International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

bFGF-Loaded Mesoporous Silica Nanoparticles
Promote Bone Regeneration Through the
Whnt/B-Catenin Signalling Pathway

Mingkui Shen @%*, Lulu Wang(@®#*, Li Feng, Yi Gao, Sijing Li, Yulan Wu, Chuangye Xu, Guoxian Pei
School of Medicine, Southern University of Science and Technology, Shenzhen, 518055, People’s Republic of China
*These authors contributed equally to this work

Correspondence: Chuangye Xu; Guoxian Pei, Email xucy@sustech.edu.cn; nfperry@163.com

Background: Bone defects remain an unsolved clinical problem due to the lack of effective osteogenic induction protocols.
Nanomaterials play an important role in bone defect repair by stimulating osteogenesis. However, constructing an effective bioactive
nanomaterial remains a substantial challenge.

Methods: In this study, mesoporous silica nanoparticles (MSNs) were prepared and used as nanocarriers for basic fibroblast growth
factor (bFGF). The characteristics and biological properties of the synthetic bFGF@MSNs were tested. The osteogenic effects of the
particles on the behavior of MC3T3-E1 cells were investigated in vitro. In addition, the differentially expressed genes during induction
of osteogenesis were analyzed by transcriptomic sequencing. Radiological and histological observations were carried out to determine
bone regeneration capability in a distal femur defect model.

Results: Achieving bFGF sustained release, bFGF@MSNs had uniform spherical morphology and good biocompatibility. In vitro
osteogenesis induction experiments showed that bFGF@MSNs exhibited excellent osteogenesis performance, with upregulation of
osteogenesis-related genes (RUNX2, OCN, Osterix, ALP). Transcriptomic sequencing revealed that the Wnt/B-catenin signalling
pathway could be activated in regulation of biological processes. In vivo, bone defect repair experiments showed enhanced bone
regeneration, as indicated by radiological and histological analysis, after the application of bFGF@MSNs.

Conclusion: bFGF@MSNs can promote bone regeneration by activating the Wnt/B-catenin signalling pathway. These particles are
expected to become a potential therapeutic bioactive material for clinical application in repairing bone defects in the future.
Keywords: mesoporous silica, basic fibroblast growth factor, osteogenesis, transcriptomics sequencing, Wnt/B-catenin signalling
pathway, bone regeneration

Introduction
Clinical bone defects frequently result from congenital disorders, trauma, bone tumors, and osteomyelitis, ete,'”
afflicting the physical and mental health of patients. Current clinical strategies typically use autografts, allografts,
xenografts and inorganic grafts at the bone defects site for tissue repair and bone regeneration.*> However, these
approaches have limitations, such as limited donor mass, poor osteoinductivity, infection, host immunoreaction and
unsatisfactory biological activity, limiting their practical application.”> In addition, many previous studies have
demonstrated that the direct injection of bioactive agents (IGF, TGF-B, and BMP) into the defect site may lead to
uncontrolled release of drugs or factors.” Therefore, clinical healing of bone defects remains a major challenge for
surgeons, and synthetic biomaterials with the ability to stimulate osteogenesis for promoting bone healing have become
the focus of research. To overcome the above challenges, the combination of nanomaterials with various bioactive agents
may be a promising approach for bone defect repair.

Because of their high specific surface area, good biocompatibility and biodegradability, mesoporous materials have
been widely studied in basic research and real-world applications,® and mesoporous silica has attracted increasing
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attention in the biomedical field. As a typical nanocarrier, MSNs are widely used for the loading of drugs and biological
macromolecules such as RNA and peptides, and they achieve sustained and controlled release of bioactive factors. Si
ions released during the degradation of MSNs can upregulate the expression of osteogenesis-related genes (OCN,
RUNX2 and OPN) in osteoblasts to promote bone repair.” The mesoporous structure of MSNs contributes to the
deposition of hydroxyapatite (HA) and promotes mineralization and osteogenesis. MSNs can also induce an immune
microenvironment conducive to guiding immune-mediated osteogenesis, and macrophage uptake of nanomaterials plays
an important role in the formation of this immune microenvironment.'” However, the biological activity of MSNs is
relatively low, and the nanomaterial—cell interaction is weak. Therefore, the combination of drugs or growth factors with
MSNs will provide great potential to enhance the bioactivity and osteogenic performance of bone repair materials.
Basic fibroblast growth factor (bFGF) is mainly secreted by endothelial cells, smooth muscle cells and macrophages
and is a heparin-binding growth factor that is dysregulated in a variety of tissues.'' Previous studies have shown that
bFGF plays a role in wound healing and tissue regeneration by stimulating neovascularization.'? bEGF can significantly
promote the proliferation of stem cells from the apical papilla, maintain the stemness characteristics of mesenchymal
stem cells and enhance collagen deposition,'*'* but the specific mechanism is still unclear. In addition, bFGF can induce

the proliferation of bone marrow stem cells'>'®

and promote the synthesis of collagen fibers and early vascularization,
accelerating the process of bone formation.'” These studies have shown that bFGF has good biological characteristics,
but the specific mechanism underlying the osteogenic effect of bFGF on osteoblasts remains unclear. More importantly,
the biological properties of bFGF cannot be effectively exploited due to its instability. Therefore, how to improve the
effective utilization of bFGF and clarify the associated mechanism of action are key research and questions that can
provide a foundation for clinical application.

