good biocompatibility and low toxicity (Figure
3C). To further assay the affinity for miRNA inhibitors
and the transfection efficiency of GO-PEI, we
examined the binding capacity of GO-PEI complexes
to miR-inhibitors using agarose gel electrophoresis.

degradationj
GO-PEI <

Osteogenic
genes \4-—-

Osteogenic
differentiatio

GO-PEI was complexed with the miR-inhibitor at
various N/P ratios (molar ratio of nitrogen of PEI to
phosphate groups of miRNA). The GPM complex
demonstrated obvious electrophoretic retardation at
the N/P ratio of 30 (Figure 3D), which meant that
when GPM complex reached certain concentration, it
would wrap miR-inhibitor inside and prevent
miR-inhibitor being degraded. In addition, we
assessed the GO-PEI complex delivery efficiency for
miR-inhibitor using MC3T3-E1 cells, and the
miR-inhibitor was labeled with Cy3. The fluorescence
microscopy images showed that the red fluorescence
was robustly increased in cells treated with GO-PEI
compared to that in cells treated with the naked
miR-inhibitor or in cells transfected with
Lipofectamine 2000 for 24 h (Figure 3E). These results
indicated that GO-PEI-miRNA had good cell uptake
and transfection efficacy.
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Figure 1. Schematic representation of miR-214 inhibitor delivery from GO-PEI complexes immobilized on an SF/HAP scaffold. GO and PEI formed GO-PEI
complexes, and the miR-214 inhibitor was coupled to the GO-PEI complexes. The GPM complexes were then assembled into the SF/HAP scaffolds. The GPM-incorporated
SF/HAP scaffolds were implanted into the calvarial bone defects of rats. GPM complexes released from the SF/HAP scaffolds could be taken up by cells through endocytosis. The
intracellular release of the miR-214 inhibitor allowed its regulation of gene expression. (GPM meant GO-PEI-miR-inhibitor)
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Figure 2. Characterization of GO-PEI complexes. (A) SEM images of GO and GO-PEI complexes. Scale bars: 500 nm. (B) FT-IR spectra results of GO (bottom), PEI
(middle), and GO-PEI complexes (top). (C) Size distributions of GO and GO-PEI measured by DLS analysis. (D) Measured values of the zeta potential of GO and GO-PEI
complexes. (E) UV-Vis spectra normalized by the extinction coefficients of the complexes at 260 nm. Black line for the GO-PEI complex, red line for the free RNA sense strand,

and blue line for miRNA-conjugated GO-PEI in phosphate buffer (pH 7.4).

3 GO-PEI-miR-214-inhibitor promoted
osteoblast activity and mineralization

To detect whether the GO-PEI-miR-214 inhibitor
exerts an effect inside the cells, we treated MC3T3-E1
cells or bone marrow mesenchymal stem cells
(BMSCs) with GPM. Intracellular miR-214 levels were
markedly downregulated by 24 h of GPM treatment
(Figure 4A). In contrast, alkaline phosphatase (ALP)
was upregulated in the cells with GPM treatment
compared to that in the cells treated with
lipo-transfected inhibitor and control for 72 h (Figure
4B). Consistent with these changes, GPM enhanced

ALP staining and alizarin red staining (ARS) in both
MC3T3-E1 cells and BMSCs, resulting in more
mineral deposition in the GPM group than in the
lipo-transfected inhibitor and control groups (Figure
4C and D). One of the direct targets of miR-214 is
ATF4 [5], which is one of the important transcription
factors required for osteoblast function [32, 33]. GMP
might therapeutically inhibit miR-214 and result in
the suppression of ATF4. The immunofluorescence
results showed that GPM increased the protein levels
of ATF4 and osteocalcin (OCN) in the MC3T3-E1 cells
(Figure 4E).
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4 Characterization and degradation of
SF/HAP/GO-PEI-miR scaffolds

Macroscopic images of freeze-dried scaffolds (5
mm in diameter) were shown in Supplementary
Figure 1A (Figure S1A). The SF content in scaffolds
largely affected the mechanical properties of scaffolds
because of their pore size and density, and a 5% (w/v)
concentration of SF can result in porous structure
applicable to tissue regeneration [34, 35]. The pore
structure of scaffold was detected by scanning
electron microscopy (SEM) (Figure 5A), and HAP and
GO-PEI content in the scaffolds affected the pore size
of scaffolds. The average pore sizes of the SF, SF/HAP
scaffold and SF/HAP/GO-PEI scaffolds were 180 +
3.5 pm, 161 + 4.2 pm and 135 + 5.1 pm, respectively
(Figure 5B). The SF/HAP/GO-PEI scaffold had a
disorganized porous structure, and the GO-PEI was
firmly fixed to the walls of the SF/HAP structure. The
high surface area and oxygen-containing functional
groups of GO made GO-PEI and SF/HAP scaffolds to
interact electrostatically [36]. Graphene can enhance

