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Introduction: RNA-based therapy for bone repair and regeneration is a highly safe and
effective approach, which has been extensively investigated in recent years. However, the
molecular stability of RNA agents still remains insufficient for clinical application. High
porosity, tunable size, and ideal biodegradability and biosafety are a few of the characters of
mesoporous silicon nanoparticles (MSNs) that render them a promising biomaterial carrier
for RNA treatment.

Materials and Methods: In this study, a novel miR-26a delivery system was constructed
based on MSNs. Next, we assessed the miRNA protection of the delivery vehicles. Then, rat
bone marrow mesenchymal stem cells (rBMSCs) were incubated with the vectors, and the
transfection efficiency, cellular uptake, and effects on cell viability and osteogenic differ-
entiation were evaluated.

Results: The results demonstrated that the vectors protected miR-26a from degradation
in vitro and delivered it into the cytoplasm. A relatively low concentration of the delivery
systems significantly increased osteogenic differentiation of rBMSCs.

Conclusion: The vectors constructed in our study provide new methods and strategies for
the delivery of microRNAs in bone tissue engineering.

Keywords: nanocarrier, microRNAs, osteoinduction, tissue engineering

Introduction

Annually, more than 20 million people worldwide are affected by bone defects
caused due to trauma, infection, tumor, or congenital diseases. ' Therapies for bone
regeneration pose a great clinical challenge.”> Autogenous graft is currently regarded
as the “gold standard” treatment for bone loss because of its characteristic features
such as excellent osteogenesis, osteoconduction and osteoinduction.> Nonetheless,
the volume of bone that is possible to be harvested from the iliac crest is restricted,
and complications such as morbidity at the harvest site, local hematoma, and
remodeling issues of the implanted bone are few of the significant concerns in
clinical practices.*> Because of the abovementioned limitations of autogenous
graft, there is an urgent need to devise novel clinical therapeutic approaches or
methods and/or efficacious and efficient components with improved bone
regeneration.® Bone tissue engineering (BTE) has emerged as a promising bone

regeneration methodology as it is capable of providing sufficient mechanical
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strength and promoting vascularization for their biocom-
patibility, biodegradability, and porosity.”® Despite these
merits, BTE still possesses a relatively limited bone regen-
eration efficiency. Various strategies have been developed
to improve the bone regeneration capabilities of BTE
scaffolds.”'® Apart from modifying the scaffold material,
incorporation of diverse bone regeneration promoters
including drugs, bioactive molecules, and siRNA are also
attracting increasing attention.'' '

MicroRNAs (miRNAs) are a type of small non-coding
single-stranded RNAs that play a significant role in the
cellular activities of a living organism.'* They act as
regulators of expression of post-transcriptional genes by
either inhibiting the translating process or degrading
mRNA molecules corresponding to the target gene.'
The functions of several miRNAs in the bone regeneration
process have already been investigated.'®'® MiR-26a has
been confirmed to regulate multiple pathways of osteo-
genic differentiation and promote bone restoration.'®*
However, in the context of miRNA therapy, negatively
charged miRNAs are ineffective in penetrating the cell
membranes that are also negatively charged. Moreover,
in the absence of structural or chemical modifications,
binding of miRNAs to intended targets in vivo tends to
be ineffective while degrading rapidly.”' Virus-facilitated
gene delivery was also considered an interesting possibi-
lity for efficient gene therapy; however, toxicities of the
virus vector provoke certain concerns.’*** Therefore,
novel delivery vectors that can penetrate cell membrane
effectively, protect miRNAs from degradation while gen-
erate negligible toxicity are urgently needed.

Mesoporous silica nanoparticles (MSNs), which have
high porosity and specific surface area, tunable size, ideal
biodegradability, and biosafety, were well accepted as
a perfect drug delivery vehicle or system, therefore
a promising vehicle for gene transfection.”*?® Following
the development of MSM-41-type MSN nano-vehicles for
drug delivery in 2001, various types of MSNs have been
designed on the basis of customized payloads that aim to
deliver, e.g., bioactive molecules, plasmids, siRNA and
DNA, and so on.?’° Advances have been made particu-
larly in the application of MSNs as BTE scaffolds or at
least a part of scaffolds in the recent years.’' Yao et al
developed a novel MSNs incorporated-3D nanofibrous
gelatin scaffold for dual-delivery of BMP-2 and deferox-
amine to conserve their abilities of angiogenesis and
osteogenesis.>? Zhao et al synthesized nanoparticle osteo-
genic delivery systems, by covalently grafting BMP-2

peptide on the surface of nanoparticles and loading dex-
amethasone into the channel of MSNs, which were effi-
cient in inducing osteoblast differentiation and bone
regeneration effectively in vivo.>® Here, we hypothesize
vectors on the basis of MSNs that are capable of protecting
loaded miR-26a and transporting it across the cell mem-
brane barrier effectively in a cytotoxic-free manner, even-
tually promoting osteogenic differentiation of stem cells.

