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ABSTRACT: Purpose: Locked nucleic acid (LNA)-modified anti-micro-
RNAs have been demonstrated to target mesenchymal stem cells (MSCs)
to treat bone diseases. However, the “off-target” effect limits its clinical
application. Methods: We selected specific aptamer M4 of MSCs and
employed the three-way junction (3WJ) as the core scaffold to construct
nanoparticles (3WJ-M4-LNA) for specific delivery of anti-miRNA 138.
Results: Our results suggested that the 3WJ-M4-LNA nanoparticles, not
3WJ-M4 or 3WJ-LNA, can specifically deliver anti-miRNA to MSCs,
resulting in significant inhibition of miRNA 138 expression. Our
experiment further confirmed that the nanoparticles can promote
MSCs’ osteogenic differentiation by activating the ERK1/2 pathway. In
vivo, the nanoparticles promoted bone formation and improved the bone
microarchitecture in rabbit osteoporosis models. Conclusions: These
results indicate that the 3WJ nanoparticles could develop as a specific therapeutic strategy for osteoporosis.

■ INTRODUCTION
As a metabolic skeletal disease, osteoporosis (OP) is
characterized by low bone mass, low bone mineral density,
and high fracture risks and poses major clinical challenges.1,2

Mesenchymal stem cells (MSCs) have been widely studied for
treating bone diseases because of their osteogenic functions.3−5

As noncoding RNAs, microRNAs (miRNAs) can negatively
regulate translation of their target mRNAs through RNA
interference after binding to complementary sequences in their
target mRNAs.6−8 Recently, miRNA-based methods have
shown great potential for treating bone diseases.9 For example,
miRNA 138 have been confirmed to be a negative regulator of
osteogenic differentiation of MSCs and can inhibit bone
formation.10,11 This means that anti-miRNA 138 can serve as a
therapeutic agent to treat OP. However, a major problem for
translating miRNA-based methods into clinical applications is
the lack of MSC-specific osteogenic miRNA delivery systems.
Aptamers are single-stranded nucleic acids that can be

generated by an iterative process termed systematic evolution
of ligands by exponential enrichment (SELEX) technology
from randomly synthesized DNA or RNA libraries.12−14 They
can fold into special spatial structures or three-dimensional
(3D) architectures and connect to targets with great affinity
and specificity.15,16 Compared with traditional antibodies,
aptamers have unique benefits owing to their ease of synthesis,
consistency, facile chemical modification, low immunogenicity
and toxicity, and strong chemical stability. These advantages
provide aptamers with broad application prospects in the fields
of therapeutics, drug delivery, and biosensing.17−19

In this study, we developed MSC-delivery RNA nano-
particles for anti-miRNA 138. The nanoparticles can be
constructed by bottom-up self-assembly of the three-way-
junction (3WJ) derived from the bacteriophage phi29
packaging RNA (pRNA).20−22 The 3WJ motif can carry
different functional modules with excellent serum stability and
biosafety and has been explored as a core scaffold for delivering
different therapeutic agents (siRNA, miRNA, and other drugs)
to target cells.23−29 First, a multistrategy SELEX was designed
to select MSC-specific aptamers. By the multistrategy SELEX,
aptamer M4 was obtained. Then, the 3WJ motif was used to
connect M4 and anti-miRNA 138 for MSC-specific recognition
and intervening. Finally, aided with the specificity of M4, this
delivery system achieved MSC-specific delivery of anti-miRNA
138 and facilitated bone formation.

