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ARTICLE INFO ABSTRACT
Keywords: Many recent studies have shown that joint-resident mesenchymal stem cells (MSCs) play a vital role in articular
Tetrahedral framework nucleic acids cartilage (AC) in situ regeneration. Specifically, synovium-derived MSCs (SMSCs), which have strong chondro-

Articular cartilage regeneration
Mesenchymal stem cells
Chondrogenic differentiation

genic differentiation potential, may be the main driver of cartilage repair. However, both the insufficient number
of MSCs and the lack of an ideal regenerative microenvironment in the defect area will seriously affect the
regeneration of AC. Tetrahedral framework nucleic acids (tFNAs), notable novel nanomaterials, are considered
prospective biological regulators in biomedical engineering. Here, we aimed to explore whether tFNAs have
positive effects on AC in situ regeneration and to investigate the related mechanism. The results of in vitro
experiments showed that the proliferation and migration of SMSCs were significantly enhanced by tFNAs. In
addition, tFNAs, which were added to chondrogenic induction medium, were shown to promote the chondro-
genic capacity of SMSCs by increasing the phosphorylation of Smad2/3. In animal models, the injection of tFNAs
improved the therapeutic outcome of cartilage defects compared with that of the control treatments without
tFNAs. In conclusion, this is the first report to demonstrate that tFNAs can promote the chondrogenic differ-
entiation of SMSCs in vitro and enhance AC regeneration in vivo, indicating that tFNAs may become a promising
therapeutic for AC regeneration.

1. Introduction Traditional treatment methods, such as bone marrow stimulation, au-
tografts, or autologous chondrocyte implantation, have achieved some

Due to the lack of vascular, nervous and lymphatic systems, the success, but these strategies are limited by various issues, such as
repair of damaged articular cartilage (AC) has always been a major fibrocartilage generation and insufficient graft resources, and the
challenge in clinical research and regenerative medicine [1,2]. long-term effect is unsatisfactory [3-6]. In recent years, mesenchymal
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stem cell (MSC)-based tissue engineering strategies have shown prom-
ising results in the regeneration of AC [7-9]. MSCs are easily isolated,
fibroblast-like, multipotent cell populations with a self-renewing ca-
pacity and are considered to be a promising cell type in the field of tissue
engineering [7,10]. To date, MSCs can be isolated from many adult
tissues, such as bone marrow, synovium, adipose tissue, and skeletal
muscle [9]. In particular, the synovium is a thin layer of tissue lining the
surface of cartilage or tendons, which maintains a cavity filled with
synovial fluid [11,12]. Since 2001, when De Bari et al. first successfully
isolated synovium-derived mesenchymal stem cells (SMSCs) from
human synovial tissue, SMSCs have been widely used for cartilage
regeneration due to their greater chondrogenic differentiation potential
in vitro than MSCs from other tissues [13-15]. However, the applica-
tions of exogenous MSCs are limited by abnormal cell phenotypes,
reduced differentiation potential and poor self-renewal capacity in in
vitro culture [7-9]. In addition, regenerated cartilage often exhibits
hypertrophy and fibrosis after transplantation of exogenous MSCs into
cartilage defects, which seriously affect the functions of newly regen-
erated AC [8,9,16].

To solve these problems, scientists have recently focused on the in
situ regeneration of AC based on endogenous MSCs [17,18]. Some
studies have shown that the migration of native joint-resident MSCs is
essential for chondrogenesis during embryogenesis, and SMSCs may be
the main driver of cartilage repair in adults [19]. However, both the
insufficient number of MSCs and the lack of an ideal regenerative
microenvironment in the defect area will seriously affect the regenera-
tion of AC [20,21]. Thus, exploring and developing a strategy to induce
more native joint-resident MSCs to migrate to defect areas and then alter
the regenerative microenvironment to promote cell proliferation, dif-
ferentiation and secretion of extracellular matrix could be a potential
solution for cartilage repair [22,23].

Here, we used tetrahedral frame nucleic acids (tFNAs), novel DNA
nanomaterials [24], to promote in situ regeneration of AC. tFNAs are
stable tetrahedral three-dimensional DNA nanomaterials composed of
four predesigned single strands of DNA (ssDNAs), which have shown
strong potential in the field of biomedical science [25-27]. tFNAs can
regulate cell biological functions through caveolin-mediated endocy-
tosis to enter cells and influence different signaling pathways [28,29].
Previous studies have proven that tFNAs can promote the proliferation
and osteogenic differentiation of adipose-derived MSCs (ADSCs) [30].
Furthermore, tFNAs can regulate the phenotype and proliferation of
chondrocytes [31]. However, the direct effect of tFNAs on AC regener-
ation has not been reported.

To explore whether tFNAs have positive effects on AC in situ
regeneration, in this study, we first successfully synthesized tFNAs and
then demonstrated that tFNAs can be abundantly taken up by SMSCs.
Next, the effects of tFNAs on the biological functions of SMSCs in vitro,
including cell proliferation, cell migration, and cell chondrogenic dif-
ferentiation, were investigated. Furthermore, through phospho-
antibody array and Western blot analysis, the signaling pathways
through which tFNAs may play a role in the chondrogenic differentia-
tion of SMSCs were determined. Finally, we injected tFNAs into the
articular cavity of rabbit cartilage defect models to investigate the tFNA-
mediated enhancement of in situ AC regeneration in vivo. We believe
that our findings will pave the way for the application of tFNAs in the
field of AC regeneration.

Table 1
Base sequence of single-stranded DNAs (ssDNAs) used to synthesize tFNAs.

Bioactive Materials 9 (2022) 411-427
2. Materials and methods
2.1. Synthesis of tFNAs

tFNAs were prepared on the basis of previous studies [24,32]. Four
predesigned ssDNA sequences (Table 1) stored at —20 °C were centri-
fuged at 10,000 g for 10 min at 4 °C and dissolved in DNase-free water to
a concentration of 100 pM. Next, 1 pl of each ssDNA at a concentration of
100 pM was added to 96 pl of TM buffer solution containing 10 mM
Tris-HCl and 50 mM MgCl2 (pH = 8.0) in a 200 pl centrifuge tube. After
the tube was mixed by gentle vortexing, the mixture was denatured at
95 °C for 10 min and then cooled rapidly at 4 °C for 30 min. Finally, the
solution was kept in a thermal cycler for 20 min to maintain a tetrahe-
dral structure.

2.2. Characterization of tFNAs

We used polyacrylamide gel electrophoresis (PAGE) and trans-
mission electron microscopy (TEM) to confirm the successful synthesis
of tFNAs. In addition, the particle size and electric potential were
measured by dynamic light scattering and zeta potential assays.