In this study, bFGF-loaded MSN nanocomposites (bDFGF@MSNs) were synthesized to achieve bFGF-sustained
release. Does the combination bFGF with MSNs have a better osteogenic effect than the use of bFGF or MSNs
alone? If so, what is the exact mechanism of osteogenesis? In vitro experiments were conducted to evaluate the
osteogenic performance of bFGF@MSNs. Then, RNA sequencing was used to analyse the associated mechanism of
action and the differences in RNA expression levels. Finally, we injected bFGF@MSNs into distal femur defects to
observe bone regeneration. It is expected that this study will propose a new concept of combining bFGF with MSNs to
induce osteogenesis for bone regeneration (Scheme 1).

Materials and Methods
Synthesis of MSNs

MSNs were synthesized according to the method reported in a previous study.'® Briefly, 0.4 g of cetyltrimethylammo-
nium bromide (CTAB) was dissolved in 20 mL of distilled water at 70°C for 10 min. Then, 180 mL of 15.6 mM sodium
hydroxide solution was added to the above solution and mixed thoroughly. Next, 2 mL of tetraethyl orthosilicate (TEOS)
and 2 mL of ethyl acetate were carefully added dropwise to the above mixture, and stirred at 70°C for 2 h. After cooling
at room temperature, the synthesized compounds were collected by centrifugation at 10000 rpm for 30 min and washed
with distilled water and ethanol. The supernatant was discarded, the precipitate was resuspended in ethyl alcohol, and
0.48 g of ammonium nitrate was added to the above alcohol mixture, and then stirred and sonicated for 2 h. Finally, the
synthesized MSNs were obtained by centrifugation, washing with ethyl alcohol, and drying under a vacuum.

bFGF Loading

Recombinant human bFGF protein was purchased from ThermoFisher Scientific (Gibco, USA). bFGF was loaded into
MSNs following these steps. First, 15 mg of bFGF was dissolved in 1 mg/mL ethanol solution to obtain a 1.5 mg/mL
bFGF solution. Second, 45 mg of MSNs were added to the above bFGF solution and stirred for 24 h in the dark. Third,
bFGF@MSNs were obtained by centrifugation (10,000 rpm, 30 min), washed with ethyl alcohol, and then dried under a
vacuum. Finally, the supernatants were pooled together, and the bFGF content was determined using a UV-Vis spectro-
photometer at 525 nm.
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Scheme | Schematic illustration of synthetic bFGF@MSNs-mediated induction of bone defect repair and the mechanism of osteogenic induction.

Characterization of bFGF@MSNs

The morphologies of MSNs and bFGF@MSNs were evaluated by scanning electron microscopy (Nova NanoSem450;
FEI, USA) at source voltage of 5 kV and magnification ranging from 10 x 10%x to 50 x 10*x. The distribution of particle
diameter and zeta potential were measured by dynamic light scattering using a NanoDrop system (Thermo
Scientific, USA).

Embedding Ratio and Drug Loading of bFGF@MSNs

To investigate the embedding ratio (ER%) and drug loading (DL%) of bFGF@MSNs, bFGF@MSNs were synthesized
according to the above method, recording the content (W;) of added bFGF. Then, bFGF@MSNs were dissolved in
distilled water. The absorbance of bFGF was detected by a UV spectrophotometer at 450 nm, and the content (W,) of
bFGF in the solution was determined. After drying, the specimens were weighed (W3) again. The ER% and DL% were
calculated according to the following formulas: ER% = (W{-W,)/W;x100% and DL%= (W;-W,)/ (W3-W{)x100%.

bFGF Release Profile in vitro

To investigate bFGF release, 25 mg of bFGF@MSNs were dissolved in 2.5 mL of PBS (pH = 7.4), and then the
suspension was placed in a dialysis bag with a molecular weight cut-off of 10 kDa. After that, the dialysis bag was
completely soaked in a 25 cm? cell culture flask (430,168, Corning) filled with 90 mL of PBS, which was immersed in a
37°C water bath for the bFGF release test. The content of bFGF was detected by a UV spectrophotometer at 450 nm. At
various timepoints (1 h, 2 h, 4 h, 8 h, 16 h, 32 h, 48 h, 60 h, 72 h, etc.), 1 mL of the release medium was removed for the

absorbance test to calculate the cumulative release rate.