the mechanical properties of scaffolds for
load-bearing implant applications to tissue regenerate
[37]. The compressive stress values of the SF, SF/HAP
and SF/HAP/GO scaffolds were determined to be
2449 +79.7 kPa, 400.7 £ 80.1 kPa and 618.9 + 101.5 kPa,
respectively (Figure 5C). The degradation of the
scaffolds was detected by soaking the scaffolds in PBS
with lysozyme (0.5 mg/mL) to simulate a
physiological environment. The degradation rate of
the three SF-based scaffolds was similar, and the
remaining weight was almost 90% at the first 2 weeks,
60% at 4 weeks and 30% at 8 weeks. The
SE/HAP/GO-PEl  scaffolds  displayed  better
structural integrity than the other two types of
scaffolds during degradation. After 8 weeks, a large
amount of HAP and GO crystals still remained on the
SF/HAP/GO-PEI scaffold, and the residual HAP and
GO crystals provided the support for cells, which
were benefit for the cell adhesion and growth,
inducing matrix mineralization (Figure 5D).
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Figure 3. Evaluation of GO-PEI complex biocompatibility and delivery effectiveness. (A) TEM images of non-GO-PEI cells (named as control) and GO-PEl-induced
cells (the concentration of GO-PEIl in the culture medium was 3 pg/mL). The images below each group were the enlarged images of the black squares. The red arrowhead
indicates GO-PEI inside the cells. Scale bars: 1 um. (B) Fluorescent images of FITC-labeled GO-PEI (green) within MC3T3-El cells are shown. The cell cytoskeleton was stained
with phalloidin (red), and the nuclei were stained with DAPI (blue). The FITC-labeled GO-PEI inside the cells was indicated by the white arrowhead. Scale bars: 200 nm. The
images on the right of each group are the enlarged images of green squares. (C) The viability of MC3T3-E1 cells was measured by the CCK-8 assay after incubation with various
concentrations of GO-PEI for 48 h. *p < 0.05. (D) A gel retardation assay of the mixture of GO-PEl and miRNA at different N/P ratios (0, 10, 20, 30, 40, 50 and 60). (E)
Fluorescent images for GO-PEI complex delivery of Cy3-labeled miR-214 inhibitor after 24 h of incubation. miR-214 was labeled using Cy3 (orange red), and the cell nuclei were

stained with DAPI (blue).
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Figure 4. GO-PEI-miR-214-inhibitor promoted osteoblast activity and mineralization. (A) Intracellular miR-214 levels in MC3T3-E1 cells after incubation with GPM
for 24 h. (B) ALP activities of MC3T3-E1 cells were measured after incubation with GPM for 72 h. (C) Representative ALP and ARS staining image of MC3T3-E| cells were shown
after GPM incubation for 72 h. (D) Representative ALP and ARS staining image of mouse bone marrow stem cells were shown after GPM incubation for 72 h. (E) Fluorescent
images of ATF4 and OCN expression in MC3T3-E1 cells after GPM incubation for 72 h. Scale bars: 50 um.

5 Osteoblast cell proliferation and
differentiation on SF/HAP/GPM scaffolds

The SF/HAP/GPM scaffolds were used to
promote  osteoblast cell  proliferation  and
differentiation to restore defects in bone tissue. As
shown in Figure 6A, MC3T3-E1 cells grew robustly on
all three types of scaffolds, suggesting that the
SE-based scaffolds were suitable for cell attachment.
And the high surface area of GO-PEI fixed on the
walls of the SF/HAP scaffolds is beneficial for cell
attachment and proliferation. Moreover, we
performed CCK-8 assays to analyze the cell
proliferation of SF-based scaffolds. Regardless of the

substrate, SF/HAP/GPM scaffolds showed higher
cell proliferation than SF and SF/HAP scaffolds. At
day 3, cell proliferation reached a relatively high level;
however, at day 7, the proliferation of cells decreased,
and cells tended to differentiate and mineralize
(Figure 6B). An ALP activity assay was performed
after the cells were cultured on SF-based scaffolds for
7,14, and 21 days. A representative image of the ALP
staining of the scaffolds and ARS staining of the cells
surrounding the scaffolds in the cultured plate is
shown in Figure 6C. Interestingly, the cells on the
plate surrounding the scaffold were also induced to
osteogenic differentiation and could be dyed with
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ARS after 12 days of culture, and there was much by which SF/HAP/GPM scaffolds regulate
more calcium accumulation surrounding the  osteogenic differentiation, we performed

SF/HAP/GPM scaffolds (Figure 6C). The ALP
activities of cells on scaffolds were analyzed and were
significantly higher on SF/HAP/GPM scaffolds than
on SF and SF/HAP scaffolds (Figure 6D). The
intensity of ARS staining of the cells was also
increased on the SF/HAP/GPM scaffolds compared
to that on the SF and SF/HAP scaffolds (Figure 6E).
Moreover, the results showed that the ALP activities
reached a peak at 14 days, and ARS indicated obvious
calcium deposition after 21 days. In conclusion, the
SF/HAP/GPM scaffolds slowly released miRNA
inhibitors to promote osteoblast differentiation and
calcium accumulation, which are desirable for bone
tissue regeneration.