2.3. Cell culture

The study was approved by the Ethical Committee of PLA. Isolation
and culture of SMSCs were performed according to a previous method
[33,34]. In general, articular synovial tissue was obtained from the knee
joints of male New Zealand rabbits (1 month old, 500-800 g) on a sterile
bench. The synovial tissue was rinsed with PBS containing 0.5% pen-
icillin/streptomycin (Sigma, USA), shredded with ophthalmic scissors
and digested in Dulbecco’s modified Eagle’s medium/F12 (Corning,
USA) containing 0.3% collagenase I (Gibco, USA) for 30 min. The SMSCs
were centrifuged and resuspended in growth medium [DMEM/F12 with
10% fetal bovine serum (FBS, Gibco)]. The SMSCs were then transferred
to a 25 cm? culture flask (Corning) and cultured. When the cells reached
90% confluence, they were subcultured at a rate of 1:2. Third-passage
SMSCs were used for the subsequent experiments.

2.4. Uptake of tFNAs by SMSCs

tFNAs loaded with cyanine 5 (Cy5-tFNAs) and ssDNAs loaded with
Cy5 (Cy5-ssDNAs) were added to SMSCs to confirm the effect of the
interaction between tFNAs and SMSCs. SMSCs were seeded on cell slides
in a 24-well plate at 1 x 10* cells per well and cultured in normal growth
medium for 1 day. Then, the cells were cultured with Cy5-tFNAs (250
nM) or Cy5-ssDNAs (250 nM) in fresh DMEM/F12 with only 1% FBS,
and each group had 3 replicates. After 12 h of treatment, the cell samples
were fixed with 4% paraformaldehyde for 30 min and permeabilized
with 0.5% Triton X-100 for 30 min. Next, FITC-labeled phalloidin (1:60;
Beyotime, Shanghai, China) was used to stain the cell cytoskeleton for
40 min. DAPI (4',6-diamidino-2-phenylindole) (1:200; Beyotime,
Shanghai, China) was then used to stain the cell nucleus for 10 min.
Finally, images of all samples were captured via fluorescence
microscopy.

ssDNA Direction Base Sequence

S1 5 -3 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA
S2 53 ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACATTCCTAAGTCTGAA
S3 53 ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAGAGCATGCCCATCC
S4 5-3 ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGGCATGCTCTTCCCG
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2.5. Cell proliferation assay

We used Cell Counting Kit-8 (CCK-8) assays, EAU imaging and cell
cycle assay kits to assess the impact of tFNAs on SMSC proliferation. For
the CCK-8 assay, SMSCs were seeded in a 96-well plate at a density of
8000 cells per well and cultured in conventional proliferation medium
for 24 h. The normal medium was replaced with medium with tFNAs at
different concentrations (0 nM, 62.5 nM, 125 nM, 250 nM and 375 nM),
and then, fresh CCK-8 reagent was added to each well and incubated for
2 h before measurement. Each concentration had 4 replicates. For EQU
staining, we used a Cell-Light EdU in vitro kit (RiboBio, Guangzhou,
China). SMSCs were cultured on cell slides in a 24-well plate with
approximately 1 x 10% cells per well for 24 h, followed by treatment
with DMEM/F12 with 1% FBS and tFNAs at different concentrations for
another 24 h. Then, the medium was replaced by a 50 mM EdU solution,
and the samples were incubated. EQU and DNA staining was then per-
formed using Apollo and Hoechst solutions as per standard procedures.
Each group of EdU staining had 3 replicates. The cell cycle was assessed
via flow cytometry. In brief, we used trypsin solution to digest and
collect treated cells and then used 70% ethanol to fix the cells at 4 °C for
24 h. After PBS washes, 500 pL of propidium iodide (PI) staining solu-
tion was added to each sample at 37 °C for 30 min. Subsequently, the
percentages of G1-, S-, and G2-phase cells were measured using a flow
cytometer (BD FACSCelesta, USA) and analyzed by FlowJo software.
Each group had 3 replicates.

2.6. Invitro and in vivo cell migration assays

2.6.1. Invitro cell migration assay

Parallel cell migration (scratch wound healing experiments) and
vertical cell migration assays (Transwell chamber experiments) were
used to assess cell migration. For scratch wound healing experiments,
SMSCs were seeded in a 6-well plate at approximately 1 x 10° cells per
well. When the confluence of the seeded SMSCs in a 6-well plate reached
80%-90%, two crossing linear scratches were generated by a pipette tip.
The cells were then cultured in DMEM/F12 with tFNAs at concentrations
of 0 nM, 125 nM and 250 nM and 1% FBS. Wound healing images were
acquired after 0, 12 and 24 h, and the size of the scratches was recorded,
measured and analyzed. Transwell chamber assays were performed
using Transwell permeable plates (Corning, USA) consisting of poly-
carbonate Transwell inserts (8 pm pore diameter) and a 24-well plate.
The cells (2 x 10*) were seeded in the upper half of the insert membrane
and cultured with tFNAs (0 nM, 62.5 nM, 125 nM and 250 nM) for 24 h.
We used DMEM/F12 with 5% FBS as a chemoattractant in the lower
compartment of the 24-well plate, and in the upper half of the insert
membrane, SMSCs were cultured in DMEM/F12/tFNAs with 1% FBS.
The cells were fixed with 4% paraformaldehyde for 30 min. After the
cells were rinsed with PBS, DAPI (1:200; Beyotime, Shanghai, China)
was used to stain them for 10 min. Images of migrating SMSCs in the
lower half of each insert were observed by fluorescence microscopy, and
the number of cells that migrated to the lower part of the insert was
counted in three microscopic views per well. Subsequently, the differ-
ence in the mean cell number per well was analyzed. Each group had 3
replicates.

2.6.2. In vivo endogenous cell migration study

Six male New Zealand rabbits (6 months old, 3.0-3.3 kg) were pre-
pared and randomly divided into 2 groups: the negative control group
and the tFNA group. Then, we established the same rabbit cartilage
defect models as described in section 2.12 to investigate the ability of
tFNAs to enhance endogenous SMSC migration in vivo. In brief, a cy-
lindrical cartilage defect (3.5 mm in diameter and 1 mm in depth) was
drilled at the trochlear groove of both limbs. After surgery, the animals
in the control group were injected with 100 pL of 0.9% saline solution in
the knee joint cavity daily during the first seven days. For the tFNA
group, the knee joint cavity was injected with tFNAs (250 nM) prepared
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with 0.9% saline solution daily. After 7 days, the rabbits were eutha-
nized, and the regenerated tissue in the damaged area was sampled.
CD73 and CD105 were defined as MSC-specific markers, and the effects
of tFNAs on SMSC migration in vivo were determined by immunofluo-
rescence staining. Briefly, the samples were fixed with 4% para-
formaldehyde for 30 min. Triton X-100 (0.5%) was used to permeabilize
regenerated tissue for 30 min. After PBS washes, the samples were
blocked with immune blocking solution (Beyotime, Shanghai). The
samples were then incubated overnight with primary antibodies against
CD73 (1:500, Novus Biologics) and CD105 (1:500, Novus Biologics) at
4 °C, followed by secondary antibodies conjugated with Alexa Fluor 488
and Fluor 594 (1:100, Abcam, Cambridge, UK) for 1 h and DAPI (1:200;
Beyotime, Shanghai, China) for 10 min. The number of CD73 and CD105
double-positive cells was determined by TCS-SP8 (Leica, Germany)
confocal microscopy.