Degradation of MSNs and bFGF@MSNs
The rates of degradation of the MSNs and bFGF@MSNs were assessed in 0.1 mmol/L Tris-HCI solution (pH = 7.4).
MSNs and bFGF@MSNs were immersed in Tris- HCI solution at concentrations of 100 pg/L and 400 pg/L at room
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temperature. At 1, 3, 7, 14 and 21 days, samples were centrifuged and half of the supernatant was replaced with Tris- HCI1
solution. The release of Si ions was measured by electron-coupled plasma atomic emission spectrometry.

Cell Culture

The preosteoblastic MC3T3-E1 cell line was obtained from the China Center for Type Culture Collection (CCTCC).
MC3T3-El cells were cultured in standard medium (high-glucose DMEM supplemented with 10% v/v fetal bovine
serum, 100 U/mL penicillin and 100 pg/mL streptomycin) with an atmosphere of 5% CO, at 37°C. The MC3T3-E1 cells
were passaged at 80% confluency and used for experiments through passage 3.

Cell Survival Assay

MC3T3-El cells were seeded at 2000 cells per well in 96-well plates and then cultured in different bFGF@MSN
concentrations (0, 50 pg/L, 100 pg/L, 200 pg/L, 400 pg/L and 800 pg/L) for 48 hours. Then, 10 pL. of CCKS8 was added
to each well. After incubation for 1 hour, the absorbance was detected by a microplate reader at 450 nm. The appropriate
bFGF@MSN concentration was chosen according to the cell survival assay.

Cell Proliferation, Morphology and Viability

A CCKS8 assay was used to evaluate cell proliferation. MC3T3-E1 cells were seeded at 2000 cells per well in 96-well
plates and then cultured in appropriate bFGF@MSN concentrations for 1 day, 3 days, 5 days and 7 days and the
absorbance was measured at 450 nm.

For evaluation of cell morphology and viability, MC3T3-E1 cells were seeded at a density of 2.45x10° cells/mL with
nanosphere samples in 4-chamber confocal dishes (Cellvis, USA) and cultured in standard medium at 37°C with 5% CO,
in a cell incubator for 48 hours. After removing the medium and washing with PBS, the MC3T3-E1 cells were fixed with
4% paraformaldehyde (PFA; G-CLONE, China) at 4°C for 20 minutes. Afterwards, MC3T3-E1 cells were stained with
AbFluor™ 488-Phalloidin (Abbkine, China) for 30 minutes and DAPI for 10 minutes. A confocal fluorescence
microscope (Nikon, Japan) was used to observe the morphology of MC3T3-El cells. In addition, live and dead
MC3T3-El cells were evaluated using a live/dead cell imaging kit (Invitrogen, USA), and representative images were
acquired.

Alizarin Red S (ARS) Staining

MC3T3-El cells were seeded at a density of 2x10? cells/cm? in prepared 6-well plates covered with gelatin. The standard
medium was replaced with osteogenic differentiation medium (Cyagen, USA) when the cells reached 60% confluence
and was refreshed every 3 days. After osteogenic induction for 14 and 21 days, samples were fixed with 4% PFA for 30
minutes. Alizarin Red dye solution was added to each well for 5 minutes. After washing with PBS, images were captured
using a camera and microscope. The mineral deposits were dissolved in 10 mM cetylpyridinium chloride quantified
(Macklin, China), and the optical density (OD) was measured with a Tecan Sunrise instrument at 570 nm.

Alkaline Phosphatase (ALP) Activity and Staining

MC3T3-El cells were seeded at a density of 1x10* cells per well in prepared 24-well plates covered with 0.1% gelatin.
After osteogenic induction for 7 and 14 days, ALP was stained with an ALP staining kit (Beyotime, China). In addition,
the cells were lysed with 0.3% Triton X-100 to release ALP protein and evaluated with an ALP Assay Kit (Beyotime,
China).

Transcriptome Sequencing Analysis

After in vitro osteogenic induction for 7 days, the RNA of single MC3T3-E1 cells was extracted with a FastPure Cell/
Tissue Total RNA Isolation Kit V2 (Vazyme, China). RNA quality and integrity were evaluated with an Agilent 2100
RNA Nano 6000 Assay kit (Agilent Technologies, CA, USA). The transcriptome sequencing service was provided by
Annoroad Gene Technology Anoroad Inc. (Annoroad, China) and performed using the Illumina sequencing platform. To
filter out differentially expressed genes, [log2 fold-change| >1, p value <0.05 and Q vvalue <0.05 were used as cut-offs.
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For further analysis, a volcano map and Gene Ontology (GO) bar chart were generated, and GO enrichment analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGQG) pathway analysis of differentially expressed genes were performed.
Differentially expressed genes related to osteogenesis were screened out in the biological process category.

In vitro Real-Time Polymerase Chain Reaction (RT-PCR)

The expression levels of genes related to both osteogenesis and Wnt/B-catenin signalling were detected by RT-PCR. After
in vitro osteogenic induction for 7 days, the total RNA of single cells was extracted with a kit. Complementary DNA
(cDNA) was synthesized by reverse transcription of pre-extracted RNA using a reverse transcription kit (Cyagen, China).
The mixtures of synthesized cDNA, gene primers (Forward primers + Reverse primers) and Taq Pro Universal SYBR
gPCR Master Mix (Vazyme, China) were put into PCR microplates. The RT-PCR process was performed on a
StepOnePlus Real-Time PCR system (Biosystems, USA). The gene expression levels were normalized to those of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The gene primers are listed in Table 1.