For authenticating this hypothesis, an MSN-based vec-
tor system was developed in which miR-26a was effectively
loaded for the first time. Thereafter, various effects of the
system, such as toxicity, transfection efficiency, miRNA
delivery, and osteogenic differentiation on the rBMSCs
were evaluated. We used rBMSCs because of their pluripo-
tent nature with high self-renewal and multidirectional dif-
ferentiation potential.>**> The rBMSCs, with these merits
apart from being easily available and multipliable are there-
fore perceived as ideal seeding cells for tissue engineering
and target cells for cell or gene therapy.’®>’ First, the
protection effectiveness of the vectors to the miRNA were
validated and the transfection doses and time were opti-
mized. A 12 h treatment with 20 pg/mL MSN-miR-26a
complex was found to deliver the target microRNA into
rBMSCs effectively with insignificant cytotoxicity. Second,
to detect the location of miR-26a transported into the trans-
fected cells confocal microscopic examination was per-
formed. Then alkaline phosphatase (ALP) activity and
mineralization characterization was carried out to verify
the occurrence of osteogenic differentiation of rBMSCs.
On the 7th and 14th days after transfection, upregulation
of multiple key growth factors associated with osteogenesis
were found both at gene and protein levels, confirming the
activation of osteogenic signal pathways. Altogether, the
effectiveness of MSN-miR-26a complex in promoting stem
cells osteogenic differentiation was demonstrated by these
results; therefore, paved the way for its further application
in bone regeneration medicine.

Materials and Methods

Mesoporous silica nanoparticles (~90 nm) were procured
from Xi’an ruixi Biological Technology Co., Ltd (Xi’an,
China). Riobo (Guangzhou, China) supplied micrON rno-
miR-26a-5p mimic, micrON miRNA mimic NC, fluorescein
amidite (FAM) labeled rno-miR-26a-5p mimic, and Bulge-
Loop ™ miRNA ¢RT-PCR Starter Kits. The KALA peptide
(WEAKLAKALAKALAKHLAKALAKALKACEA) was
designed by Sangon Biotech (Shanghai, China). Sigma-
Aldrich (Germany) provided branched polyethylenimine
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(PEI, MW =25,000Da), Guanidine HCL (MW = 95.53), and
(SPDP).
Chemicals and reagents such as Phosphate buffer saline 1X
(PBS; Thermo Fisher Scientific, Waltham, MA, USA),
serum-free and animal protein-free cell freezing medium
(New Cell & Molecular Biotech Co., Ltd, Suzhou, China),
TritonX-100 (Solarbio Life Sciences, Beijing, China),
bicinchoninic

N-succinimidyl-3-(2-pyridyldithiol) propionate

acid protein assay kit (Leagene
Biotechnology, Beijing, China), ALP assay kit (Jiancheng
China), BCIP/NBT

Alkaline Phosphatase Color Development Kit (Beyotime

Bioengineering Institute, Nanjing,

Biotechnology, Shanghai, China), tetramethylethylenedia-
mine (TEMED; Thermo Fisher Scientific, Waltham, MA,
USA), NON-Fat Powdered Milk (BBI Life Sciences
Corporation, Shanghai, China), PageRuler Prestained
Protein Ladder (Thermo Fisher Scientific, Waltham, MA,
USA) were utilized in this study. Cell Counting Kit-8
(CCK-8), SDS-PAGE protein loading buffer, 30% Acr-Bis
(29:1), 10% SDS, 1M Tris-HCL (pH = 8.8), IM Tris-HCL
(pH = 6.8), Glycine (MW = 75.07), and 4% paraformalde-
hyde were procured from Biosharp (Hefei, China).
Phenylmethanesulfonyl fluoride (PMSF), RIPA lysis buffer,
ECL Plus Detection Kit, and WB Primary Antibody Dilution
Buffer were obtained from EnoGene (Nanjing, China).
Cyagen Biosciences (Guangzhou, China) provided OriCell
Sprague-Dawley (SD) rBMSCs, SD Rat Mesenchymal Stem
Cell Complete Medium, SD Rat Mesenchymal Stem Cell
Osteogenic Differentiation Medium, OriCell Trypsin-EDTA
Solution, and Alizarin Red S (ARS). Takara Minibest uni-
versal RNA Extraction Kit, PrimerScript RT Master Mix,
and SYBR Premix EX Taq II were delivered by Takara Bio
Inc. (Kusatsu, Japan).