2.7. Accelerating effect of tFNAs on chondrogenic differentiation of
SMSCs

Chondrogenic differentiation of SMSCs was induced through pellet
aggregate culture according to previous studies [35]. Briefly, 3 x 10°
SMSCs were centrifuged at 250 g for 5 min in a 15-mL conical tube to
form pellets. Then, the SMSC pellets were maintained in basal media at
37 °C with 5% COg for 24 h and cultured in stem cell chondrogenic
complete differentiation medium (MSCgoTM, Biological Industries,
Israel) for up to 14 and 21 days. For confirmation of the effect of tFNAs
on SMSC chondrogenic differentiation, induction medium with a final
concentration of 250 nM tFNAs was used. The same volume of TM buffer
was added to the induction medium for the control groups. The medium
was changed every 2 days. After 14 and 21 days of induction, the cell
pellets were sectioned into 5 pm frozen slices and then stained with
hematoxylin and eosin (H&E), safranin O, Alcian blue and immuno-
histochemistry (IHC) for collagen II. The samples were stained with
H&E, safranin O, and Alcian blue following the manufacturer’s standard
protocols. The procedures for immunohistochemical staining of type II
collagen were as follows: in brief, after the section was dewaxed and
washed, endogenous peroxidase was removed with hydrogen peroxide.
Then, 0.5% Triton X-100 was used for permeabilization. After PBS
washes, the samples were blocked. The sections were incubated with
anti-collagen II primary antibody (1:200, Novus, NY, USA) overnight at
4 °C. Eventually, an immunohistochemical secondary antibody was
added, and a chromogenic agent was used. After dewaxing and sealing,
the slides were observed and photographed under a microscope. In
addition, total RNA and proteins were extracted for RT-qPCR and
western blotting (WB), and detailed experimental procedures are
available in sections 2.9 and 2.10. Each group had three replicates at
each time point.

2.8. Phospho-antibody array analysis

For comparison of the activation and expression of phosphoproteins
involved in chondrogenic differentiation, SMSCs were seeded in a 6-well
plate at 1 x 10° per well and then treated with 0 nM tFMAs (control
group) and 250 nM tFNAs in stem cell chondrogenic differentiation
medium for 24 h. Then, the samples were treated with cell lysis buffer
(Full Moon BioSystems, USA), and at least 3 million cells were collected
for each group. Next, phosphatase inhibitor and protease inhibitor were
added to each sample at a volume ratio of 1:50, and each sample was
treated with a tube of Full Moon’s cell lysis beads. After the above steps,
the proteins of the samples were extracted, and then, Phospho Explorer
Antibody Arrays (Full Moon BioSystems, USA) were used to react with
the protein according to the standard procedures provided by Full Moon.
The array contained 1318 antibodies, and each of them had 2 replicates.
In brief, the proteins of samples were labeled with biotin and then
diluted with 6 mL of Coupling Solution (Full Moon BioSystems, USA).
Next, the biotin-labeled proteins were incubated with the antibody
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microarray for 2 h. Finally, the related proteins were identified using a
Cy3-chain avidin detection system. Wayen Biotechnologies (Shanghai)
performed the experiment and analyzed the data. The extent of protein
phosphorylation was calculated by the following equation: phosphory-
lation ratio = phosphorylated value/unphosphorylated value.

2.9. gPCR

For analysis of the expression of genes related to bulbous chondro-
genic differentiation of pellets at 14 and 21 days, total RNA was
extracted from the SMSC pellets after 14 and 21 days of culture using a
Cell Total RNA Isolation Kit (Foregene, Chengdu, China) and then
converted to complementary DNA using 5x RT Master Mix (Toyobo,
Osaka, Japan). RT-PCR was performed on a StepOneTM Real-Time PCR
system (Applied Biosystems, USA) using 2x RealStar Green Fast mixture
(Genstar, Beijing, China) according to the manufacturer’s protocols. The
gene primer sequences for Col2al, Collal, Sox9, Aggrecan and GAPDH
are listed in Table S1. To test the reliability of the primers, we estab-
lished fusion curves for each reaction system, and there was no
nonspecific amplification in the dissolution curves. Relative gene
expression was normalized to that of a housekeeping gene (GAPDH) and
calculated by the 2-AACT method.

2.10. Western blot

The protein expression of B-catenin, Lef-1, cyclin D, chondrogenic-
related proteins (Sox9, collagen II and aggrecan), Smad 2/3, phospho-
Smad2, and phospho-Smad3 was examined by western blotting.
SMSCs seeded in 6-well plates were treated with and without exposure
to 250 nM tFNAs for 24 h and used for the detection of proteins related
to proliferation and chondrogenic differentiation. Cartilage pellets with
and without exposure to tFNAs for 14 and 21 days were used to detect
chondrogenic-related proteins. Total proteins of all samples were
collected using cellular protein extraction reagent (Beyotime, Shanghai,
China). A mixture of protein samples and a 1/4 volume of 5 x loading
buffer was prepared and then boiled for 10 min. Next, the target proteins
were separated by 10% SDS-PAGE gels. After the relevant proteins were
transferred to polyvinylidene fluoride (PVDF) membranes, 5% skim
milk was used to block PVDF membranes for 1 h. Relevant membranes
were then incubated with primary antibodies consisting of anti-p-actin
(1:5000, Immunoway, TX, USA), anti-p-catenin (1:2000, Abcam, Cam-
bridge, England), anti-Lef-1 (1:1000, Novus, NY, USA), anti-cyclin D1
(1:1000, Novus, NY, USA), anti-collagen II (1:1000, Novus, NY, USA),
anti-Sox9 (1:1000, Abcam, Cambridge, England), anti-Aggrecan
(1:2000, Invitrogen, CA, USA), anti-phospho-Smad2 (1:1000, Cell
Signaling Technology, MA, USA), anti-phospho-Smad3 (1:1000, Cell
Signaling Technology, MA, USA), and anti-Smad 2/3 (1:1000, Cell
Signaling Technology, MA, USA) overnight at 4 °C. After washing and
incubation with the secondary antibody (Abcam, Cambridge, England)
for 1 h, the protein bands were detected using an enhanced chem-
iluminescence (ECL) system. B-actin was used as the internal control.