Western Blotting

Western blot assays were performed to analyse the expression of related proteins. After in vitro osteogenic induction for
7 days, the total proteins were extracted with RIPA lysis buffer with phosphatase inhibitor and protease inhibitor
(Epizyme, China). Then, the samples were placed in a 100°C metal bath for 15 minutes leading to protein denaturation.
The extracted proteins were quantified with a protein quantification kit (Abbkine, China). Twenty micrograms of protein
from each group was added to SDS-PAGE gels (GenScript, China) for protein electrophoresis. Afterwards, the proteins
on the gel were transferred to preactivated polyvinylidene fluoride (PVDF) membranes (Millipore, USA). After blocking
for 2 hours with 3% bovine serum albumin solution, the membranes were trimmed according to the molecular weight and
then incubated with primary antibodies against GAPDH, RUNX2, Osterix, f-catenin, lipoprotein-receptor-related protein
5 (LRP5) and glycogen synthase kinase-3 (GSK-3f) overnight on a shaker at 4°C. The next day, after rewarming to
room temperature for 30 minutes, the membranes were washed three times in tris buffered saline with tween (TBST)
solution for 5 minutes each time and then incubated with the secondary antibodies for 2 hours. After washing again, the
protein bands were visualized using a chemiluminescence kit on an automatic chemiluminescence system (Sage Creation,
China).

Animal Experiments

Effects on in vivo osteogenic repair were monitored in a distal femur defect model. All animal experiments followed the
guidelines of the Animal Experiment Center and the Laboratory Animal Guide for Ethical Review of Animal Welfare
(GB/T 35892-2018) and were approved by the Ethics Committee of Southern University of Science and Technology
(Ethics Resolution Number: SUSTech-JY2020215). Twenty-seven male C57/BL6-mice were purchased from the
Laboratory Animal Center and divided into three groups (control, MSNs and bFGF@MSNs). To reduce intraoperative
excretion, mice were fasted for 12 hours and subjected to water restriction for 4 hours preoperatively. After successful
isoflurane inhalation anesthesia, the mice were immobilized in the prone position with subcutaneous injection of
meloxicam (0.1 mg/kg). The hair was removed with a razor, and the exposed skin was disinfected with iodophor. A

Table | Primers for Real-Time PCR

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)
RUNX2 CCAACTTCCTGTGCTCCGTG ATAACAGCGGAGGCATTTCG
OCN TGAACAGACTCCGGCGCTAC AGGCGGTCTTCAAGCCATACT
Oxterix TGACTACCCACCCTTCCCTC GCCTTGTACCACGAGCCATA
ALP GCACTGCCACTGCCTACTT AGCTGATATGCGATGTCCTT
f-catenin ATGGAGCCGGACAGAAAAGC CTTGCCACTCAGGGAAGGA
LRP5 AAGCCAAGGATTGTGCG CCAGCATGTTGGAAGACTC
GSK-3B GACTTTGGAAGTGCAAAGC AGGAAATATTGGTTGTCCTAGC
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10 mm incision was made, and anatomical exposure of the distal femur was performed using a subperiosteal dissection of
soft tissue. The femur defect was produced via a 1 mm diameter drill bit. After injection of sterilized MSNs and
bFGF@MSNSs solutions (400 pg/L) which were prepared by dissolving dried powder samples in a 0.9% sodium chloride
solution, the opening of the bone defect was sealed with bone wax to prevent fluid outflow (Figure 1). The wound was
closed with a 4-0 silk suture. During postoperative care, prophylactic penicillin sodium (4 IU/kg, intramuscular) together
with meloxicam (0.1 mg/kg, subcutaneous) was administered for 3 days.

Micro-Computed Tomography (Micro-CT) Evaluation

Bone repair was assessed by micro-CT as described previously.'® Three mice in each group were euthanized with carbon
dioxide at 0, 2nd and 4th weeks after surgery. Femur specimens were obtained and fixed in 4% PFA for 48 hours. Then,
femur specimens were scanned by a micro-CT (SkyScan 1276, Bruker, Belgium) at a 60 kV voltage and 100 mA electric
current. NRecon, CTAn and CTvol of the supplied software were used to process the data and reconstitute 3D images.
The bone mineral density (BMD) and the bone volume fraction, calculated as the percentage of bone volume to tissue
volume (BV/TV), were analysed at 2nd and 4th weeks.

Histologic Analysis

After fixation in 4% PFA for approximately 48 hours, the harvested femur specimens were subsequently decalcified in
EDTA decalcified fluid (OKA, China) for a total of 3 weeks. Then, the samples were completely dehydrated in a tissue
dehydrator and embedded in paraffin wax. Paraffin wax slices (4.5 pm) were prepared by using a microtome. According
to standard protocols, tissue slices were subjected to hematoxylin and eosin (H&E) staining. Through H&E staining, new
bone tissue was evaluated in the defect area. Digital images of these sections were captured using a scanner (Leica,
Germany).