Preparation of MSN_miRNA@PEI-KALA
Delivery System

The researches of Li et al were referred to design
MSN_miRNA@PEI-KALA >
MSNs were added into a 1.5 mL microcentrifuge tube and
dispersed in 80 pL ethanol, and 20 pL. 4M Guanidine hydro-
chloride solution was added. To the tube were added 10 uL
0.1 nmol/uL miR-26a mimic or FAM-labeled miR-26a
mimic or mimic NC or RNase-free H,O. The mixture was

Specifically, 0.5 mg

dispersed by an ultrasonic device (P =80 W) for 10 min and
was then shaken at a speed of 200 rpm at 4°C for 1 h. After
being centrifuged at 12,000 rpm at 4°C for 10 min, the
supernatant was removed and the sediment was rinsed once
by ethanol. The sediment was resuspended in 100 pL

ethanol, then well dispersed using the ultrasonic device for
several minutes. Subsequently, an equal volume of 1 mg/mL
PEI ethanol solution was added drop by drop. Following 15
min of ultrasonic dispersion, the mixture was centrifuged,
supernatant segregated, and the sediment rinsed by ethanol.
The thus attained particles were resuspended in 100 pL
ethanol, followed by addition of 20 puL 0.2 mg/mL SPDP
solution. This was followed by 15 min of ultrasonication and
30 min of precipitation; then, the mixture was centrifuged
and the supernatant was discarded. Washed twice using
RNase-free ddH,O, the particles were dispersed and 75 pL
1 mg/mL KALA peptide solution was added. Following
dispersion by ultrasonication, the mixture was allowed to
rest for 30 min and then centrifuged. It was rinsed twice
using water, 500 uL. ddH,O was added to the particles and
the final concentration of the delivery system was measured
to be 1 ug/uL. The vectors were stored at —20°C for later use.
The flowchart illustrations of the preparation are shown in
Figure 1.

Transmission Electron Microscopy (TEM)
and Dynamic Light Scattering (DLS)

The morphology and structure of MSNs were observed by
TEM (JEM-2100; JEOL, Tokyo, Japan). The particles
were dispersed in an appropriate solvent (e.g., deionized
[DI] water or ethanol). Following ultrasonic dispersion for
15 min, the particle suspension was dripped onto a 200-
mesh copper TEM grid (Electron Microscopy Sciences,
Washington, PA) and dried at room temperature overnight.
At least three images of each sample were gathered for
statistical representation. Particle size and zeta potential in
a liquid solution were measured using ZetaSizer Nano
(Malvern Instruments Ltd., Worcestershire, UK).

Agarose Gel Electrophoresis Assay
Agarose gel electrophoresis was carried out to evaluate the
miRNA protection of the deliveries. Before electrophor-
esis, we performed a series of treatments on the delivery
systems. First, the particles were incubated with RNase
A. Then, the particles were further treated with heparin
and RNase A. Naked miRNA with or without RNase
A treatment and the delivery systems with the foregoing
treatments were loaded on a 1% agarose gel containing
0.01% GoldView with TAE running buffer at 100 V for 30
min. Consequently, the obtained bands were visualized by
a UV (254 nm) illuminator and the images captured by
Bio-Rad imaging system (Hercules, CA).
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Figure | Flowchart illustrating vector preparation and delivery of miR-26a.

MSN_miR-26a@PEI MSN_miR-26a@PEI-KALA

Notes: (A) Encapsulating miR-26a mimics into the mesopores of MSNs (MSN_miR-26a). (B) Coating MSN_miR-26a with PEI (MSN_miR-26a@PEI). (C) Conjugating KALA
peptides onto the surface of MSN_miR-26a@PEl (MSN_miR-26a@PEI-KALA). (D) Internalization of nanocarriers into cells. (E) Transport of nanocarriers to the lysosome.
(F) Endolysosomal escape of delivery vehicles. (G) Release of miR-26a into cytoplasm from the vectors.

Abbreviation: MSNs, mesoporous silicon nanoparticles.

Cell Culture

SD rBMSCs were cultured at a temperature of 37°C in
a cell incubator at a humidified atmosphere comprising 5%
CO,. The rBMSCs were passaged on reaching ~80% con-

fluence. Cells at passages 3—5 were used in this study.