6 The signaling pathway by which
SF/HAP/GPM scaffolds promote osteogenesis

miR-214 has been reported to negatively regulate
the osteoblast differentiation and bone formation by
targeting osteogenic transcription factors, such as
ATF4 and other osteogenic-related genes [5, 38, 39].
The above results showed that the GO-PEI-miR-214
inhibitor or SF/HAP/GPM scaffolds clearly
promoted osteogenesis. To investigate the mechanism

SFIHAP SF

SF/HAP/GPM

immunofluorescence staining and western blot (WB)
and qRT-PCR assays. The immunofluorescence
staining results illustrated that there were many more
ATF4-positive cells in SF/HAP/GPM scaffolds than
in SF and SF/HAP scaffolds, which suggested that the
ATF4 protein level was increased by the slowly
released miR-214 inhibitor in the SF/HAP/GPM
scaffolds (Figure 7A). The WB assay was performed
after the cells were cultured in SF/HAP/GPM
scaffolds for 14 days, and the results indicated that the
protein levels of ATF4, Runx2, ALP and OCN were
significantly increased in SF/HAP/GPM scaffolds
compared to those in SF and SF/HAP scaffolds
(Figures 7B). ATF4 is an important transcription factor
involved in osteoblast differentiation and bone
formation [40]. Runx2, a bone transcription factor, is
necessary for ALP and OCN [41]. ALP is a
differentiation marker at the initial stage of osteogenic
differentiation [42], and OCN is a differentiation
marker involved in the regulation of bone matrix
deposition and mineralization [43]. The protein levels
of phospho-ERK1/2 and phospho-Akt were also
increased in SF/HAP/GPM scaffolds compared to
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Figure 5. Characterization and degradation of SF/THAP/GO-PEI-miR scaffolds. (A) SEM images of SF, SF/HAP, and SF/HAP/GPM scaffolds were shown, and the images
on the right of each group are enlarged images. Scale bars: 100 um and 10 pm. (B) Compression strength of the SF, SF/HAP and SF/HAP/GPM scaffolds. n = 4; *p < 0.05. (C)
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those in SF and SF/HAP scaffolds. It has been
documented  that  phosphoinositide  3-kinase
(PI3K)/Akt and ERK1/2 signaling is involved in
ATF4- or Runx2-related osteogenic differentiation of
osteoblast cells [44, 45]. ATF4 can also activate Runx2
through some pathways to promote osteoblast
differentiation [46]. Furthermore, the qRT-PCR results
demonstrated that Runx2 was more highly expressed
in SF/HAP/GPM scaffolds than in SF and SF/HAP
scaffolds at 7 days, and the level of Runx2 was highest
at 14 days and declined at 21 days. However, the level
of OCN increased with incubation time and was
highest at 21 days (Figure 7C and D).

7 SF/HAP/GPM scaffolds enhanced bone
regeneration in calvarial defects

The osteogenic capability of SF/HAP/GPM
scaffolds was observed by detecting bone
regeneration after transplanting miR-214 inhibitor-
releasing scaffolds in a calvarial bone-defect model.
The SF-based scaffolds were cut into 2 mm thick
sections of 5 mm in diameter, and the calvarial defect
in rats could be completely filled with the scaffolds

A SF

SF/HAP

(Figure S1B). The new bone formation in the defects
was detected by micro-CT after 4, 8, 12 and 16 weeks
of implantation, and three-dimensional representative
images are shown in Figure 8A. SF/HAP/GPM
scaffolds appeared to have a weak effect on
mineralization at week 4; however, by week 12, the
SF/HAP/GPM groups demonstrated enhanced bony
ingrowth into the defect area; by week 16, the defect
was totally filled with mineralized (mature) bone
tissue. The bone formation of the SF/HAP scaffold
was not as good as that of the SF/HAP/GPM scaffold,
and there was only some new bone generation at the
periphery of the defect in the SF/HAP scaffold groups
at week 16. SF scaffolds had worse osteogenic
function than SF/HAP scaffolds. The untreated group
showed minimal new bone generation and
mineralization at the defect site at week 16 (Figure
8A). Moreover, the regenerated bone volume/total
volume (BV/TV) ratio in the SF/HAP/GPM scaffold
group (0.87 = 0.07) was much greater than in the SF
(0.5 £ 0.02) and SF/HAP scaffold groups (0.59 £ 0.05)
at week 16 (Figure 8B). Consistently, the bone mineral
density (BMD) of new bone in the SF/HAP/GPM
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Figure 6. Cell proliferation and osteogenic differentiation on SF/HAP/GPM scaffolds. (A) SEM images showing the morphologies of MC3T3-El cells on SF-based
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SF-based scaffolds and ARS staining of cells surrounding the scaffolds after 7 days of incubation. (D) The ALP activities of MC3T3-El cells on SF-based scaffolds for 7, 14 or 21