2.11. Immunofluorescence

For immunofluorescence analysis, SMSCs were seeded onto 24-well
plates at 1 x 10* cells per well and then treated with tFNAs (0, 250
nM). After 24 h of treatment, the cell samples were rinsed with PBS three
times and fixed in cold 4% formaldehyde solution for 20 min. After 3
washes with PBS again, Triton X-100 (0.5%) was used to permeabilize
the SMSCs for 30 min, and then, the samples were blocked with immune
blocking solution (Beyotime, Shanghai, China) for 30 min. Fixed SMSCs
that were rinsed with PBS were then incubated with anti-B-catenin
(1:200, Abcam, Cambridge, England), anti-Lef-1 (1:200, Novus, NY,
USA), anti-cyclin D1 (1:200, Novus, NY, USA), anti-phospho-Smad2
(1:2000, Cell Signaling Technology, MA, USA), and anti-phospho-
Smad3 (1:200, Cell Signaling Technology, MA, USA) primary
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antibodies overnight at 4 °C. Fluorescence-conjugated secondary anti-
body was then combined with primary antibodies for 1 h at 37 °C. DAPI
(1:200; Beyotime, Shanghai, China) was applied to stain the cell nucleus
for 10 min, and phalloidin (1:60; Beyotime, Shanghai, China) was used
to stain F-actin for 40 min. Finally, cell images were observed by fluo-
rescence microscopy (Keyence, Osaka, Japan).

2.12. Animal models

Animal experiments were approved by the Institutional Animal Care
and Use Committee at PLA General Hospital. Twenty-four male New
Zealand rabbits (6 months old, 3.0-3.3 kg) were prepared and randomly
allocated to three groups, with 8 rabbits in each group: the negative
control group, the tFNA group and the sham group. After anesthetization
by intramuscular injections of ketamine (50 mg/kg) and xylazine (4 mg/
kg), the knee was exposed by a medial parapatellar approach. Lateral
dislocation of the patella was followed by flexion of the knee. For the
control group and the tFNA group, a cylindrical cartilage defect (3.5 mm
in diameter and 1 mm in depth) was drilled at the trochlear groove with
a trephine, which was then removed and rinsed to remove debris. For
the sham group, the patella was immediately reset after dislocation, and
then, the joint capsule was sutured. After surgery, the animals in the
control group and sham group were injected with 100 pL of 0.9% saline
solution in the knee joint cavity daily during the first seven days. For the
tFNA group, the knee joint cavity was injected with tFNAs (250 nM)
prepared with 0.9% saline solution daily. After the first seven days, we
changed to weekly injection of 500 pL of 0.9% saline solution or tFNAs
(250 nM) to minimize the risk of intraarticular injection. After 6 and 12
weeks, four rabbits per group were euthanized at each time point, and
the femurs of the rabbits were sampled. The cylindrical cartilage defect
area (3.5 mm in diameter 1 mm in depth) in the femur samples was
observed and photographed. For macroscopic evaluation, images were
given to a researcher with extensive experience in cartilage regeneration
and with no knowledge of the grouping to score according to the In-
ternational Cartilage Repair Society (ICRS) macroscopic evaluation
guidelines [36].

2.13. Microcomputed tomography (micro-CT) analysis

After the macro evaluation, the samples were placed and scanned in
the General Electric (GE) Explorer Locus SP system (GE, Boston, MA,
USA). After scanning, the appropriate sagittal and coronal cross-sections
of cartilage regeneration were adjusted in the software, 3D reconstruc-
tion was performed on each femur sample, and a columnar region of
interest (ROI) (diameter 3.5 mm, height 1 mm) was selected at the
sample defect regeneration area. Then, the bone mineral density (BMD)
and bone volume/tissue volume (BV/TV) of the ROI of each sample were
analyzed.

2.14. Histomorphological evaluation

After micro-CT analysis, the femoral samples from the three groups
were fixed in paraformaldehyde for 3 days, decalcified for 1 month and
continuously trimmed during the process. After decalcification and
dehydration, the samples were embedded in paraffin, sectioned into 5
pm slices and stained with H&E, safranin O, and Sirius red following
standard protocols. The procedures for immunohistochemical staining
of type II collagen were as follows: in brief, after the section was dew-
axed and washed, endogenous peroxidase was removed with hydrogen
peroxide. Then, 0.5% Triton X-100 was used for permeabilization. After
PBS washes, the samples were blocked. The sections were incubated
with anti-collagen II primary antibody (1:200, Novus, NY, USA) over-
night at 4 °C. Eventually, an immunohistochemical secondary antibody
was added, and a chromogenic agent was used. After dewaxing and
sealing, the slides were observed and photographed under a microscope.
All images were given to a researcher with extensive experience in
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histopathology of cartilage and with no knowledge of the grouping to
score according to the elevated O’Driscoll score system evaluation
guidelines [21].

2.15. Biomechanical testing

The mechanical properties of the samples at 6 and 12 weeks were
tested by a biomechanical testing machine (Bose, 5100) after surgery.
Young’s modulus, reflecting mechanical strength, was calculated using
the following formula: E=(FL)/(SAL), where F is the applied pressure
and AL is the deformation variable.

2.16. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 statis-
tical software with one-way ANOVA and Student’s t-test. *p < 0.05, **p
< 0.01, and ***p < 0.001 represent thresholds for statistical signifi-
cance. All quantitative data are shown as the mean + standard deviation
(SD).

3. Results
3.1. Characterization of tFNAs and cellular uptake

tFNAs were successfully assembled from four predesigned ssDNAs, as
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shown in Table 1, via specific base pairing. A schematic diagram of tFNA
synthesis is shown in Fig. 1a. Each ssDNA self-assembled into a trian-
gular facet and then hybridized with the adjacent sides of the other three
ssDNA-forming facets. Finally, a tetrahedral framework was formed. The
PAGE results revealed that the four ssDNA molecules formed tFNAs
(Fig. 1b). The morphology of the tFNAs was observed using TEM, and
the triangle shape of the tFNAs is shown in Fig. 1c. The results of PAGE
and TEM confirmed that we successfully synthesized tFNAs. In addition,
the average particle size of the tFNAs was 19.21 + 3.94 nm, as assessed
by dynamic light scattering (Fig. 1d). The zeta potential assay revealed
that the surface potential of the tFNAs was —6.33 + 3.33 mV (Fig. le),
which indicated that the tFNAs were stable in TM buffer solution.

To investigate the ability of SMSCs to take up ssDNAs and tFNAs, we
incubated the cells with Cy5-tFNAs or Cy5-ssDNAs at a concentration of
250 nM. After 12 h of treatment, we observed that the fluorescence
signal of Cy5 in the tFNA-treated SMSCs was visibly stronger than that in
the ssDNA-treated SMSCs (Fig. 1f). The results suggested that tFNAs can
be easily taken up by SMSCs in abundance, while ssDNAs were not
absorbed.