Cell Viability Assay

SD rBMSCs were seeded in a 96-well plate with
a concentration of 5 x 10° cells/well and incubated overnight
prior to starting the treatments. The cells were washed with
PBS and transferred to a low serum medium (5% FBS) with-
out penicillin or streptomycin, prior to treating them with
varying concentrations (5, 10, 20, 25, 50, and 100 pg/mL)
of MSN@PEI-KALA, MSN_miR-26a@PEI-KALA and
MSN miR-NC@PEI-KALA. The CCK-8 assay was used
to assess the cell viability at 12 h and 24 h post transfection.
The cells without any treatment were set as control. Briefly,
CCK-8 solution was mixed with the culture medium at
a volume ratio of 1:10, and the thus obtained mixture was
added to each well and incubated at 37°C for 2 h. Wells
containing only CCK-8 solution and medium were set as
blank. The absorbance of all samples was measured at 450
nm using a microplate reader (Spectra Max 190; Molecular
Devices LLC, Sunnyvale, CA, USA). The cell viability was
obtained in terms of percentages using the following formula:

Cell Vlablhty (%) = (OD test — OD blank)/(OD control
- 0D blank) x 100%

Confocal Laser Scanning Microscopy
(CLSM) Observation

Glass-bottomed Petri dishes were used to seed rBMSCs and
incubated overnight. The vehicles loaded with FAM-
labeled miRNA molecules were added with a final concen-
tration of 20 pg/mL. After allowing different incubation
time periods, the medium was replaced with the prewarmed
(37°C) Lyso-Tracker Red (Solarbio Life Sciences) probe-
containing medium to label the lysosome. The loading
solution was removed after an hour and the cells were
washed twice with PBS. They were then fixed with 4%
paraformaldehyde and washed twice with PBS; the cells
were dyed with 4',6-diamidino-2-phenylindole (DAPI;
label the cell
Fluorescence images were captured using CLSM (Zeiss-
LSM710; Carl Zeiss Meditec AG, Jena, Germany).

Beyotime Biotechnology) to nuclei.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

To estimate the mRNA expression level of miR-26a, the
rBMSCs were seeded at 1 x 10° cells/well in a 6-well plate,
transferred to a low-serum DMEM on the second day and
incubated with 20 pg/mL MSN miR-26a@PEI-KALA,
MSN@PEI-KALA, and MSN_miR-NC@PEI-KALA for
different durations, and the cells without treatment were
set as control.

To assess the mRNA expression level of osteogenic
differentiation markers, including Runx2, Opn, Osx, and
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Bmp2 in various groups on the 7th and 14th days after
osteogenic induction; the cells were seeded at 1 x 10°
cells/well in a 6-well plate. Following the incubation with
20 pg/mL MSN miR-26a@PEI-KALA, MSN miR-NC
@PEI-KALA, and MSN@PEI-KALA for 12 h each, the
medium was changed to osteogenic differentiation medium.
On the 7th and 14th days, the cells were collected and the
total RNA isolated using the RNA extraction kit as per the
manufacturer’s instructions. A total of 500 ng of RNA was
reversely transcribed into cDNA using a reverse transcrip-
tion kit, and qRT-PCR was carried out using the ABI 7900
Real-Time PCR System (Thermo Fisher Scientific). The
primer sequences of osteogenic differentiation markers are
provided in Table 1. The Bulge-Loop™ miRNA gRT-PCR
Primer Sets (one RT primer and a pair of qPCR primers for
each set) specific for miR-26a were procured from RiboBio
Biotech (Guangzhou, China); and the reference genes were
GAPDH and U6. The relative expression level of the target

gene was calculated according to equation 2/ A4¢T,

ALP Staining and Activity Assays
The rBMSCs were seeded in a 24-well plate with 5 x 10*
per well. MSN@PEI-KALA, MSN_ miR-26a@PEI-
KALA, and MSN_miR-NC@PEI-KALA were added in
the well with a final concentration of 20 pg/mL. After 12
h the osteogenic induction medium was replaced. On the
days 7 and 14 of osteogenic induction, the cells were dyed
as per the manufacturer’s instructions in ALP staining kit.
Briefly, the cells were first fixed with 4% paraformalde-
hyde and then rinsed twice with PBS. They were dyed
using BCIP/NBT reagents at room temperature and
washed with double distilled water for observation.

For the ALP activity assay, the rBMSCs were seeded in
a 6-well plate and treated with vectors as described here-
inbefore. After osteogenic induction for 7 and 14 days, the
cells were lyzed using 0.5% TritonX-100. Post centrifuga-
tion, the supernatant was collected for subsequent

Table | Primer Sequences for qRT-PCR Analysis

experiments. The total protein concentration and ALP activ-
ity were detected following the instructions in the bicincho-
ninic acid protein assay and ALP assay kits, respectively.
The ALP activity was normalized to the total protein
content.