days. (E) The calcium accumulation of cells on SF-based scaffolds for 7, 14, 21 or 28 days.
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scaffolds (899.77 = 22.83 mg/m3) was significantly
higher than that in either the SF/HAP (752.9 + 19.13
mg/m?3) or SF scaffolds (682.73 + 13.44 mg/m?3) at
week 16 (Figure 8C). Overall, the data indicated the

excellent  osteoconductive  capacity of  the
SF/HAP/GPM scaffolds in vivo.
The SF/HAP/GPM scaffolds were also

implanted subcutaneously on the back of nude mice
and showed good biocompatibility. There were no
obvious inflammatory reactions in the SF/HAP/GPM
scaffolds after 4 weeks of implantation. Moreover, the
scaffolds maintained physical integrity until week 4
while allowing fibrous tissues and capillary vessels to
grow into the scaffolds (Figure S1C). Moreover, the
hematoxylin and eosin (H&E) staining of
scaffold-implanted calvarial defects presented in
Figure 9A shows that the scaffold materials partly
degraded, and fibroblasts were observed around the
residual material after 4 weeks; after 8 weeks, most of
the residual material was eliminated, and new bone
ingrowth was observed. H&E staining primarily
shows cell migration and proliferation, vessel
formation and osteoid formation in defects. There was
more new bone formation in the defects in
SF/HAP/GPM scaffolds than in SF and SF/HAP
scaffolds after 4 or 8 weeks. The enhanced new bone
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generation by SF/HAP/GPM scaffolds was also
detected by conducting Masson’s trichrome staining,
which revealed new bone collagen or osteoid as blue
staining in the sections. Blue-colored bone collagen
almost filled the defect area in the SF/HAP/GPM
group after 8 weeks, which was in contrast with the
observations in the other groups. In contrast, there
were loose collagen and little osteoid tissue in the SF
and SF/HAP scaffold groups (Figure 9B). Therefore,
the SF/HAP/GPM scaffolds induced more bone
collagen regeneration in the defects than the other
three types of SF scaffolds. The results were ascribed
to miR-214 inhibitor release from SF/HAP/GPM
scaffolds to inhibit miR-214 function. The protein level
of the late differentiation marker, OCN, was further
confirmed by immunohistochemistry staining and the
highly intense brown staining in the SF/HAP/GPM
scaffold-treated defects (Figure 10A). The OCN
positive staining in the SF/HAP/GPM group was the
highest along the four groups at 12 W. Moreover,
tartrate-resistant  acidic =~ phosphatase ~ (TRAP)
(osteoclast marker) staining showed that osteoclast
cells were not present in any of the SF-based scaffolds
except the control group (Figure 10B). Collectively,
these findings demonstrated that the SF/HAP/GPM
scaffold had high osteoinductivity in vivo.

SF/HAP/GPM
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Figure 7. The signaling pathway by which SF/HAP/GPM scaffolds promote osteogenesis. (A) Immunofluorescence staining of ATF4 in MC3T3-E1 cells on SF,
SF/HAP and SF/HAP/GPM scaffolds. Scale bars: 20 ym. (B) The expression levels of ATF4, p-Akt, Akt, p-ERK1/2, ERK1/2, RUNX2 and OCN in MC3T3-E1 cells incubated on SF,
SF/HAP and SF/HAP/GPM scaffolds for 14 days. (C and D) The expression levels of RUNX2 and OCN on SF, SF/HAP and SF/HAP/GPM scaffolds were evaluated by qRT-PCR.
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Figure 8. Increased bone regeneration in calvarial defects after SF/HAP/GPM scaffold implantation. (A) Representative images of the reconstructed micro-CT of
calvarial defects after implanting SF, SF/HAP and SF/HAP/GPM scaffolds for 4, 8, 12 and 16 weeks. (B) The bone volume/total volume (BV/TV) ratio was quantified from micro-CT

analysis. (C) The BMD was measured by micro-CT.

Discussion

Many miRNAs are negative regulator involved
in osteogenic differentiation [4, 47]. Elevated miR-214
was reported to be correlated with less bone
formation in bone specimen of aged patients with
osteoporosis [5]. It was suggested that therapeutic
inhibition of miR-214 in osteoblasts might block the
negative effect on bone formation and promote
osteoblastic calcification. Recently, miRNAs have
been utilized as novel therapeutic agents for several
advantages, such as small size and having a
completely conserved sequence among species [48].
However, to be successful therapeutic agents,
miRNAs need to overcome many challenges,
including efficient delivery, biological stability, short
in vivo half-life, and targeting [49].