■ MATERIALS AND METHODS
Cell Culture. MSCs30 were isolated and cultured according

to previous methods. In brief, MSCs were obtained from whole
bone marrow through an adherent method and cultured
through marrow mesenchymal stem medium (MSCM,
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Cyagen, USA). Then, the chondrogenic differentiation ability
of MSCs was detected with chondrogenic differentiation
medium (Cyagen, USA) for 3 weeks. For surface marker
characteristics, after being collected and washed, MSCs were
incubated with primary antibodies anti-CD29 (Bioss, bs-
0486R, 1:500), anti-CD44 (Bioss, bs-2507R, 1:500), and anti-
CD45 (Bioss, bs-0522R, 1:500) for 30 min at 4 °C. After being
washed, MSCs were incubated with FITC-conjugated
secondary antibody (Bioss, bs-0295G, 1:2000) for 30 min at
4 °C and analyzed by a flow cytometer (Beckman, USA).
Rabbit peripheral blood mononuclear cells (PBMCs) and

kidney cells were the preservative cells in our laboratory.
Random Library and Primers. The synthetic ssDNA

library (termed GP40) consisted of a random sequence of 40
nucleotides: (5′ -GCAATGGTACGGTACTTCC-N40-
CAAAAGTGCACGCTACTTTGCTAA-3′). A forward
Plong-1 primer (5′ -GCAATGGTACGGTACTTCC-3′) and
a reverse P11 primer (5′ -TTAGCAAAGTAGCGTG-
CACTTTTG-3′) were used to synthesize double-stranded
DNA (dsDNA) via a standard PCR procedure. The primer
Plong-1 and Pstemloop-3 primer (5′-GCTAAGCGGGTGG-
GACTTCCTAGTCCCACCCGCTTAGCAAAGTAGCGTG-
CACTTTTG-3′) were used to synthesize single-stranded
DNA (ssDNA) by unequal length strand PCR. The random
library and primers as well as the aptamers were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China).
Cell-SELEX. We constructed a multistrategy SELEX to

select aptamers. Suspension selection of fixed cells (the first
strategy), suspension selection of living cells (the second
strategy), and adhesion selection of living cells (the third
strategy). For the first strategy, 1 × 106 fixed P3MSCs were
incubated with the denatured ssDNA library at 4 °C for 40 min
in screening buffer I [1 × phosphate buffered saline (PBS), 5
mM MgCl2, 0.1 μg/μL ytRNA, and 1% BSA]. For the second
strategy, 1 × 106 living P3MSCs were incubated with the
denatured ssDNA library at 4 °C for 40 min in screening buffer
I. For the third strategy, 1 × 106 adherent P3MSCs were
incubated with the denatured ssDNA library at 37 °C for 40
min in screening buffer II (1 × PBS, 100 mM NaCl, 2 mM
MgCl2, 1 mM CaCl2, 0.1 μg/μL ytRNA, and 1% BSA). After
removal of the unbound oligonucleotides, the bound
oligonucleotides were amplified via unequal length PCR and
purified as the next round of library. From the fourth round,
negative selection was introduced. After multiple rounds of
selection, a flow cytometer was used to detect the enriched
DNA pools. Then, the enriched DNA pool from the first
strategy was detected using monoclonal sequencing by Sangon,
Shanghai, China. While the enriched DNA pools from the
other two strategies were sequenced via high-throughput
sequencing by the Institute of Hydrobiology, Chinese
Academy of Sciences, Wuhan, China.
Design and Synthesis of 3WJ-M4-LNA Nanoparticles.

3WJ-M4-LNA nanoparticles were designed and constructed
according to the bottom-up approach.31 The 3WJ core was
used as the scaffold, the M4 aptamer as the targeting ligand,
locked nucleic acid (LNA)-modified anti-miRNA138 as the
therapeutic agent, and Alexa 647 as the imaging module. All of
the strand sequences are described below. Lowercase letters
indicate 2′-F modified nucleotides:
The core sequences of pRNA-3WJ:
A3WJ: 5′-uuGccAuGuGuAuGuGGG-3′
B3WJ: 5′-cccAcAuAcuuuGuuGAucc-3′
C3WJ: 5′-GGATCAATCATGGCAA-3′

The therapeutic 3WJ-M4-LNA is composed of four strands:
3WJA: 5′-uuGccAuGuGuAuGuGGGAucccGcGGc-

cAuGGcGGccGGGAG-3′ (underlined sequence is extended
sequence48).
3WJB: 5′- Alexa 647:5′-cccAcAuAcuuuGuuGAucc (Alexa