Matrix Mineralization Assay

Matrix mineralization level was evaluated using Alizarin red
staining. The grouping and treatments of cells in this experi-
ment were consistent with those used in the ALP staining.
Fourteen days after the osteogenic induction, rBMSCs were
fixed with 4% paraformaldehyde for 15 min and dyed with
alizarin red solution for 5 min. They were then washed twice
with double distilled water for observation. Then, 10%
cetylpyridinium chloride (Bomei Biotechnology, Hefei,
China) was added into the wells to dissolve the red matrix
precipitate and sustained for 15 min. The optical density of
the solution was read at 550 nm with a microplate reader.

Western Blot Analysis

To assess the protein levels of OPN, OSX, and BMP2 in
rBMSCs treated with MSN@PEI-KALA, MSN miR-
26a@PEI-KALA, and MSN_NC@PEI-KALA Western blot
was carried out. Proteins, extracted from each group using
RIPA lysis buffer and 1% PMSF, were loaded onto 10% SDS-
PAGE gel with equal amounts for electrophoresis. Proteins
were then transferred onto a polyvinylidene difluoride mem-
brane. After being blocked with 5% nonfat milk for 2 h, the
membranes were incubated using anti-Osteopontin/OPN anti-
body (Novusbio; 1:1000 dilution), anti-Osterix antibody
(Abcam; 1:1000 dilution), and anti-BMP2 antibody (Abcam;
1:1000 dilution) at 4°C overnight, followed with suitable
secondary antibodies that conjugated with horseradish perox-
idase for 50 min at room temperature. The internal control was
GAPDH. After rinsing the blots thrice, enhanced chemilumi-
nescence kit was used to visualize the proteins, and the results
were analyzed using the Image J (NIH, Bethesda, USA).

Gene Forward Primer (5'-3") Reverse Primer (3'-5)

Runx2 GGGACCTGCCACTGTCACTGTAATA CAAGTGGCCAGGTTCAACGA
Opn GCCGAGGTGATAGCTTGGCTTA TTGATAGCCTCATCGGACTCCTG
Osx GGAGGCACAAAGAAGCCATA GGGAAAGGGTGGGTAGTCAT
Bmp2 CAGTGGGAGAGCTTTGATGT ACCTGGCTTCTCCTCTAAGT
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

Abbreviations: qRT-PCR, quantitative real-time polymerase chain reaction; Opn, osteopontin; Osx, osterix; Bmp2, bone morphoge-
netic protein 2.
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Statistical Analysis

All experimental data were expressed in terms of mean +
standard deviation (SD) values, and analyzed with the help
of SPSS v.19.0 software (IBM Corporation, Armonk, NY,
USA). Comparisons between groups were made using one-
way ANOVA followed by the least significant difference
(LSD) test. Statistical significance was set at p < 0.05.

Results and Discussion
Characterization and miRNA Protection
of MSN_miR-26a@PEI-KALA Delivery

Vehicles

First, the size and surface morphology of MSNs at var-
ious stages of loading were observed by TEM. As shown
in Figure 2, the size of both particles and pores were
homogeneous when no modifications (Figure 2A and D).
The size of the naked particles was ~90 nm. After coat-
ing with PEI the oily substance could be observed (indi-
cated by red arrows) on the surface of MSNs and the size
of the particles increased to ~120 nm, which led
to agglomeration and poor dispersion of particles
(Figure 2B and E). The § potential of the particle chan-
ged from negative to positive (Table 2), thus confirming
the successful modification of PEI onto MSNs. The
TEM image of MSN miR-26a@PEI-KALA shown in
Figure 2C and F demonstrated that PEI was almost
invisible and the agglomeration of MSNs was remarkably

mitigated, suggesting the KALA peptides were
conjugated onto the surface of MSN miR-26a@PEI.
Compared with MSN miR-26a@PEI, the size of
MSN_miR-26a@PEI-KALA was reduced (~109 nm)
and the positive potential was increased, providing basic
conditions allowing the carrier to penetrate the cell mem-
brane. The size and zeta potential of the three kinds of
particles measured by DLS experiment are given in
Table 2. The loading efficiency of miRNA by MSNs
was determined by the consumption of miRNA in the
solution before and after adsorption. In our work, the
amount of miRNA loaded by MSNs was about 14.95
pg miRNA/mg MSNs, with equivalent ~ 1.44 nmol
miRNA/mg MSNs.

To verify whether the delivery vehicles could protect
miRNA from degradation, agarose gel electrophoretic analy-
sis was performed to characterize the release of miRNA on
various conditions.***° As indicated in Figure 3, almost no
miRNA release was observed when no treatment was per-
formed on deliveries (Lane 3). Similarly, being treated with
RNase A did not cause any release of miRNA (Lane 4) either.
Contrarily, the brand appeared on the agarose gel when the
vehicles were further treated with heparin that triggers the

release of miRNA (Lane 5), and then disappeared when
RNase A (Lane 6), which degraded the released miRNA,
was added into the mixture. These results revealed the
miRNA protection effects of MSN_miR-26a@PEI-KALA.