Statistical Analysis

Statistical analysis was carried out with GraphPad Prism 6.0 software. Data were recorded as the mean + standard
deviation (SD). Student’s ¢ test was used to evaluate the statistical significance of differences between two groups. The
statistical significance of differences among multiple groups was analysed by one-way ANOVA for multiple compar-
isons. For all tests, a p value <0.05 was considered statistically significant.

Results and Discussion

MSNs were loaded with basic fibroblast growth factor to synthetize bFGF@MSNs. SEM images showed that MSNs and
bFGF@MSNs were spherical nanoparticles with a uniform size distribution and good dispersion, as shown in Figure 2A
and B. The morphology of nanoparticles significantly affects their interactions with cells and their behavior in biological
processes.”’ Spherical nanoparticles are more likely to be taken up and have a better biodistribution than nanoparticles of
other shapes.'** Therefore, BFGF@MSNs were prone to cell uptake prior to exerting their effects. The characterization

Figure | (A) The surrounding soft tissue was isolated, and distal femur was exposed. (B) Creation a | mm diameter distal femur defect. (C) Sterilized MSNs and
bFGF@MSN's solution were injected into the bone defects. (D) Sealing of the opening of defect with bone wax.

2598  hues International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Shen et al

7 2009 MsNs
£ |= wrGramsns
£ 1504
=
§'
g 100
=
=l
5 50
3
£
=
E 0 T T
<~ <~
S S
&
501 MsNs
1 bFGF@MSNs
% 404 o —
= 20-
=
=
3
g 20-
s
3
N 10-
0 . .
e‘,’ e@
S S
&

Figure 2 Characterization of bFGF@MSNs: (A and B) SEM characteristics, (C) diameter and (D) zeta potential of MSNs and bFGF@MSNE.

of diameter (Figure 2C) and zeta potential (Figure 2D) indicated that the size and zeta potential of MSNs were 135.6
+1.473 nm and 37.0£1.338 (mV), respectively, and those of bFGF@MSNs were 140.4+1.683 nm and 36.3+0.829 (mV),
respectively. The results obtained for the two measurements were basically consistent. The size of nanoparticles was
suitable for drug loading and could enhance cell adhesion and biological activity.>> bFGF could be stored into the MSNs
by exploiting the surface aperture to achieve sustained release. More importantly, bFGF@MSNSs had a typical porous
structure that favored cell growth and nutrient delivery.”* Thus, we thoroughly demonstrated the potential of
bFGF@MSNSs as carrier nanomaterials for bone tissue engineering.

As determined by UV Spectrophotometry, the drug loading of bFGF@MSNs was 28.3%, and the embedding ratio
was 84.9%. In previous studies, MSNs have been proved to be capable of loading with various drugs, such as

adriamycin, camptothecin, cisplatin and other small molecule chemotherapy drugs® 2’

and large molecule drugs such
as peptides, proteins and DNA.?*>° MSN loading with drugs is related to the mesoporous aperture, through which
proteins can enter the interior of MSNs. Generally, MSNs with negative surface charges can be loaded with positively
charged drugs.*'**> MSN loading with drugs can be improved by altering the encapsulation rate and drug loading rate by
electrostatic adsorption. In our study, MSNs were loaded with bFGF by means of physical adsorption while stirring the
mixture. In addition, the isoelectric point of recombinant human bFGF protein (Gibco, ThermoFisher Scientific, USA)
was alkaline (pI = 9.6). In the bFGF loading section, we reported that “ ... bFGF was dissolved in 1 mg/mL ethanol
solution ... ”, since the ethanol solution is neutral (pH = 7.0), the protein molecules of bFGF would have a positive
charge when dissolved in ethanol, and pH is < pl under these conditions. After that, the negatively charged MSNs
absorbed the positively charged bFGF to achieve the synthesis of bFGF@MSNSs. As described in previous studies, bFGF
could also enter the interior of MSNs through the aperture. The results indicated that the prepared nanoparticles had a
high entrapment efficiency, which may be related to their unique mesoporous structure. bFGF could be adsorbed in the
mesoporous channels and internal space, resulting in increased transport stability and sustained release ability.