3.2. tFNAs promoted the proliferation of SMSCs by regulating the cell
cycle

To determine whether tFNAs can affect the proliferation of SMSCs,
we performed three assays. First, we used CCK-8 assays to initially

C

Nucleus

Fig. 1. Synthesis, characterization and SMSC uptake of tFNAs. a. A diagram for the synthesis of tFNAs. b. The results of PAGE showing the successful manu-
facture of tFNAs. c. TEM images indicating the average size and morphology of tFNAs. d. Size distribution of tFNAs. e. Zeta potential distribution of tFNAs. f. Cy5-
ssDNAs and Cy5-tFNAs taken up by SMSCs. (nucleus: blue, F-actin: green, Cy5: red). Scale bars are 25 pm. Data are presented as mean + SD (n = 3).
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investigate the effect on proliferation and screened for the optimal
concentration. The results of CCK-8 assays (Fig. 2a) clearly showed that
when the concentration of tFNAs ranged from 62.5 nM to 250 nM,
SMSCs showed stronger proliferation than the control cells. In addition,
tFNAs at a concentration of 250 nM had the optimal effect on SMSC
proliferation. For the second assay, we used EdU staining to further
confirm the effects of tFNAs on SMSC proliferation. The results of the
EdU analysis (Fig. 2b and c) also indicated that after treatment with
tFNAs, the number of EdU-positive SMSCs was greater than that of the
control group. Furthermore, compared with those of both the 62.5 nM
and 125 nM groups, the number of cells with EdU fluorescence in the
250 nM group was greater. Altogether, tFNAs could promote the pro-
liferation of SMSCs, and 250 nM was the most suitable concentration.

Therefore, we then chose 250 nM tFNAs to treat SMSCs and assessed
the effect on the cell cycle after 24 h of treatment via flow cytometry.
Based on the cell cycle results (Fig. 2d), we concluded that the propor-
tion of SMSCs in S phase, which was vital for DNA replication after 250
nM tFNA treatment, was significantly greater than that of the control
cells, while the proportion in G1 phase was decreased. Consequently, we
demonstrated that tFNAs could promote the proliferation of SMSCs by
regulating the cell cycle.

3.3. tFNAs affected the proliferation of SMSCs by activating the Wnt/
p-catenin pathway

According to a previous study, tFNAs can promote the proliferation
of rat chondrocytes by activating the classic Wnt/p-catenin pathway
[31]. Therefore, in our study, we evaluated the expression of
Wnt/p-catenin pathway-related proteins, including p-catenin, Lef-1 and
cyclin D1, by immunofluorescence and Western blot analysis. For
immunofluorescence, as shown in Fig. 3a, b, and c, the fluorescence
intensity of these three proteins in the tFNA treatment group was
significantly higher than that in the control group. Subsequently, WB
(Fig. 3d) further confirmed that the expression of f-catenin, Lef-1 and
cyclin D1 after 24 h of treatment with tFNAs was higher than that of the
control group. In detail, the statistical analysis of the western blots
showed that the upregulated expression of these proteins after exposure
to 250 nM tFNAs was significant (B-catenin increased up to 1.95-fold,
Lef-1 was 2.97-fold, cyclin D1 was 2.25-fold, Fig. 3e). Therefore, we
concluded that tFNAs can promote the proliferation of SMSCs by acti-
vating the Wnt/p-catenin pathway.

3.4. tFNAs promoted the migration of SMSCs both in vitro and in vivo

3.4.1. tFNAs increased SMSC migration in vitro

Scratch wound healing experiments and Transwell chamber assays
were used to confirm the effect of tFNAs on the migration of SMSCs. As
shown in Fig. 4a, images of SMSCs migrating to the scratches demon-
strated that over time, the cells treated with tFNAs covered the scratch
wound area earlier than the control cells, and the effect was most sig-
nificant at a concentration of 250 nM, indicating that tFNAs could
significantly enhance cell migration. Statistical analysis of the distance
between scratches also confirmed that the scratches of the 250 nM tFNA
group showed the best healing effect (Fig. 4d). Next, we used a Trans-
well chamber assay to analyze the effect of tFNAs on the vertical
migration of SMSCs (Fig. 4b). Images of DAPI fluorescence staining
revealed that after the cells in the upper compartment were exposed to
tFNAs for 24 h, more migrated cells were observed on the lower surface
of the inserts (Fig. 4c). Statistical analysis of the cell number showed that
the migratory effect was gradually enhanced as the concentration
increased, and the effect was strongest when the concentration of tFNAs
was 250 nM (Fig. 4e). According to the results of two experiments, we
concluded that tFNAs can significantly enhance cell migration, and
further, 250 nM was the optimal working concentration based on these
findings combined with the results of the previous proliferation exper-
iments. Therefore, 250 nM was used as the experimental concentration
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in the subsequent experiments.

3.4.2. tFNAs increased SMSC migration in vivo

Then, we confirmed that tFNAs can also increase the migration of
SMSCs in vivo. After 7 days of repair in animal models, immunofluo-
rescence staining was performed on the regenerated AC tissue samples of
the two groups. Immunofluorescence results showed that the number of
CD73 and CD105 double-positive cells in the regenerated tissue of the
tFNA group was significantly higher than that in the control group
(Fig. 4f), indicating that more endogenous MSCs migrated to the defect
area in the tFNA treatment group than in the control group. These results
proved that tFNAs could significantly increase the migration of endog-
enous SMSCs to defect areas and enhance AC regeneration.

3.5. Effect of tFNAs on the chondrogenic differentiation of SMSCs

In our study, we used a pellet culture system to induce SMSC chon-
drogenic differentiation in vitro according to previous studies. After
SMSCs were induced in chondrogenic differentiation medium with or
without tFNAs (250 nM) for 14 and 21 days, we carried out histological
and immunohistochemical staining to qualitatively evaluate chondro-
genesis in the cell pellets. As shown in Fig. 5a, H&E staining revealed
that SMSCs successfully differentiated into chondrocytes in all groups,
and the tFNA group secreted more extracellular matrix than the control
group. In addition, safranin O and Alcian blue staining showed that
treatment with tFNAs increased proteoglycan production (Fig. 5b and c).
Furthermore, IHC demonstrated that both the staining area and extent of
type II collagen staining in the 250 nM tFNA treatment group were
stronger than those in the control group, indicating that 250 nM tFNAs
could significantly enhance the deposition of type II collagen in the
pellets (Fig. 5d).

To further clarify the tFNA-mediated promotion of chondrogenic
differentiation of SMSCs, we quantitatively detected typical
chondrogenic-related differentiation markers, including collagen II,
Sox9 and aggrecan, at the gene and protein levels. First, we used qPCR to
determine the expression of the above markers at the gene level after
SMSCs were treated with 250 nM tFNAs for 14 and 21 days. tFNAs
significantly upregulated the expression of chondrogenic-specific genes
(Fig. 5e). In addition, we detected the gene expression of collagen I and
found that there was no significant difference between the two groups
after 21 days of differentiation. Moreover, the expression of the
abovementioned proteins was tested through Western blot analysis. As
shown in Fig. 5f, the expression of these proteins after treatment with
250 nM tFNAs was significantly enhanced. Statistical analysis showed
that collagen II expression was upregulated by 17.74-fold at day 14 and
50.73-fold at day 21, SOX9 expression was upregulated by 1.33-fold at
day 14 day and 1.63-fold at day 21 and aggrecan expression was upre-
gulated by 2.43-fold at day 14 and 3.62-fold at day 21 in the tFNA
groups (Fig. 5g). Altogether, these results revealed that tFNAs strongly
promoted chondrogenic differentiation of SMSCs.