Figure 2 Characterization of different particles.

Notes: TEM images of the three particles mentioned above: MSNs (A, D), MSN_miR-26a@PEI (B, E), and MSN_miR-26a@PEI-KALA (C, F).
Abbreviations: TEM, transmission electron microscopy; MSNs, mesoporous silicon nanoparticles.
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Table 2 Size and Zeta Potential of the Three Particles in
Respective Solutions

Particles Size (d.nm) Zeta Solution
Potential (mV)

MSNs 94.2346.70 —1.38+0.27 Ethanol

MSN_miR-26a@PEI 121.00+27.10 | 25.00+1.49 H,O

MSN_miR-26a@PEI-KALA | 109.50+9.65 33.80£1.06 H,O

Abbreviation: MSNs, mesoporous silicon nanoparticles.

Transfection Efficiency and Cytotoxicity
of MSN_miR-26a@PEI-KALA Delivery

Vehicles
To determine the appropriate time and dosage of transfec-

tion, cell viability assay and qRT-PCR were performed.
rBMSCs were incubated with varying concentrations of
the particles for 12 h and 24 h, and then the cell viability
was quantified by using the CCK-8 assay (Figure 4). The
results exhibited that the cell survival rate decreased in
a particle concentration dependent manner, and the cell
viabilities at 24 h after incubation were generally lower
than those observed at 12 h.

At 12 h, MSN_miR-26a@PEI-KALA and MSN miR-NC
@PEI-KALA displayed negligible cytotoxicity to rBMSCs at
the dosage of 20 pg/mL compared with control. Nevertheless,
even a relatively lower concentration (10 pg/mL) revealed
significant cytotoxicity at 24 h. Furthermore, the survival
rate of the cells co-cultured with MSN@PEI-KALA was not
influenced either by the concentration or culture time. The
results established that the vector itself had no cytotoxicity and
the adverse effect on cell activity was mainly due to the

Figure 3 Agarose gel electrophoresis analysis for miRNA protection.

Notes: Lane |: naked miRNA; Lane 2: naked miRNA treated with RNase A; Lane 3:
MSN_miR-26a@PEI-KALA; Lane 4: MSN_miR-26a@PEI-KALA treated with RNase
A; Lane 5: MSN_miR-26a@PEI-KALA further incubated with heparin; and Lane 6:
MSN_miR-26a@PEI-KALA further treated with RNase A.

Abbreviation: MSN, mesoporous silicon nanoparticle.

transfection of miR-26a or miR-NC. Overall, the suitable
time of incubation could be 12 h, and 20 pg/mL may be
a safe concentration.

The results of FCM authenticated that the transfection
efficiency increased as the dose (of delivery system) increased
(Supplementary Figure 1A and B). The rBMSCs transfected
with 20 pg/mL MSN miR-26a@PEI-KALA exhibited
a fluorescence intensity of ~23% at 12 h (Supplementary
Figure 1C).

As displayed in Figure 5, after BMSCs were incubated
with 20 pg/mL MSN_miR-26a@PEI-KALA for varying
time periods, the expression levels of miR-26a in each

group was significantly increased compared with that in
the control, and there was no significant difference
between the control and the cells treated with MSN_miR-
NC@PEI-KALA and MSN@PEI-KALA. The highest
increment was found particularly in the 12 h group, indi-
cating that maximal delivery efficiency was reached post
12 h transfection. These results are consistent with those
obtained from the CCK-8 assay and FCM, suggesting that
12 h is the optimal transfection time, beyond which the
transfection efficiency might be compromised by the cyto-
toxicity of MSNs vectors.

On the basis of the abovementioned experiments, the
transfection concentration of 20 pg/mL and the incubation
time of 12 h were opted for the following experiments.

Cellular Uptake and Location of miRNA

As presented, the protective effects of the miRNA from
degradation in vitro by the vehicles and observed negligi-
ble side effect on cell activity with appropriate treatments,
we then investigated the cellular uptake and the localiza-
tion of miRNAs in the cell. The rBMSCs were incubated
with FAM-labeled miRNA molecules encapsulated in
deliveries at a concentration of 20 pg/mL, for varying
incubation periods followed by CLSM observation. As
shown in Figure 6, post incubation for 6 h, green fluores-
cence was observed in the cytoplasm, the distribution of
which was granular and concentrated, and overlapped with
the red fluorescence, suggesting that MSN miR-
26a@PEI-KALA had been internalized by cells and
entered the lysosome. KALA is an amphipathic peptide
with strong membrane activity.*' Several studies have
evidenced that KALA promotes endosome formation and
delivers the gene via the endosomal pathway.*’ On the
basis of the positive surface charge of the carriers and
the unique properties of KALA peptides, it is inferred
that the entrance of deliveries into cells may follow the
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Figure 5 qRT-PCR analysis of miR-26a level of rBMSCs after transfections at 6, 12, and 24 h.