Since the pH value of blood is 7.4, the release of bFGF in an environment with a pH of 7.4 was determined. The
results are shown in Table 2 and Figure 3A. The cumulative bFGF release from bFGF@MSNs was 21.8% at 1 hour and
81.1% at 360 hours, indicating that the release of bFGF in vivo was relatively slow. The porous structure on the surface
could avoid the premature release of internal bFGF and ensure the stability of bFGF. Conventionally, direct application of
bioactive factors may cause uncontrolled release or loss of biological activity.*>** Even after delivering factors to the
target site, maintaining their biological activity is especially important for regulating cellular processes.”® In addition, the
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Table 2 Cumulative Release of bFGF in vitro

Time (Hours) bFGF (%) Mean = SD
0 0

| 21.8 + 1.358
2 353 = 1.747
4 46.7 £ 1.802
8 534+ 0817
16 58.8 + 1.401
32 63.3 £ 0.961
48 66.6 £ 1.001
72 71.5 £ 0.945
96 73.1 £ 1.153
144 76.5 + 0.862
216 777 £ 0917
288 80.3 + 1.054
360 8l.1 +1.308

degradation analysis showed no significant difference between the MSNs and bFGF@MSNs groups, which had similar
rates of Si icon release after 1, 3, 7, 14 and 21 days of soaking (Figure 3B). Meanwhile, the samples of MSNs and
bFGF@MSNs achieved sustained release of Si ions, and over 21 days in the soaking experiment, the released
concentrations of Si ions were 34.9 ng/L and 36.1 pg/L, respectively. Hence, it is important to develop approaches for
the sustained release of bFGF and Si ions to meet the needs of different bone repair stages.

The preosteoblastic MC3T3-E1 cells grew well in standard medium with different bFGF@MSN concentrations (0, 50
pg/L, 100 pg/L, 200 pg/L, 400 pg/L and 800 pg/L) after 24 hours and 48 hours (Figure 4A). This result indicated the
absence of cytotoxicity associated with the bBFGF@MSNs. Compared to other concentrations, a concentration of 400 pg/
L bFGF@MSNs was selected as the appropriate concentration because it obviously promoted cell proliferation.
However, the cell survival ability gradually decreased with increasing concentrations. As shown in Figure 4A, 800 pg/
L bFGF@MSNs diminished cell proliferation at 48 hours. This phenomenon was likely caused by the release of a large
amount of bFGF from high concentrations of bFGF@MSNSs, with toxic side effects.

The proliferation of MC3T3-E1 cells was evaluated at 1st, 3rd, S5th and 7th days, as shown in Figure 4B. Compared to
the control and MSN-treated groups, the bFGF@MSNs-treated group showed an obvious increase in cell proliferation.
Excellent cell proliferation provides the basis for osteogenic differentiation.”> >’ As shown in Figure 3, the release of
bFGF appeared to peak after 5 days. As a result, no significant difference in cell proliferation was found at 7th day. The
morphologies of MC3T3-E1l cells cultured without or with MSNs or bFGF@MSNs are shown in Figure 4C. No
detectable differences were found in terms of cell adhesion and cell stretching compared with the control and MSN
groups. In addition, there were no dead cells after culture for 3 days and 5 days (Figure 4D). Meanwhile, the number of
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Figure 3 (A) The profile of cumulative bFGF release from bFGF@MSNSs. (B) Si ions released from MSNs and bFGF@MSNSs.
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Figure 4 (A) Cell survival was analysed at different bFGF@MSNs concentrations. *p < 0.05 versus a 0 pg/L bFGF@MSNs concentration. (B) Proliferation of MC3T3-E|
cells cultured with or without nanoparticles (MSNs or bFGF@MSNs) in standard medium. *p < 0.05 versus the control group, *p < 0.05 versus the MSNs group. (C)
Representative images of the morphologies of MC3T3-E| cells. Green represents the cytoskeleton, and blue represents the cell nucleus. (D) Representative images of live/
dead staining of MC3T3-E| cells. Green represents live cells, and red represents dead cells.

MC3T3-El cells in the bFGF@MSNs group was higher than that in the control and MSNs groups, confirming that
bFGF@MSNs promoted cell proliferation. In summary, bFGF@MSNs had good biocompatibility.

The in vitro evaluation of the osteogenic differentiation of MC3T3-El cells is shown in Figure 5. Osteoblast
differentiation is the basis of bone formation.*® During the process of osteogenic differentiation, the basic biological
features are bone matrix synthesis, secretion, mineralization and maturation. Mineralized nodules are a marker of
osteoblast maturation and the main morphological manifestation of osteoblast-driven osteogenesis. Observing the
mineralized nodules of osteoblasts is a common method for evaluating osteoblast differentiation. Evaluation of miner-
alized matrix formation by ARS staining®® showed calcium deposition and nodule formation after osteogenic induction
for 14 days and 21 days (Figure 5A). The intensity of the red color observed for the bBFGF@MSNs group was visibly
stronger than that observed for the control and MSNs groups, which was consistent with microscopy images revealing
more calcium in bFGF@MSNSs group. Evaluation of the amount of calcium deposition (Figure 5B) also supported the
conclusion that a better osteogenic effect is achieved after bFGF@MSNs treatment. In addition, alkaline phosphatase
(ALP) is an early enzyme marker that regulates the differentiation of bone marrow stem cells or preosteoblasts into
osteoblastic cells.*'**> ALP production was detected through ALP staining and ALP activity assays (Figure 5C and D).
The results showed that ALP products increased with the extension of culture time. After osteogenic induction for 7 days
and 14 days, the ALP activity (Figure 5D) in the bFGF@MSNs group was significantly higher than that in the other
groups, which was similar to the ALP staining pattern (Figure 5C). These results indicated that bFGF@MSNs could
significantly facilitate osteogenic differentiation in vitro.