647)-3′
3 W J C : 5 ′ - G C A A T G G T A C G G T A C T T C -

CATTGGTCTTCGCGATCAATTCGCTACGCGCGCC-
TAGCCTGCAAAAGTGCACGCTACTTTGCTAACCCG-
GATCAATCATGGCAA-3′ (underlined sequence is aptamer
M4).
A n t i - m i RNA 1 3 8 LNA : 5 ′ - A t T c a ACA a c A c -

CaGCCTCCCGGCCGCCATGGCCGCGGGAT-3′ (under-
lined sequence is anti-miR138 LNA13810 and ununderlined
sequence is extended sequence).
All of these strands were synthesized by Sangon Biotech Co.,

Ltd. (Shanghai, China).
The four fragments were mixed at equal molar concen-

trations to assemble nanoparticles in PBS buffer (1 × PBS, pH
= 7.4, and 50 mM MgCl2) and heated to 95 °C for 5 min and
slowly cooled over about 45 min to 4 °C. Assembly efficiencies
of 3WJ nanoparticles were confirmed by 12% native
polyacrylamide gels (PAGE) at 100 V for 1 h in TBE running
buffer (89 mM Tris, 200 mM borate acid, and 5 mM MgCl2)
at 4 °C, Then they were stained with GelRed followed by
imaging by the gel imaging system (Bio-Rad, USA).
Serum Stability of Nanoparticles. 500 nM of 3WJ-M4-

LNA nanoparticles were incubated in fetal bovine serum (FBS,
final concentration is 50%). Samples were taken at multiple
time points, including 0, 1, 2, 4, 8, 12, 24, and 36 h after
incubation at 37 °C. Then, stained with GelRed followed by
electrophoresis with 12% native PAGE gel.
Physical Characteristics Measurement of Nanopar-

ticles. A Zetasizer Nano ZSP (Malvern Instruments, Malvern,
UK) was employed to measure the hydrodynamic sizes and
zeta potential of 3WJ-M4-LNA nanoparticles by using a
detection angle of 173° at a temperature of 25 °C. The Nano
ZSP uses a 10 mW He−Ne laser operating at a wavelength of
633 nm.
Flow Cytometry Analysis for MSC Binding of 3WJ

Nanoparticles. MSCs were incubated with 3WJ-M4-LNA
(100 nM) in 100 μL of PBS solution at 37 °C for 40 min after
being collected. Then, MSCs were washed and resuspended in
PBS and analyzed by flow cytometry (Beckman, USA).
Confocal Microscopy Imaging Analysis for Endocy-

tosis. MSCs were incubated with 100 nM 3WJ-M4-LNA-
Alexa 647 nanoparticles at 37 °C for 2 h. Then, MSCs were
washed with PBS and fixed with 4% paraformaldehyde for 30
min. Alexa Fluor 488 phalloidin (Servicebio, China) and DAPI
(Servicebio, China) were added to stain the cytoskeleton and
nucleus. The cells were then observed by confocal microscopy
(Leica, Germany).
Real-Time PCR Analysis. MSCs were incubated with

different concentrations of 3WJ-M4-LNA nanoparticles for 48
h. Then, miRNA was extracted using the Trizol RNA
extracting solution (TOYOBO, Japan) and reverse-transcribed
into cDNA using a cDNA synthesis kit (TOYOBO, Japan).
The relative miRNA expression of miRNA-138 was detected

through the SYBR Green Realtime PCR Master mix
(TOYOBO, Japan). U6 was used as an internal control. The
primer sequences of miRNA-138 and U6 were designed by the
manufacturer (RiboBio, China). qPCR was performed by the
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Bio-Rad CFX Manager system (Bio-Rad, USA), The relative
expression of miRNA was calculated by 2−ΔΔCt.
Western Blot Analysis. According to the result of qPCR