Note: *P < 0.05 (compared with the control).

Abbreviations: qRT-PCR, quantitative real-time polymerase chain reaction; MSN, mesoporous silicon nanoparticle; rBMSCs, rat bone marrow mesenchymal stem cells.

pathway as follows;** first, the opposite surface charge of
vehicles (positive) and cell membrane (negative) drive the
interaction between each other; next, the hydrophobic
interaction between the leucine-rich side of KALA and
the lipid side chain of the plasma membrane promotes
the embedding of vehicles into the lipid bilayer; even-
tually, MSN_miR-26a@PEI-KALA are transported to the
lysosome via the endosomal pathway.

Following incubation for 12 h, part of the green fluor-
escence that separated from the red one was more dispersed;
whereas, the green fluorescence was diffused throughout
the cytoplasm for 24 h. Moreover, neither the red nor the
green fluorescence overlapped the blue fluorescence, sig-
nifying that the miRNA molecules were gradually released
from the lysosome into the cytoplasm. Since 1980s, it had
been reported that pH-responsive amphiphilic fusion pep-
tides (such as KALA) promoted the escape of gene vectors

from the endosome into the cytoplasm, owing to their
membrane disrupting activity.*** Furthermore, PEI was
a cationic polymer with excellent endosomolytic capability,
which lead to osmotic swelling and disruption of endosome
for proton buffering effects.**® Considering the endosome
disruptive properties of PEI and the improvement of deliv-
ery efficiency, a protein or peptide which is similar to
natural component should be designed that interacts with
membranes in a natural way and is active under the milder
conditions to facilitate safer and more efficient delivery and
release of therapeutic agents in the furture.

ALP Activity and Mineralization

Evaluation
ALP was identified as a marker of early osteoblastic
differentiation.*”*® ALP staining and activity assays were
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miR-26a

12h

24h

performed on days 7 and 14 after transfections to test the
osteogenic differentiation level of rBMSCs. The highest ALP
staining intensity was found in the group treated with
MSN_miR-26a@PEI-KALA, whereas negligible difference
was observed among the other three groups (Figure 7A).
These results were in good agreement with those of the
quantitative ALP activity assay and statistical significance
was found (p < 0.05; Figure 7B). In addition, the level of
ALP activity was observed to be higher on day 14 than
on day 7. All these results indicated that the transfection
with MSN_miR-26a@PEI-KALA promotes early osteoblas-
tic differentiation of rBMSCs.

Alizarin red staining was performed to assess the degree of
mineralization of the extracellular matrix after osteogenic
induction for 14 days (Figure 7C). Calcium deposition of
MSN_miR-26a@PEI-KALA treatment group was remarkably
higher than those of other groups, consistent with the results of

semi-quantification examination of ARS extracts (Figure 7D).

Lysosome Merge
6h . .

Nuclei

.

Figure 6 Cellular uptake and the location of miR-26a.
Note: Confocal laser scanning microscopic images of rBMSCs after incubation with MSN_miR-26a@PEI-KALA for 6 h, 12 h, and 24 h.
Abbreviations: rBMSCs, rat bone marrow mesenchymal stem cells; MSN, mesoporous silicon nanoparticle.

The results of ALP activity and mineralization evaluation
confirmed that the delivery of MSN_miR-26a@PEI-KALA
into rBMSCs indeed promoted the osteoblast differentiation
both in early and later stages. It is conceivable that this was
driven by miR-26a mimic in a manner consistent with that in
earlier studies reporting miR-26a treatment could effectively
improve the osteogenic differentiation of mesenchymal stem
cells.*

PCR Analysis and Western Blot Analysis

To further understand the mechanisms of how miR-26a-
loaded MSNs promoted the osteogenic differentiation, sev-
eral osteogenic gene expressions of rBMSCs on days 7 and
14 following osteogenic induction were tested. Studies have
already revealed that miR-26a could promote the osteo-
genic differentiation potential of stem cells by regulating
multiple osteogenic differentiation pathways and inducing
the expression of several key growth factors related to
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particles after osteogenic induction of 7 and 14 days (*P < 0.05, compared with the control). (C) ARS staining of rBMSCs incubated with different particles after osteogenic
induction of 14 days. (D) Semiquantitative analysis of calcium deposition after osteogenic induction of 14 days (*P < 0.05, compared with the control).