In our work, a nonviral GO-PEI vector with high
miR-214  inhibitor-binding  affinity and an
SF/HAP/GPM scaffold with slow miR-214 inhibitor
release were developed with negligible cytotoxicity.
To synthesize the GO-PEI complex, GO was mixed
with PEI at a ratio of 1:2, and the positively charged
PEI was bound to the negatively charged GO via
electrostatic interactions and form stable GO-PEI
complexes. Positive charged PEI polymers of GO-PEI
complexes can efficiently load genes via the
layer-by-layer assembly process. Moreover, GO-PEI
complex can protect miRNAs from RNase-mediated
degradation [26]. The size of the GO-PEI complexes
was approximately 600 nm, which facilitated cell
uptake [50]. Moreover, a large amount of bioactive
compounds could be bind to GO due to its large
surface area (2630 m?/g), and the release could be
controlled by chemical-physical modifications [51,
52].
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Figure 9. Enhanced collagen deposition in calvarial bone defects after SF/THAP/GPM scaffolds implantation. (A) Histological sections of control, SF, SF/HAP and
SF/HAP/ GPM scaffolds were stained with H&E after 4 and 12 weeks of implantation. (B) Histological sections of control, SF, SF/HAP and SF/HAP/ GPM scaffolds were stained
with Masson’s trichrome after implantation for 4 and 12 weeks. The area of two black dotted lines mean the defect area and the arrowheads point the new bone collagen. Scale

bars: 500 um.
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Figure 10. Enhanced osteogenesis in calvarial bone defects after SFFHAP/GPM scaffolds implantation. (A) Osteocalcin (OCN) immunohistochemical staining of
the calvarial bones implanted with SF, SF/HAP and SF/HAP/ GPM scaffolds for 4 and 12 weeks. NB, new bone; the arrowheads point the OCN positive staining. (B) TRAP staining
of the calvarial bones implanted with SF, SF/HAP and SF/HAP/ GPM scaffolds for 4 and 12 weeks. NB, new bone; the arrowheads point the TRAP-stained cells.
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When the GO-PEI and miR-214 inhibitor were
complexed, the negatively charged miR-214 inhibitor
was wrapped into PEI and loaded onto the GO-PEI
complexes. We hypothesized that such a
GO-PEI-miR-214-inhibitor complex decreased PEI
toxicity and increased the miRNAs accessibility and
the interaction with the cell, thus GO-PEI complex
were served as an excellent miRNA-inhibitor vector.
GO-PEI can also protect miRNA inhibitors from
extracellular degradation [53]. After  the
GO-PEI-miR-214 inhibitor enwrapped in endosomes,
the cationic PEI component can preserve the
biological activity of the miRNAs inhibitor and
averted endosomal swelling and lysis by buffering the
acidic environment in the endosomes [54]. miRNA
inhibitors release controllably in GO-PEI complexes
and GO-PEI degrades gradually in the cytosol.

In addition, graphene-based materials are
widely used to enhance bone regeneration alone or
incorporated into bone implants and scaffolds [37].
GO-PEI-miR-214 inhibitors were assembled into
SF/HAP scaffolds, where the released miR-214
inhibitors locally transfected osteoblast cells to repair
calvarial defect without the need to externally seed
stem cells. SF/HAP composites have been used for
bone constructs and have certain properties of bone
regeneration [55]. GO-PEI assembled into SF/HAP
scaffolds increased compression stress and fracture
toughness, showed a strong porous network, and
were electrically conductive and cytocompatible with
MC3T3-E1 cells. This in situ 3D scaffold could direct
cells to grow into the defect. Our animal data showed
that the long-term (longer than 4 weeks) delivery of
miR-214 inhibitor remained highly efficient and
functional, and the healing speed of calvarial defects
increased after 4 weeks.

With multiple functions, miR-214 was reported
to inhibit osteoblast differentiation and bone
formation through the ATF4 pathway [5]. Wang et al.
showed that antagomiR-214 promoted osteoblast
activity and mineralization in vitro and increased bone
mass in aged ovariectomy-induced osteoporotic mice,
but the dose of antagomiR-214 used in the experiment
was up to 200 pM in vitro and 10 mg/kg in vivo
(extremely high use dose). In this work, we
demonstrated that SF/HAP/GPM-delivered miR-214
inhibitors effectively enhanced osteogenic gene
expression in vitro compared to the Lipofectamine
2000 vector and promoted the regeneration of
calvarial bone defects without seeding stem cells in
vivo.

From a mechanistic perspective, miR-214
restrains the osteogenic capability of osteoblasts by
functionally targeting ATF4, and miR-214 promotes
osteoclast differentiation through the PI3k/Akt

pathway [56]. Therefore, we examined this
mechanism and found that the miR-214 inhibitor
could be effectively transfected into cells by GO-PEI
and could decrease the expression levels of miR-214 in
osteoblasts. Furthermore, we revealed that the
miR-214 inhibitor in the scaffolds not only enhanced
ATF4 expression level and osteoblast activity but also
suppressed osteoclast activity. ATF4 is crucial in the
late stage of osteoblast differentiation [40], and the
activation of ATF4 is accompanied by activated
ERK1/2 and Akt signaling [57]. The upregulation of
ERK1/2 and Akt phosphorylation substantially
enhanced the protein level of Runx2 and stimulated
ALP activity. The increase in ALP activity was
followed by the enhanced synthesis of OCN,
reflecting calcium mineral deposition [45].