experiment, the optimal concentration of 3WJ-M4-LNA was
200 nM. Then, MSCs were incubated with 200 nM 3WJ-M4-
LNA nanoparticles for 48 h. Western blot analysis was used to
detect the osteogenesis-related proteins including runt-related
transcription factor 2 (Runx2, bs-1134R, Bioss, Beijing,
China), osteopontin (OPN, bs23258-R, Bioss, Beijing,
China), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, GB11002, Servicebio, Wuhan, China). Total
protein was separated by 10% SDS-PAGE and transferred to
a PVDF membrane (Millipore, USA) followed by blocking
with 5% skim milk for 2 h. The PVDF membrane was
incubated with primary antibodies against Runx2 (1:2500),
OPN (1:2000) and GAPDH (1:2500) at 4 °C overnight.
Then, they were incubated with secondary antibodies
(1:20,000) at room temperature for 1 h. Finally, these protein
bands were visualized using enhanced chemiluminescence
(G2020, Servicebio, Wuhan, China) and exposed by the gel
imaging system (Biorad, USA). ImageJ software analyzed the
grayscale and used GAPDH as the internal reference.
Osteogenic Differentiation Staining. To assess the

osteogenesis of the 3WJ-M4-LNA nanoparticle-delivery MSCs,
MSCs were incubated with 200 nM 3WJ-M4-LNA nano-
particles for 14 days by changing the culture medium and 3WJ-
M4-LNA nanoparticles every 3 days. Then, MSCs were
washed and fixed with polyformaldehyde. Later, alkaline
phosphatase (ALP) and mineralized nodule were displayed
via staining with the BCIP/NBT ALP color development kit
(Beyotime, China) and alizarin red (Cyagen, USA).
OP Model Establishment and Treatment. 2 month old

Japanese white rabbits (body weight 2.5 ± 0.5 kg) were
provided by the Animal Facility of the Wuhan wan qian jia xing
Biotech Co., Ltd. (Lenience no. SCXK Hubei 2023−0011),
without a specific requirement for sex, and raised in a single
cage with a normal diet. All of the animal experiments were
approved by the Ethics Committee of Wuhan Third Hospital,
Tongren Hospital of Wuhan University, and followed the
Guide for the Care and Use of Laboratory Animals.

After allowing these rabbits to acclimatize for 1 week, the
rabbit model of OP was established according to the previous
method.32 Briefly, these rabbits were divided into four groups
(6 rabbits per group): (1) the model group, (2) the 3WJ-M4
group, (3) the 3WJ-LNA group, and (4) the 3WJ-M4-LNA
group. All rabbits were administered with retinoic acid (RA)
(90 mg/kg in 2 mL 0.9% saline) via gavage for 14 days to
develop an OP animal model. Rabbits in the model group,
3WJ-M4 group, 3WJ-LNA group, and 3WJ-M4-LNA group
were administered with normal saline, 100 μM 3WJ-M4 in 1
mL PBS, 100 μM 3WJ-LNA in 1 mL PBS, and 100 μM 3WJ-
M4-LNA in 1 mL PBS, respectively, through the ear vein at 1
week and 3 weeks after model establishment.
Biodistribution and Toxicity Analyses of Nano-

particles. According to previously method,33 the rabbits
were injected with 3WJ-M4-LNA-Alexa 647 for 12 h, then the
rabbits were sacrificed and organs (hearts, livers, spleens, lungs,
kidneys, and femurs) were collected. The fluorescence imaging
was performed using an IVIS Lumina LT imaging system.
What is more, the toxicity reaction of these organs was
detected by H&E staining.
Micro CT Imaging. Micro CT (Skyscan1276, Bruker) was

taken to detect bone mass and bone microarchitecture in the
femur. The scanning parameters are as follows: the filter is Al +
Cu and the resolution ratio is 20 μm. The bone volume to total
tissue volume ratio (BV/TV, %) and trabecular separation
(Tb.Sp, μm) were analyzed. These results were analyzed by
Data Viewer and CTVox softwares.
Statistical Analysis. Each experiment was repeated at least

3 times with duplication for each samples tested. Statistical
analysis was conducted using SPSS version 23.0. All the
variables were expressed as the mean ± standard deviation
(SD). Multiple comparisons among groups were evaluated by
using a one-way ANOVA test. P values < 0.05 were considered
to be statistically significant.