After MC3T3-E1 cells were cultured with osteogenic induction for 7 days, the total RNA of single cells in the control
group and bFGF@MSNs group was extracted and subjected to transcriptomic analysis. The results of transcriptomic
sequencing analysis are shown in Figure 6. There was a large amount of differential gene expression between the two
groups, as shown in the volcano map (Figure 6A). This result suggested that bFGF@MSNs altered the gene expression of
MC3T3-El cells during the process of osteogenic induction culture. Gene ontology (GO) analysis of differentially
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Figure 5 In vitro evaluation of osteogenic differentiation of MC3T3-El cells after stimulation with MSNs, bFGF@MSNs and bFGF@MSNs in DKK1 inhibitor-containing
conditioned media. (A) Alizarin red S staining. (B) Alkaline phosphatase staining. (C) Quantitative analysis of mineralized nodules. (D) Alkaline phosphatase activity. *p < 0.05
versus the control group, “p < 0.05 versus the MSNs group, ®p < 0.05 versus the bFGF@MSNs group.
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Figure 6 bFGF@MSNs regulated the biological processed of MC3T3-E| cells in terms of gene expression and signalling pathways, as shown by transcriptomic analysis. (A)
Volcano map of differentially expressed genes in MC3T3-El cells. (B) Histogram of differentially expressed genes in Go analysis. (C) Upregulated osteogenesis-related genes
in the biological process category. (D) Q-value enrichment map of bFGF@MSNs. The enrichment ratio was calculated as (differentially expressed genes in this pathway/all
differentially expressed genes)/(genes annotated to this pathway/all annotated genes). (E) Q-value distribution of enrichment pathway. To filter out differentially expressed
genes, |log2 fold-change| 21, p value <0.05 and Q value<0.05 were used as cut-offs.

expressed genes showed that the expression of genes related to the biological processes (cell proliferation, biological
adhesion and biological regulation) was upregulated (Figure 6B). bFGF@MSNs upregulated proliferation-related gene
expression, resulting in the promotion of MC3T3-El cell proliferation (Figure 4B). Given that differentiation from
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Figure 7 (A) mRNA levels of the osteogenesis-related genes RUNX2, OCN, Osterix and ALP, as determined by real-time PCR. (B) Relative mRNA levels of the Wnt/f3-
catenin signalling factors B-catenin, LRP5 and GSK-3p, as determined by real-time PCR. (C) Protein levels of the osteogenesis-related proteins RUNX2 and Osterix, as
measured by Western blotting. (D) Levels of the Wnt/B-catenin signalling-related proteins B-catenin, LRP5 and GSK-3p, as measured by Western blotting. *p < 0.05 versus
the control group, *p < 0.05 versus the MSNs group, and *p < 0.05 versus the bFGF@MSNs group.

preosteoblasts to osteoblasts is a biological process,*®*°

the expression of osteogenesis-related genes (ALP, RUNX2,
OCN, Osterix and Collal) was upregulated in the biological process category (Figure 6C). In the in vitro real-time PCR
analysis, the mRNA levels of the osteogenesis-related genes (RUNX2, OCN, Osterix and ALP) were upregulated
(Figure 7A). Meanwhile, Western blotting revealed higher levels of the osteogenesis-related proteins RUNX2 and
Osterix (Figure 7B). Hence, bFGF@MSNs significantly promoted osteogenesis (Figure 5) by regulating biological
processes (Figure 6D).

Most importantly, KEGG pathway analysis revealed that the Wnt/B-catenin signalling pathway was obviously altered,
as shown in Figure 6E. In the in vitro real-time PCR analysis, the mRNA levels of the Wnt/B-catenin signalling-related
factors B-catenin and LRPS were upregulated, and those of GSK-33 were downregulated (Figure 7C). Western blotting
revealed higher levels of the Wnt/B-catenin signalling-related proteins B-catenin and LRPS and lower levels of the Wnt/B-
catenin signalling-related proteins GSK-3f (Figure 7D). The Wnt signalling pathway is a complex protein interaction
network. The Wnt/B-catenin pathway is a Wnt pathway that causes B-catenin to accumulate in the cytoplasm and
eventually translocate to the nucleus as a transcription factor. Without Wnt, B-catenin cannot accumulate in the
cytoplasm. The intracellular destruction complex that degrades the B-catenin consists of the following proteins: axin,
adenomatous polyposis coli (APC), protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3) and casein
kinase 1o (CK1a). These proteins degrade P-catenin by via B-catenin ubiquitination and targeting to the proteasome for
digestion.*

The Wnt/B-catenin signalling pathway is a fundamental and widespread regulatory mechanism*® that plays an
important role in embryonic development and bone healing. In recent years, with increasing research on signalling
molecules and pathways, it has been found that the Wnt/B-catenin pathway can increase the proliferation, differentiation

45-47

and functional activity of osteoblasts and thus plays an important role in bone tissue homeostasis. A previous study
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Figure 8 Micro-CT evaluation of bone regeneration in vivo. (A) Representative two-dimensional micro-CT images at 0, 2 and 4 weeks after surgery. (B) Reconstructed
three-dimensional micro-CT images at 0, 2 and 4 weeks after surgery. (C) Bone mineral density at 2 and 4 weeks after surgery. (D) Bone volume fraction at 2 and 4 weeks
after surgery. *p < 0.05 versus the control group, ”p < 0.05 versus the MSNs group.