3.6. Mechanism through which tFNAs regulate the chondrogenic
differentiation of SMSCs

To investigate the molecular basis of the effect of tFNAs on SMSC
chondrogenic differentiation, we performed a comprehensive proteomic
screen using phosphorylated antibody arrays to identify proteins that
were differentially regulated before and after tFNA treatment at the
working concentration. The microarray slide images generated are
shown in Supplementary Fig. S2. When the regulatory value was 15%,
the cells treated with tFNAs phosphorylated 160 proteins compared with
the control cells (Fig. 6a). We then focused on the phosphorylated
proteins in three pathways, the TGFp, Wnt and MAPK pathways
(Fig. 6b-d), and found that phosphorylation of Smad2/3, the most
important downstream target in the TGF pathway, was significantly
enhanced. Then, we discovered that in the 250 nM tFNA-treated cells,
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Fig. 2. The proliferation of SMSCs were promoted by exposure to tFNAs. a. CCK-8 results of SMSCs proliferation under the treatment of tFNAs with different
concentrations. Data are presented as mean =+ SD (n = 4). b. Inmunofluorescence micrographs of EdU staining (EdU: orange, nucleus: blue). Scale bars are 100 pm. c.
Semi-quantitative analysis of EQU positive cell ratio based on images. Data are presented as mean + SD (n = 3). d. Flow-cytometry results of the cell cycle of SMSCs
treated with or without 250 nM tFNAs for 24 h. Data are presented as the mean + SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. represents
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Fig. 4. Effect of tFNAs on the migration of
SMSCs. a. Scratch wound healing experiments
verified the effect of tFNAs with different con-
centrations on promoting the migration of
SMSCs at 0, 12, and 24 h. Scale bars are 200 pm.
b. Structure diagram of Transwell chambers. c.
Representative fluorescent images of transwell
assay showed that tFNAs could effectively pro-
mote the migration of SMSCs (nucleus: blue). d.
Quantitative analysis of the distance of the
scratch wound healing experiment. Data are
presented as the mean + SD (n = 3). Statistical
analysis: **p < 0.01. e. The number of cells
migrated by SMSCs is shown in a histogram.
Data are presented as the mean + SD (n = 3).
Statistical analysis: **p < 0.01, ***p < 0.001. f.
Confocal 3D image of CD73+/CD105+ MSCs in
two groups by immunofluorescence laser 7 days
post-surgery and quantification of MSCs
migrated to the injured sites. Data are presented
as the mean + SD (n = 3). Statistical analysis:
*#p < 0.01.
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Fig. 5. Effect of tFNAs on chondrogenic differentiation of SMSCs in vitro. a-d. H&E (a), Alcian blue (b), and safranin-O (c) staining and immunohistochemistry of
collagen II (d) in SMSCs pellets that were cocultured with or without tFNAs. e. Gene expression of Col I, Col II, Sox9 and Aggrecan in SMSCs pellets at 14 and 21 days.

Data are presented as the mean + SD (n = 4). Statistical analysis: *p < 0.1,
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SOX-9 and COL II in the SMSC pellets cocultured with or without tFNAs at 14 and 21 days. g. Quantitative analysis of the proteins expression levels of Aggrecan, SOX-
9 and COL II. Data are presented as the mean + SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. indicates no significant difference.

Smad2/3 (phospho-Thr8), Smad3 (phospho-Ser 204), Smad3 (phospho-
Thr179), and Smad3 (phospho-Ser 425) levels were enhanced by 1.18,
2.07, 1.43, and 1.15 times, respectively, compared to those of the con-
trol group (Supplementary Fig. S3). Furthermore, as shown in Fig. 7a-d,
the results of immunofluorescence and Western blot analysis confirmed
the increased phosphorylation of Smad2/3. Therefore, we concluded
that tFNAs could improve the chondrogenic differentiation of SMSCs by
regulating the TGF/Smad2/3 signaling pathway.

3.7. tFNAs promoted cartilage regeneration in vivo

3.7.1. Clinical evaluation of the regeneration of AC

To investigate whether tFNAs can promote articular cartilage in situ
regeneration, we established a rabbit model with a cylindrical cartilage
defect, and then, the same amount of saline or 250 nM tFNAs was
injected into the articular cavity. As shown in Fig. 8a, the cartilage
defect in the control group was still obvious at 6 weeks after the

operation, the repaired tissue was mostly white granulation tissue, and
the new tissue still had an obvious boundary with the surrounding
cartilage. Although the tFNA group also showed discontinuity with the
normal cartilage boundary at 6 weeks, the degree of repair was signif-
icantly better than that of the control group. At 12 weeks after the
operation, cartilage defects in the control group were nearly filled.
However, the surface was uneven, and the color difference between the
new tissue and the surrounding normal cartilage was obvious. In
contrast, the new cartilage in the tFNA group was more integrated,
looked more like normal cartilage and had more continuous connections
to the surrounding normal cartilage. The ICRS macroscopic score of the
tFNA group was also better than that of the control group at both 6
weeks and 12 weeks (Fig. 8b and c).

To compare the regenerative effect of tFNAs with that of the control,
we performed micro-CT analysis. The femur samples at two time points
were reconstructed by two-dimensional and three-dimensional images,
and then, the two important indexes (BV/TV and BMD) were analyzed.
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Fig. 6. The results of the phospho-antibody array and regulation of proteins associated with chondrogenic differentiation of SMSCs by tFNAs. a. Statistical
diagram of the phosphorylation proteins produced by tFNAs in the phospho-antibody array. Phosphoproteins whose levels increased or decreased by more than 15%
were labeled red and blue. b. Heat map representing that the fold change in phosphorylation expression of TGF-f pathway-related proteins. c. Heat map representing
that the fold change in phosphorylation expression of Wnt pathway-related proteins. d. Heat map representing that the fold change in phosphorylation expression of
MAPK pathway-related proteins.
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Fig. 7. tFNAs promoted the chondrogenic differentiation of SMSCs by up-regulating the phosphorylation expression of Smad2/3. a-b. Inmunofluorescence
detection of p-Smad3 and p-Smad2. (F-actin: red, nucleus: blue, and protein: green). Scale bars are 25 pm. Quantitative analysis of the average optical density of
fluorescence images. Data are presented as the mean + SD (n = 3). Statistical analysis: *p < 0.05, ***p < 0.001. c. WB analysis of the expression levels of Smad 2/3,
p-Smad2 and p-Smad3 (the internal control was p-actin). d. Quantitative analysis of the expression levels of Smad 2/3, p-Smad2 and p-Smad3. Data are presented as
the mean + SD (n = 3). Statistical analysis: *p < 0.05, ***p < 0.001, n.s. represents no significant difference.