■ RESULTS
Identification of MSCs. MSCs exhibited whirl-like growth

and displayed long spindle-shaped and fibroblast-like structures
(Figure 1A,B). After chondrogenesis induction, Alcian blue

Figure 1. Identification of MSCs. (A−C) MSCs were observed by an inverted microscope (100× and 200×) and identified by Alcian blue staining.
(D−F) Flow cytometry was used to detect cell surface markers (CD29, CD44, and CD45).
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staining showed acid mucopolysaccharides (Figure 1C). Flow
cytometry suggested that MSCs were positive for CD29 and
CD44 but negative for CD45 (Figure 1D−F).
Selection of MSC-Specific Aptamers. To monitor the

enrichment process, we recorded the output-to-input ratio.
The results showed that the output-to-input ratio gradually
increased with the progression of SELEX, which indicated
enrichment of the aptamer libraries (Figure 2A−C). We
therefore used flow cytometry to detect enrichment libraries.
The results suggested that the first, second, and third strategies

had the highest fluorescence intensity in rounds sixth, sixth,
and seventh, respectively (Figure 2D−F).
We sequenced the highly enriched ssDNA pool (sixth) from

the first strategy and obtained fifty-seven sequences by
monoclonal sequencing. The fifty-seven sequences were
divided into six families on the basis of their homology and
secondary structure analyzed using MEME and RNA structure
softwares. Then, nine representative sequences were selected
and compared to the two high-throughput results. Significantly,
aptamer M4 accounted for the greatest proportion (67.5% and

Figure 2. Cell-SELEX for the identification of MSC-specific aptamers. (A−C) The output-to-input ratio was recorded. (D−F) Libraries’
enrichment of these three strategies was detected by flow cytometry. (G−I) Monoclonal sequencing and high-throughput sequencing were used to
detect the ssDNA pools. (J−L) Flow cytometry to determine the binding affinity of the aptamer candidates (M4, M15, M22, M53, and M56) for
MSCs. (M,N) Binding ability of M4 to nontarget cells (PBMC and kidney cells) as determined by flow cytometry. (O) Cytotoxicity of aptamer M4
to MSCs. From left to right: First strategy, second strategy, and third strategy.
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78.3%, respectively) of the total sequences (Figure 2G−I). To
determine whether aptamer M4 has the highest affinity, four
representative sequences (M15, M22, M53, and M56) that
coexisted in the three results were selected for further
investigation.
The results of flow cytometry showed that five sequences

had good binding ability to MSCs in screening buffer I and
screening buffer II (Figure 2J−L), but M4 had the highest
affinity. What is more, flow cytometry analysis revealed that
M4 bound with high affinity to MSCs but not rabbit PBMC
and kidney cells (Figure 2M,N). Cytotoxicity tests revealed
that the proportion of viable MSCs was 92.67% after
incubation with aptamer M4 (Figure 2O). This result
suggested that aptamer M4 was nearly nontoxic to MSCs.
Construction and Characteristics of 3WJ-M4-LNA

Nanoparticles. The 3WJ derived from phi29 pRNA was
used as the core scaffold to carry different modules: therapeutic
agent LNA, aptamer M4, and fluorescent agent Alexa 647
(Figure 3A). The 3D structures of 3WJ-M4-LNA nanoparticles
were analyzed through AlphaFold3 server (Figure 3B). The
nanoparticles can assemble with high efficiency by mixing the
four strands at an equal molar ratio in PBS buffer (Figure 3C).
Dynamic light scattering showed that the size of the 3WJ-M4-
LNA nanoparticles was 7.40 ± 0.63 nm (Figure 3D). And, the
zeta potential of the nanoparticles was −15.56 ± 1.50 mV
(Figure 3E), which indicated that the nanoparticles were
highly negatively charged and did not aggregate in solution.
2′-F-modified U and C nucleotides were employed to

strengthen the 3WJ-M4-LNA nanoparticles’ serum stability.