Abbreviations: BMD, bone mineral density; BV/TV, the percentage of bone volume to tissue volume.

indicated that B-catenin significantly enhanced ALP activity while promoting osteogenesis.*® Runx2 is an osteoblast-
specific transcription factor that is involved in osteoblast proliferation, differentiation, and bone formation.**>® Runx2
expression was reduced leading to the inhibition of bone regeneration via inhibition of the activity of the Wnt/B-catenin
signalling pathway.”" Osterix is an osteoblast-specific transcription factor that is essential for osteoblast proliferation and
differentiation and a downstream gene of Runx2 in osteoblast differentiation signalling.’® The dickkopf-1 (DKK1)
protein is the main inhibitor™>*>* of the Wnt/B-catenin signalling pathway, reducing the activity of osteoblasts and leading
to reduced bone formation. In this study, MC3T3-El cells were cultured with bFGF@MSNs and DKK1-containing
osteogenesis inducing medium. The mRNA and protein levels of the Wnt/B-catenin signalling-related factors B-catenin
and LRP5 were upregulated, and those of GSK-3p were downregulated (Figure 7C and D). Compared with the control
group, MSNs group and bFGF@MSNs group, the inhibitor-treated group showed markedly poor osteogenesis perfor-
mance, as shown in Figure 5. The mRNA and protein levels of osteogenesis-related factors were significantly decreased
(Figure 7A and B). Therefore, the Wnt/B-catenin signalling pathway plays an important role in osteogenic differentiation,
and blocking this pathway might lead to bone regeneration disorder and delayed bone healing.>> These results indicated
that bFGF@MSNs could significantly facilitate osteogenic differentiation by activating the Wnt/B-catenin signalling
pathway in vitro.

Given the success of our in vitro osteogenic differentiation studies, bone regenerative capacity was evaluated in vivo
by micro-CT of distal femur defects at 2 and 4 weeks (Figure 8). Bone regeneration was observed macroscopically in
two-dimensional (Figure 8A) and three-dimensional (Figure 8B) reconstructed images. The trend of bone regeneration
involved growth from the edge of the defect to the center. Compared to that in the control group and MSN-treated group,
visibly accelerated bone defect repair was observed in the bFGF@MSNs-treated group. In addition, the BMD
(Figure 8C) and BV/TV (Figure 8D) values of the bFGF@MSNs group were superior to those of the control group
and MSNs group. The bone regeneration capability of the bFGF@MSNs group was better than that of the other groups at
both 2 and 4 weeks, which suggested that the sustained release of bFGF met the needs of different bone repair stages.
Furthermore, new bone formation was detected by histological analysis after H&E staining at 2 and 4 weeks (Figure 9).

There was no obvious inflammatory response in the sections among the three groups. We observed more newly formed
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Figure 9 Histomorphological analysis of newly formed tissue by hematoxylin-eosin staining.

bone and fibrous tissue in the bFGF@MSNSs group than in the other groups. In contrast, few regenerative tissues were
found in the control group, which was attributed to lack of inducers to support cell adhesion and differentiation.'® MSNs
promoted osteogenesis moderately due to a lack of support from bioactive factors. Hence, the application of
bFGF@MSNSs is a promising alternative to promote bone regeneration.

Conclusion

In this study, we successfully synthesized bFGF@MSNs with an appropriate size, stable properties and good biocompat-
ibility. With bFGF sustained release, the effective concentration of bFGF@MSNs was determined to be 400 pg/L which
was beneficial for cell proliferation and adhesion. More importantly, bFGF@MSNs have the ability to significantly
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enhance osteogenic differentiation by upregulating osteogenesis-related gene and protein expression. Transcriptomic
sequencing analysis demonstrated that bFGF@MSNSs regulate the biological processes of MC3T3 cells in terms of cell
proliferation, biological adhesion and biological regulation. In addition, bFGF@MSNs stimulated osteogenesis by
activating the Wnt/B-catenin signalling pathway, and the inhibitor DDK1 significantly reduced osteogenic differentiation
after bFGF@MSNSs stimulation. Furthermore, an in vivo study also confirmed that bFGF@MSNs obviously promote
bone regeneration in distal femur defects. Therefore, bFGF@MSNs may become a potential therapeutic for clinical
application to repair bone defects in the future.
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