Reconstruction images showed that the repaired tissue in the tFNA
group was much greater than that in the control group at both 6 and 12
weeks after the operation (Fig. 8d). The BV/TV value also confirmed this
finding (Fig. 8f). In addition, the quantitative assessment of BMD sug-
gested that the BMD values of the tFNA group were substantially
increased at both 6 weeks and 12 weeks after the operation (Fig. 8e).

3.7.2. Histomorphological evaluation

Histomorphological staining was used to show the properties of the
repaired AC tissue. Consistent with the results of the macroscopic
evaluation, the results of H&E staining (Fig. 9a) showed that the
repaired area was still not well integrated with normal cartilage at 6
weeks in the tFNA group, partial collapse was detected, and the staining
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Fig. 8. Macroscopic and micro-CT evaluation of repaired knees. a. Representative macroscopic analysis of repaired tissues at 6 and 12 weeks post-operation. Red
circles show the defect area. b. ICRS score for macroscopic assessment. Data are presented as the mean + SD (n = 8). Statistical analysis: *p < 0.05, ***p < 0.001. c.
Heat map of variables for the ICRS scoring. d. Micro-CT images contain 2D and 3D reconstruction of repaired cartilage at 6 and 12 weeks post-operation. e-f.
Quantitative analysis of BMD and BV/TV in the regenerated area. Data are presented as the mean + SD (n = 8). Statistical analysis: *p < 0.05, ***p < 0.001.

was shallow. However, at 12 weeks, the repaired cartilage area was well
integrated with normal cartilage, and chondrocytes in the repaired area
were clearly aligned. In the control group, the regenerated area was
largely unstained at 6 weeks, and tissue collapse showed no sign of
repair. In contrast, at 12 weeks in the control group, the tissue surface
was uneven and accompanied by flocculated fibrous tissue, and the
staining was shallow compared to that of the tFNA group.

Safranin O can dye polysaccharides in cartilage red, and Fast Green
can dye bone tissue green (Fig. 9a). In the tFNA group, all tissues after
repair were stained red at 6 weeks and 12 weeks, but at 6 weeks, the
repaired tissue was clearly demarcated from the normal tissue with
irregular surfaces. At 12 weeks, the repaired tissue was closely con-
nected to the normal tissue, and the arrangement of chondrocytes in the
repaired area was more similar to that in the normal tissue. At 6 weeks,
there was almost no repaired tissue and no polysaccharides in the con-
trol group. At 12 weeks, the control group showed red staining, but the
surface of the repaired tissue was irregular, and flocculent fibrous tissue
was observed. Compared with the normal cells, the repaired chon-
drocytes showed slight abnormalities in morphology and arrangement.
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The total collagen content of repaired tissues was verified by Sirius
red staining (Fig. 9a). At 6 weeks, birefringent collagen fibers were
observed in the repaired area of the tFNA group, and these molecules
were tightly and regularly arranged but had gaps with the normal tissue.
At 12 weeks, the repaired areas were more regular and orderly. At 6
weeks in the control group, the repaired area was still defective, and
there were basically no regenerated collagen fibers. At 12 weeks, there
were birefringent collagen fibers, which were closely arranged and
regular in shape, but flocculent fibrous tissue was present on the surface.

The collagen II content was verified by immunohistochemical anal-
ysis (Fig. 9a). At 6 weeks, immunohistochemical analysis showed that
the regenerated cartilage in the tFNA group had more obvious coloration
than that in the control group but was lighter than that of the sur-
rounding normal cartilage, indicating that the expression of collagen II
was lower than that of normal AC. At 12 weeks, the coloration of the new
cartilage in the tFNA group was close to the color of the surrounding
normal AC, demonstrating that the collagen II content was similar to
that of normal AC. In the control group, less collagen II staining than that
in the tFNA group was observed at 12 weeks, with flocculent fibrous
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tissue on the surface.

Consistent with the staining results, the results of the O’Driscoll
scoring system showed that the histological scores were higher in the
tFNA group than in the control group at both 6 weeks and 12 weeks
(Fig. 9b). These results indicated that tFNAs can promote articular
cartilage in situ regeneration.

3.7.3. Biomechanical evaluation

The mechanical properties of regenerated AC were evaluated by
biomechanical testing. As shown in Fig. 9¢, the results revealed that the
Young’s modulus in the tFNA group was significantly higher than that in
the control group at both 6 weeks and 12 weeks, indicating that the
mechanical properties of regenerated AC in the tFNA group were better.
However, compared with those of the sham group (normal cartilage),
the mechanical properties of the tFNA group were still poorer.

4. Discussion

Due to a poor regenerative ability and lack of appropriate treatment,
damaged AC can eventually develop into osteoarthritis, substantially
reducing patient quality of life [1,37]. In recent years, MSCs-based tissue
engineering therapies have been promising approaches for AC regen-
eration, and major progress has been made in these strategies [7].
However, the lack of MSCs sources and the decreased potential of stem
cell culture in vitro restrict its further application [9,19]. Therefore,
more studies have focused on improving the in situ regeneration of AC
based on endogenous MSCs to overcome the above limitations [17,18].
In particular, joint-resident MSCs are the driving factor for in situ
regeneration of AC, among which SMSCs play a dominant role in adult
cartilage repair due to their good chondrogenic potential and proximity
to AC [19]. Nevertheless, an ideal regenerative microenvironment for
endogenous stem cells to promote regeneration-relevant biological
functions such as proliferation, migration and chondrogenic differenti-
ation is one of the main challenges [20]. The most common method to
improve the regenerative microenvironment is the use of chemo-
attractants. Traditional chemoattractants include growth factors and
chemokines, such as bone morphology protein-2, transforming growth
factor-p3 and stromal cell derived factor-1. In addition to the existence
of expensive shortcomings, large doses of treatment often cause adverse
pathological changes, such as hypertrophic synovium [17]. Further-
more, the function of most chemokines is relatively simple and does not
comprehensively promote the biological function of MSCs. Due to the
ability to create a biomimetic cellular environment that promotes
cartilage regeneration, the application of nanoengineering systems in
AC tissue engineering has attracted extensive attention [38-40]. The
role and prospects of tFNAs, promising nanomaterials, in the field of
biomedicine have been widely demonstrated [24]. tFNAs are not only
able to provide a unique cellular environment for chondroblastic growth
and phenotype maintenance [31] but also promote the proliferation and
osteogenic differentiation of MSCs [30]. Herein, we sought to explore
whether tFNAs could have positive effects on the relevant microenvi-
ronment for AC in situ regeneration.