The results suggested that the nanoparticles remained with
good stability within 36 h (Figure 3F). These results meant
that the 3WJ-M4-LNA nanoparticles can be efficiently
constructed as well as can be resistant to nucleases.
Binding and Internalization of 3WJ-M4-LNA Nano-

particles into MSCs. Confocal microscopy showed that the
3WJ-M4-LNA nanoparticles, but not 3WJ-LNA, can bind and
be internalized into MSCs. As we can see in the picture, there
was an excellent overlap of the red nanoparticles and green
cytoplasm (Figure 4C). And, very low signal overlap was
observed for blank and 3WJ-LNA groups (Figure 4A,B). Flow
cytometry results also demonstrated that a stronger fluo-
rescence signal was recorded in MSCs treated with 3WJ-M4-
LNA nanoparticles (Figure 4D).
Western blot was employed to detect the osteogenic

differentiation of MSCs after being treated by 3WJ-M4-LNA
nanoparticles. First, we examined the miRNA-138 gene
knockdown efficiency by the 3WJ-M4-LNA nanoparticles
from 20 to 200 nM. The results of qPCR analysis revealed
that the intracellular miR-138 amount was decreased to about
40% at 200 nM (Figure 4I, P < 0.05). Next, we examined the
effects of 3WJ-M4-LNA nanoparticles on the osteogenic
related proteins in MSCs. Using western blot analysis, we
found the expression levels of Runx2 and OPN in the 3WJ-M4-
LNA nanoparticle group are obviously higher than 3WJ-M4
and 3WJ-LNA groups (Figure 4J, P < 0.05). What is more, to
understand the molecular mechanisms of 3WJ-M4-LNA
nanoparticles, the activity of the ERK1/2 signaling was
detected by western blot. The results showed that the

Figure 3. Construction and characteristics of 3WJ-M4-LNA nanoparticles. (A) 2D sequence of the nanoparticles. (B) 3D structures of 3WJ-M4-
LNA nanoparticles. (C) Native PAGE gels showed highly efficient assembly of the nanoparticles. (D,E) Dynamic light scattering measurements
were employed to analyze the hydrodynamic size and zeta potential. (F) Serum stability assay.
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pERK1/2 protein level was increased in the 3WJ-M4-LNA
nanoparticle group (Figure 4K, P < 0.05).
After 14 days of osteogenic induction, there was more

obvious ALP and mineralized nodule production in MSCs
treated with 3WJ-M4-LNA nanoparticles (Figure 4E−H).
Thus, we have verified that the 3WJ-M4-LNA nanoparticles
can be internalized into MSCs and enhance osteogenic
potential of MSCs.
3WJ-M4-LNA Promoted Bone Repair In Vivo. The

rabbit OP models were injected with 3WJ-M4-LNA-Alexa 647
for 12 h and then the rabbits were euthanized; organs and
femurs were collected for tissue distribution analysis. The
results showed that the nanoparticles specifically preserved in
bone rather than other organs (Figure 5A). H&E staining was
used to detect tissue inflammation and histopathological
changes. The results showed that there was no apparent
inflammatory infiltration in the organs (Figure 5B1−B4).
These results showed that the nanoparticles have no significant
toxic effect on important organs.
The CT images were used to evaluate bone mass and bone

microarchitecture at 8 weeks. The results suggested that
relative bone volume (BV/TV) and trabecular separation
(Tb.Sp) were obviously improved when compared to the 3WJ-
M4 group and 3WJ-LNA group (P < 0.05) (Figure 5C1−
C4,D1,D2).