It has been demonstrated to the use of growth
factors [58], advanced scaffolds [59, 60] or advanced
pore/surface structures [61, 62] have facilitated bone
repair in tissue engineering. In this work, the novel
SF/HAP/GO-PEI scaffolds with the controlled
miRNA-inhibitor delivery prolonged the expression
of multiple osteogenic genes and proteins, resulting in
good bone regeneration in the defects without seeding
stem cells.

Conclusions

A high miR-214 expression level correlates with
reduced osteoblast differentiation and osteoblastic
bone formation [63], which is related to skeletal
disorders [5, 64]. In this work, miR-214 inhibitor
delivered by SF/HAP/GPM scaffolds efficiently and
released controllably showed good osteogenic
capacity for bone defects. This technology could also
deliver other nucleic acids or inhibitors to repair other
tissues or to treat other diseases. Taken together, the
results of this study show that the SF/HAP/GPM
scaffold is a potential candidate for bone repair and
regeneration in vivo.

Methods

Preparation of GO-PEI

GO was purchased (Aladdin, Shanghai, China)
and ultrasonicated into a size of ~300 nm, and GO-PEI
complexes were prepared as previously [27]. Briefly,
we slowly added PEI (25-kDa) solution (1 mg/mL,
Sigma-Aldrich, Missouri, USA) into a GO solution (1
mg/mL) in 10 min. The GO-PEI complexes were
obtained by mixing PEI solutions with GO solutions
at a GO:PEI weight ratio of 1:2. After ultrasonic
treatment for 15 min, the mixed solution was stirred
overnight, and then washed four times and
resuspended in deionized water. The size of GO and
GO-PEI was measured by a DLS spectrophotometer
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(Otsuka Electronics, Osaka, Japan). GO and GO-PEI
were also detected by TEM (HT7700, Hitachi, Japan).
FT-IR spectroscopy was utilized to measure the
functional groups on the surface of GO, PEI, and
GO-PEI complexes. The spectra were taken from 4000
to 400 cm™? on an FT-IR instrument (Vertex 70, Bruker,
Germany) at room temperature. The UV-Vis
absorption spectra from 190 to 800 nm for the GO,
GO-PEI and GO-PEI-miRNA samples (10 pg/mL)
were obtained by an UV-Vis spectrophotometer
(Shimadzu, Japan). The surface charge of the samples
in deionized water or cell culture media was
measured by a Zetasizer instrument (Malvern Nano
ZS, Malvern, UK).

Gel retardation assay and cellular uptake of
GO-PEI

The miR-214 inhibitor was bought from Ribobio
(Ribobio, Guangzhou, China), and miRBase accession
number is MIMATO0000661. To determine the
appropriate method of GO-PEI to carry miRNA
inhibitors, we used different N/P ratios for the
GO-PEI-miRNA inhibitor complexes. The solution of
GO-PEI and miRNA inhibitor were slowly mixed and
put on ice for 30 min, and then were heated at 65 °C
for 10 min. The GO-PEI-miRNA inhibitor solution (9
pL) were added with 3 pL of 4x loading buffer, loaded
on a 1% (w/v) agarose gel and then electrophoresed
at 100 V for 25 min. Cellular uptake of GO-PEI was
measured by fluorescence analysis. Briefly, GO-PEI (1
mg/mL) was mixed for 2 h with FITC dye (Bioss Inc.,
Beijing, China) or miRNA-Cy3 solution (Ribobio,
Guangzhou, China) at an N/P ratio of 1:30. The
GO-PEI complexes were centrifuged and washed
prior to incubating with MC3T3-E1 cells for 24 h.
Then, the GO-PEI-treated cells were observed under a
confocal microscope (Carl Zeiss, Inc., Jena, Germany)
or a fluorescence microscope (Olympus Co., Ltd.,
Japan). Cellular uptake of GO-PEI was also measured
by TEM (HT7700).

Scaffold preparation

Nanosized HAP particles were prepared as
described [65]. Equal volumes of a 0.3 M ammonium
hydrogen phosphate solution and a 0.5 M calcium
chloride solution were mixed and stirred for 2 h. The
mixture was aged at room temperature for 24 h, the
precipitates were centrifuged and freeze-dried for 24
h. The SF solution was also prepared as previously
described [66]. Briefly, silk fibroin extracted from
cocoons was dried and dissolved in a solution of 9.3
M LiBr for 5 h at 60 °C to get the SF solution. The SF
solution was dialyzed for 3 days and centrifuged at
5,000 rpm for 10 (25 °C). 1 mL of SF solution (4%,
w/v) was mixed with HAP nanoparticles (10 mg) in a

well (a 48-well plate) to form the SF/HAP scaffold
after freeze-drying for 24 h. The SF/HAP/GO-PEI
scaffold or SF/HAP/GO-PEI-miR-214 inhibitor
scaffold was fabricated by mixing 0.5 mL of the SF
solution (4%, w/v), 10 mg of HAP nanoparticles and
0.5 mL of GO-PEI or GO-PEI-miRNA inhibitor (1
mg/mL) in a well and freeze-drying for 24 h. All
SF-based scaffolds were soaked in a 90% (v/v)
methanol solution for 30 min to transform into the
water-insoluble scaffolds by inducing the structural
transition [67].