Previous studies have shown that tFNAs can enter cells through
caveolin-mediated endocytosis and are stable in the cell for a certain
period of time, while high levels of ssDNAs cannot be absorbed [41].
Furthermore, the key to the positive effects of tFNAs on the AC
regeneration-relevant microenvironment is cellular uptake. Thus, we
not only successfully synthesized tFNAs with a stable size and zeta po-
tential but also labeled the tFNAs with Cy5 to investigate the uptake of
SMSCs. The results revealed that tFNAs can be absorbed specifically by
SMSCs and that ssDNAs cannot enter SMSCs in abundance.

The proliferation, migration and chondrogenic differentiation of
MSCs are essential biological functions in cartilage repair. In this study,
based on our experimental data, we discovered that tFNAs can also
significantly improve SMSC proliferation in a concentration-dependent
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manner by regulating the cell cycle, and tFNAs at a concentration of
250 nM provided an ideal cellular environment for SMSC proliferation.
In addition, we proved that SMSCs exposed to tFNAs showed enhanced
proliferation via enhancement of the classic Wnt signaling pathway,
similar to previous research. As an important positive mediator in the
classic Wnt pathway, fB-catenin is transported to the nucleus when it
accumulates in the cytoplasm and then interacts with Lef-1 and other
proteins to produce a series of biological behaviors, including the
expression of cyclin D1. The primary function of cyclin D1 is to promote
cell proliferation by regulating cyclin-dependent kinases, and in
particular, this molecule is essential for the transition from the G1 to the
S phase in mitosis. These results are consistent with the results of cell
proliferation and cell cycle experiments.

In addition to proliferation, MSC migration plays a decisive role in
cartilage repair. For the in vitro migration experiment, we used a bidi-
rectional wound healing assay to explore the effects of tFNAs on the
horizontal migration of SMSCs. As a widely used experiment in the study
of cell migration, the wound healing assay is often used to study hori-
zontal cell migration in a two-dimensional plane. However, this assay
cannot simulate the formation of gradient chemokines, which is quite
different from the migration of MSCs in vivo. To further investigate the
effects of tFNAs on SMSC migration in three dimensions, we performed
Transwell chamber assays. We used 5% FBS in the lower chamber as a
chemokine, and SMSCs were seeded in the upper chamber. Then, we
applied a rabbit articular cartilage defect model to explore the effect of
tFNAs on the migration of SMSCs in vivo. In fact, when cartilage is
injured, some chemokines are produced in the articular cavity to pro-
mote the migration of MSCs to the injured site [18]. However, due to
insufficient signals, the number of migrating MSCs is usually limited,
which leads to difficulty in cartilage regeneration [17]. After the injec-
tion of tFNAs into the articular cavity, the migratory abilities of pe-
ripheral MSCs, especially SMSCs, were significantly improved, which
has been confirmed in vitro. Therefore, when our in vivo cartilage defect
model was established, the effect of the released chemotaxis signal was
also significantly improved due to the enhancement of MSC migration,
which may be the main reason why we observed more cells in the
regenerative tissue after 7 days of tFNA injection.

As a key factor in the process of articular cartilage regeneration, we
investigated the role of tFNAs in SMSC chondrogenic differentiation,
which has never been studied before. In our study, we used a pellet
culture system to evaluate the chondrogenic differentiation of SMSCs
exposed to 250 nM tFNAs. The results of histological staining, qPCR and
WB revealed that the chondrogenic inductive environment with 250 nM
tFNAs is more suitable for chondrogenic differentiation. To further
confirm the important role of tFNAs in promoting SMSC chondrogenic
differentiation, we used phospho-antibody array analysis to investigate
the potential mechanism by which tFNAs enhance SMSC chondrogenic
differentiation. In fact, chondrogenic differentiation of SMSCs is regu-
lated by crosstalk of multiple signaling pathways [42,43]. For example,
TGFp-Smad2/3 can activate the transcription factor SOX9 to initiate and
maintain chondrogenesis, which is the classic chondrogenic pathway
[44]. In addition, phosphorylation of the MAPK family members p38,
ERK-1 and JNK can stimulate the expression of Sox9 [43,45]. Further-
more, some studies have shown that the Wnt signaling pathway is
associated with the chondrogenic differentiation of MSCs [46]. There-
fore, we used phospho-antibody array analysis to conduct a compre-
hensive screen. The microarray results showed a significant increase in
Smad2/3 phosphorylation in the tFNA-treated group, which was also
confirmed by subsequent WB and immunofluorescence. These results
suggested that the promotion of SMSC chondrogenic differentiation
after treatment with 250 nM tFNAs was related to the enhancement of
Smad2/3 phosphorylation.

To investigate the effect of tFNAs on AC regeneration in situ, we used
New Zealand white rabbits to establish in vivo cartilage defect models.
After strict disinfection, 250 nM tFNAs were injected into the joint cavity
of the rabbits, while saline was injected into the control rabbits. When
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treated with 250 nM tFNAs, the rabbits not only showed more rapid
cartilage regeneration than those in the control group but also had less
fibrous tissue after the defects repaired. The results of histomorpho-
logical staining showed that the application of tFNAs led to a better
alignment of chondrocytes in the regenerated tissue and higher
expression of collagen II. Furthermore, the mechanical properties of
regenerated cartilage in situ have also been greatly improved by the
treatment of tFNAs.

According to our findings, we confirmed that tFNAs had positive
effects on the proliferation, migration, and chondrogenic differentiation
of SMSCs as well as the in situ regeneration of damaged AC in rabbits.
Compared with traditional chemoattractants such as bone morphology
protein-2, transforming growth factor-p3 and stromal cell derived
factor-1, tFNAs have some obvious advantages, including simple prep-
aration, low cost, comprehensive functions and fewer side effects.
However, there are still some limitations and challenges for the appli-
cation of tFNAs in AC regeneration. First, although tFNAs are more
stable due to their particular structure than double-stranded DNAs,
studies have shown that tFNAs will degrade rapidly in vivo, especially in
the blood. Therefore, in this study, we used continuous joint cavity in-
jection, which will not only cause pain to patients but will also result in
the risk of joint infection. Furthermore, compared with scaffold sus-
tained release factors, intraarticular injection of tFNAs results in uneven
biological distribution, which may reduce therapeutic efficacy. There-
fore, to more effectively use tFNAs to promote cartilage regeneration,
our next work will focus on solving the above problems.

5. Conclusion

In conclusion, our study demonstrated that tFNAs, novel biological
nanophase materials, could enhance both the proliferation and migra-
tion of SMSCs, and 250 nM was identified as the best working concen-
tration. We also found that 250 nM tFNAs could promote chondrogenic
differentiation of SMSCs by increasing the phosphorylation level of
Smad2/3. In addition, in rabbit models of AC defects, tFNAs signifi-
cantly increased the number of migrated MSCs in the defect area and
enhanced AC in situ regeneration. To the best of our knowledge, this
study is the first to report the treatment of cartilage defects using tFNAs,
indicating that tFNAs have great potential for clinical articular cartilage
repair and represent a promising therapeutic for AC regeneration in the
future.
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