Abbreviations: ALP, alkaline phosphatase; ARS, Alizarin red S; rBMSCs, rat bone marrow mesenchymal stem cells; MSN, mesoporous silicon nanoparticle.

osteogenesis.”® Runx2, specifically expressed in the initial
stages of osteoblast differentiation that it was the earliest
and most critical biomarker of bone formation or
regeneration.”'>> Opn was the downstream target of
Runx2 and regulated matrix mineralization.*** Osx, an
essential transcription factor for osteoblastic differentiation,
played a crucial role in the differentiation and maturation of
osteoblasts.'® During the bone formation, BMP-2 or one of
its co-signaling BMPs is imperative.® In this case, the
expression levels of these key osteogenic regulation genes
were established and are shown in Figure 8. -BMSCs trea-
ted with MSN_miR-26a@PEI-KALA exhibited the highest
levels of Runx2, Opn, Osx, and Bmp2 after osteogenic
induction of both 7th and 14th days. There was no signifi-
cant difference in the expression levels of Runx2 and Opn
among the other three groups. Post osteogenic induction of
7 days, it was hypothesized that the higher expression level
of the Osx among the three treatment groups than that in the

control is associated with KALA peptides. Thus far, KALA
peptides have not been shown to promote osteogenic differ-
entiation by any study, which can be studied further in our
future work. The cells treated with MSN_ NC@PEI-KALA
showed a significantly higher level of Bmp2, which is
inferred may be related to some effects caused by miR-
NC. The results of the Western blot were highly consistent
with those of PCR (Figure 9).

The results of PCR and Western blot revealed that
miR-26a mimics delivered by MSN miR-26a@PEI-
KALA could effectively promote the expression and secre-
tion of multiple osteogenic regulators at gene as well as
protein levels in rBMSCs.

Conclusion

It has been reported that miR-26a plays a critical role in
regulating bone formation, and miR-26a could promote the
osteogenic differentiation tendency of MSCs both in vitro
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Figure 8 qRT-PCR analysis of Runx2, Opn, Osx, and Bmp2 osteogenic gene expression levels of rBMSCs incubated with different particles after osteogenic induction of 7 and 14 days.

Note: *P < 0.05 (compared with the control).

Abbreviations: qRT-PCR, quantitative real-time polymerase chain reaction; rBMSCs, rat bone marrow mesenchymal stem cells; MSN, mesoporous silicon nanoparticle;

Opn, osteopontin; Osx, osterix; Bmp2, bone morphogenetic protein 2.
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Figure 9 OPN, OSX, and BMP2 osteogenic protein expression levels of rBMSCs incubated with different particles after osteogenic induction of 7 and 14 days.

Notes: (A) Western blot data showing the expression of osteogenesis-related proteins. (B) Semiquantitative statistical analysis of Western blot data (*P < 0.05, compared
with the control).

Abbreviations: OPN, osteopontin; OSX, osterix; BMP2, bone morphogenetic protein 2; MSN, mesoporous silicon nanoparticle; rBMSCs, rat bone marrow mesenchymal
stem cells.

and in vivo. However, further utilization of microRNAs in  in the physiological condition, and low cell membrane
bone regeneration medicine is somewhat limited by its  penetration capability, thus diminishing its effectiveness
inadequate stability and high sensitivity for degradation in the promotion of bone regeneration. Here, we designed
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a vector loaded with miR-26a mimics. MiR-26a was
loaded into the channel of MSNs, and PEI was coated on
the surface to protect miR-26a from degradation prior to
entering into the target cells. It is proposed that the deliv-
ery system carrying miR-26a enters into the lysosome of
the cells through endocytosis and escapes from the lyso-
some via the membrane fusion of KALA peptides and
proton sponge mechanism of PEI, resulting in the release
of miR-26a into the cytoplasm and eventually promoting
the osteogenic differentiation of rBMSCs. As expected,
even being treated by low concentrations of MSN miR-
26a@PEI-KALA with negligible cytotoxicity, consider-
able transfection efficiency can be achieved and therefore
significant promotion of osteogenic differentiation of
rBMSCs detected. These results authenticate the effective-
ness of utilization of MSNs as a vector for the delivery of
microRNAs to promote the osteogenic differentiation. For
further investigations, it is hypothesized that the vectors
can either be used alone or in combination with bone meal
and periosteum, or the compound on the scaffold that is
used in the bone defect region, to achieve sustained release
of miRNA and long-term osteogenesis promotion. In addi-
tion, MSN_miR-26a@PEI-KALA has abundantly avail-
able groups on their surface, which can be further
modified with functional polymers for active targeting of
stem cells, enhanced environment responsiveness, and
biocompatibility. Altogether, this work aimed to provide
some novel insights in the application of microRNA
for BTE.
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