Scaffold characterization

The morphologies of the different SF-based
scaffolds were observed by SEM (LEO1530 VP,
Philips, Netherlands). The pore sizes of the scaffolds
were measured by observing 40 random pores in the
SEM images using Image] software. The compressive
load and extension of the SF-based scaffolds were
measured by a Bose ElectroForce-3220 instrument (TA
Instruments, Eden Prairie, MN, USA), and 5 samples
of each scaffold group were analyzed [20].

Scaffold degradation

The degradation of the SF-based scaffolds was
examined recording the weight change of the scaffold
after infusion in PBS with lysozyme (0.5 mg/mL,
Amresco) which was similar to circulating blood. The
degradation buffer was changed every 2 days. The
scaffolds were freeze-dried and weighed at time
intervals of 1, 2, 4, 6 and 8 weeks. The percentage of
scaffold degradation was determined by the following
formula [68]:

-Wd

W,
Degradation% (%)= %100%

0

WO is the original weight of the scaffold and Wd
is the weight after degradation.

Cell culture

The purchased MC3T3-E1 cells (Geneseed,
Guangzhou, China) were cultured in a-MEM medium
(containing 10% FBS and 1% penicillin/streptomycin,
PS) at 37 °C in a 5% CO» incubator. The BMSCs were
harvested from the bone marrow of BABL/c mice and
cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, USA). To induce the BMSCs
differentiation, the cells were cultured in osteogenic
medium supplemented with 10% FBS, 1% antibiotics,
50 pM ascorbic acid (Sigma, Missouri, USA), 10 mM
B-glycerol phosphate (Sigma), and 01 pM
dexamethasone (Sigma). The scaffolds were
immersed in complete medium (DMEM medium,
10% FBS, 1% antibiotics) overnight, the MC3T3-E1
cells and BMSCs were then seeded (1x10°
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cells/scaffold) on the SF, SF/HAP, and
SF/HAP/GO-PEI-miR-214 inhibitor scaffolds. The
scaffolds were kept in the complete medium for 1 day
to allow cell adhesion and growth, and then changed
with osteogenic medium to induce osteogenic
differentiation.

Cell proliferation

Cell proliferation was examined by the CCK-8
assay kit as described [69]. Briefly, the cells were
seeded on a 96-well plate or SF-based scaffolds and
cultured for 3 or 7 days. 10 pL of CCK-8 solution was
added to each well and incubated for 3 h at 37 °C in
the incubator. The absorbance was tested by a
microplate absorbance reader (Bio-Rad, CA, USA) at
450 nm. All experiments were repeated 3 times.

ALP activity and ARS staining

The cells on scaffolds were fixed in 4%
paraformaldehyde on days 7 14, 21 and 28. ALP
staining (Rainbow, Shanghai, China) and ARS
staining (Sigma) were performed as described [70, 71].
Briefly, the cells were lysed with 0.1% Triton X-100,
and the protein concentration was measured by a
BCA protein assay kit. ALP activity was determined
at 405 nm. The scaffolds were stained with ARS
solution (40 mM) for 30 min and washed with
deionized water 5 times, and then the staining on
scaffolds was eluted by the 10% cetylpyridinium
chloride for 1 h. The eluted dye solution was collected
and read at the absorbance of 540 nm in a
spectrophotometer (Thermo Spectronics, Waltham,
MA, USA).

Real-time RT-PCR analysis

The cells on the scaffolds were detached using a
0.25% trypsin and collected after centrifugation at
250xg. Total RNA was isolated using an RNeasy Mini
Kit (Qiagen, USA). cDNAs were synthesized by a
cDNA synthesis kit (#K1622, Fermentas, EU). And
then cDNAs and forward (1 pL) and reverse primers
(1 pL) were added into a SYBR reaction mixture (20
pL). The qPCR cycles were set as follow: 2 mins at 50
°C, 10 min at 95 °C, 50 cycles; 15 s at 95 °C, and 1 min
at 60 °C, then 4 °C to cool down. miRNA qRT-PCR
was performed using the Bulge-Loop™ miRNA
qRT-PCR kit (Ribobio, Guangzhou, China). Each
sample was performed 3 times. The primers used for
qPCR were: RUNX2, forward, AGTCCCAACTTCC
TGTGCTC, reverse, TCGGCGGAGTAGTTCTCATG;
OCN, forward, CGGCCCTGAGTCTGACAAA,
reverse, TAGCGCCGGAGTCTGTTC, mmu-miR-
214-3p (MIMATO0000661), ACAGCAGGCACAGAC
AGGCAGU.