■ DISCUSSION
Many studies have demonstrated miRNA 138 as a negative
regulator of bone formation.34−36 In this study, we constructed
3WJ-M4-LNA nanoparticles that can directly target MSCs to
deliver anti-miRNA 138.
The specific recognition ability is a precondition for the

function of the 3WJ-M4-LNA nanoparticles. In this paper, a
multistrategy SELEX method was designed according to the
traditional cell-SELEX procedure. Generally, the SELEX
procedure involves incubation, amplification, and partitioning.
This process presents several challenges, including PCR
amplification bias, ineffective partitioning, loss of sequences,
changes or instability of targets, and even conformational
changes.37−40 And, the type of cell state and selection buffer
were unitary. In fact, the affinity of aptamers can be obviously
affected by different cell states and metal ions.41 This
multistrategy SELEX involves three types of cell states and
binding buffers and does not suffer from cell states, selection
solutions, nonspecific sequences, and accidental sequences.
Eventually, we obtained aptamer M4 that was demonstrated to
target MSCs but not PBMCs or kidney cells. And, the
nanoparticles were mainly in bone while barely in heart, liver,
spleen, lung, and kidney under the guidance of aptamer M4.
As nucleic acid drugs, short half-life that is caused by

nucleases will make the application of the 3WJ nanoparticles
limited. 2′-F and 2′-O methylation modifications are the two
most common types of RNA modifications to construct

Figure 4. 3WJ-M4-LNA nanoparticles can bind to MSCs and promote the osteogenic differentiation of MSCs in vitro. (A−C) Confocal
microscopy analysis of 3WJ-M4-LNA-Alexa 647 binding and entering MSCs. Cells incubated with 3WJ-LNA served as controls. Cytoskeleton was
stained with Alexa Fluor 488 and nucleus was stained with DAPI. (D) Flow cytometry analysis was used to detect the binding between 3WJ-M4-
LNA-Alexa 647 or 3WJ-LNA-Alexa 647 and MSCs. (E−H) ALP and alizarin red staining after being incubated with the 3WJ-M4-LNA
nanoparticles. (I) qPCR analysis was employed to detect the gene knockdown efficiency of miRNA-138 in MSCs with different concentrations of
3WJ-M4-LNA. (J) Western blot was used to detect the expression of osteogenic related proteins in MSCs. (K) Western blot was used to detect the
expression of t-erk1/2 and p-erk1/2 in MSCs. Data represent mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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RNase-resistant nanoparticles clinically and preclinically.42−47

In this article, we employed 2′-F to modify the 3WJ
nanoparticles. The results showed that the nanoparticles had
good stability in 50% fetal bovine serum.
The effect of 3WJ nanoparticles on the expression of miRNA

138 was explored. First, confocal microscopy and flow
cytometry images suggested efficient binding and internal-
ization of the 3WJ nanoparticles into MSCs through aptamer
M4-mediated endocytosis. We next detected the specific
knockdown of miRNA 138 in MSCs through the 3WJ
nanoparticles. We used LNA that has been reported to lead
to affinity of anti-miRNAs to their complementary miRNAs to
modify anti-miRNA 138.48 Our results showed that the 3WJ
nanoparticles can inhibit miRNA 138 expression in a dose-
dependent manner. The results demonstrated that the 3WJ
nanoparticles can effectively deliver anti-miRNA 138 LNA into
MSCs based on specific binding of aptamer M4.
By exploring the effect of the 3WJ nanoparticles, we found

that there was an obvious increase of the expression of
osteogenic gene Runx2 and OPN. Runx2 is a key transcription
factor and can promote MSCs’ osteogenic differentiation by
activating other osteogenic genes, such as BMP2, OPN, and
many more.49−52 We also explored the molecular mechanism
of the 3WJ nanoparticles; we found that the phosphorylation
of ERK1/2 was enhanced after miRNA 138 being inhibited. As
a noncanonical signaling pathway, the ERK1/2 signaling
pathway is involved in the proliferation, differentiation, and
apoptosis of cells.53,54 Many studies also have identified the
ERK1/2 signaling pathway can regulate the osteogenic
differentiation of MSCs and maintain bone homeostasis
through promoting the activation of Runx2.55−58 These results

suggested that the 3WJ nanoparticles can promote MSCs’
osteogenic differentiation through reducing the level of
expression of miR-138 and activating the ERK1/2 pathway.
In summary, our current study successfully demonstrates the

delivery of anti-miRNA 138 via the 3WJ nanoparticles as a
therapeutic agent and provides a promising perspective for
clinical applications to treat OP.
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