Immunofluorescence staining and western
blotting assay

The cells were fixed by 4% (w/v)
paraformaldehyde and permeabilized with 0.1%
(v/v) Triton X-100. The permeable cells were
incubated with 3% (v/v) normal goat serum
(Sigma-Aldrich) for 1 h to block nonspecific binding
of the primary antibodies and incubated with mouse
monoclonal anti-ATF4, anti-OCN antibodies (1:300;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
rhodamine-phalloidin (1:40, Invitrogen, CA, USA) at 4
°C overnight. And then the cells were incubated with
secondary antibodies (Alexa Fluor-488 goat
anti-mouse IgG; Invitrogen) and incubated for 1 h at
room temperature. Nuclei were stained with DAPI
(1:500, Sigma) at room temperature for 20 min.
Fluorescence images were observed by CLSM and
fluorescence microscopy (Olympus IX71; Olympus).
The fluorescence intensity of images from 3
independent cultures was quantitatively analyzed
using Image] software. For Western blot, the cells
were lysed and the same amount of proteins was
loaded onto a 12% SDS-PAGE gel (Beyotime, Nanjing,
China), and then transferred onto PVDF membranes.
The membranes were blocked by 5% BSA solution
and incubated with monoclonal antibodies of ATF4,
p-Akt, Akt, p-ERK1/2, ERK1/2, RUNX2, and OCN
(CST, MA, USA), followed by HRP-conjugated
secondary antibodies (CST). GAPDH was used as an
internal control. The membranes were exposed using
an ECL WB substrate kit (Beyotime) and analyzed by
Image J software (NIH, MD, USA).

Subcutaneous implantation

The animal procedure was approved by the
Institutional Animal Care and Use Committee of Jinan
University. The GPM scaffolds were implanted in
subcutaneous on the backs of nude mice as previously
described [72]. Briefly, the female nude mice (6~
8-week old) were anesthetized with pentobarbital
sodium (Sigma-Aldrich) at 15 mg/kg. Two
subcutaneous pockets were created on the disinfected
dorsum by blunt dissection, and one scaffold was
implanted in one pocket. To determine in vivo
degradation of scaffolds, the implants were harvested
at 2, 4, and 6 weeks after the mice were sacrificed.
Four scaffolds were implanted randomly in
subcutaneous for each group (n = 4).

Calvarial bone-defect model construction

SD rats (200-250 g) were divided randomly into
four groups. The surgical procedures of the calvarial
bone-defect model were performed as described [73,
74]. Rats were anesthetized, shaved and sterilized in
the skull. A linear scalp incision was made and
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full-thickness flaps were elevated through the skin
along the sagittal suture of the skull. A 5-mm
craniotomy defect was made in the parietal bone by a
slow-speed dental drill (Dentium, Korea), and the
wounds were copiously irrigated with physiological
saline (0.9%) while drilling. The 5-mm calvarial bone
was carefully removed to avoid injuring the
underlying dura or brain. The scaffolds were placed
in the defects after hemostasis; defects without
scaffolds served as controls. The sagittal incisions
were closed by suturing. When the rats recovered
from anesthesia, gave buprenorphine (0.08 mg/kg)
every 12 h for 48 h to control pain. The cranial bones
of mice were harvested at 4, 8 and 12 weeks
postoperative.

Microcomputed tomography (micro-CT)

To examine the repair of calvarial bone defect
using micro-CT  (mCT100, Scanco Medical,
Basserdorf, Switzerland), the calvarial bone were
fitted in a cylindrical sample holder and scanned with
direction parallel to the coronal aspect (with a voxel
size of 12 mm). The trabecular bones were measured
and segmented for 3D reconstruction, and BMD and
relative bone volume (BV/TV) were calculated.

Histology and immunohistochemistry

The rats were sacrificed and the skulls were
harvested at 4, 8 or 12 weeks after implantation. The
calvarial bone samples were fixed in 4%
paraformaldehyde for 48 h at 4 °C and decalcified in
10% EDTA for 4 weeks. Soft tissue and decalcified
bone samples were embedded in paraffin and
sectioned into slices (10 pm thick). The sections were
stained with H&E or Masson’s trichrome (Beyotime).
For immunohistochemistry, the sections were
incubated with the anti-OCN primary antibody
(1:200, Santa Cruz, CA, USA) overnight at 4 °C after
blocking in horse serum (Solarbio, Beijing, China).
And then the sections were incubated with a
secondary antibody (1:500, Santa Cruz, CA, USA) for
2 h at room temperature. Three samples for each
group were examined by light microscopy (Olympus
IX71).

Statistical analysis

The experimental data are presented as the mean
SD. All experiments were performed in triplicate (n
3). Statistical differences among groups were
analyzed by one-way ANOVA or between two
groups were analyzed using Student’s t-test. A
P-value < 0.05 was considered statistical significant.
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