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A B S T R A C T

Graft healing after anterior cruciate ligament reconstruction (ACLR) involves slow biological processes, and
various types of biological modulations have been explored to promote tendon-to-bone integration. Exosomes
have been extensively studied as a promising new cell-free strategy for tissue regeneration, but few studies have
reported their potential in tendon-to-bone healing. In this study, a novel type of exosome derived from
magnetically actuated (iron oxide nanoparticles (IONPs) combined with a magnetic field) bone mesenchymal
stem cells (BMSCs) (IONP-Exos) was developed, and the primary purpose of this study was to determine whether
IONP-Exos exert more significant effects on tendon-to-bone healing than normal BMSC-derived exosomes (BMSC-
Exos). Here, we isolated and characterized the two types of exosomes, conducted in vitro experiments to measure
their effects on fibroblasts (NIH3T3), and performed in vivo experiments to compare the effects on tendon-to-bone
integration. Moreover, functional exploration of exosomal miRNAs was further performed by utilizing a series of
gain- and loss-of-function experiments. Experimental results showed that both BMSC-Exos and IONP-Exos could
be shuttled intercellularly into NIH3T3 fibroblasts and enhanced fibroblast activity, including proliferation,
migration, and fibrogenesis. In vivo, we found that IONP-Exos significantly prevented peri-tunnel bone loss,
promoted more osseous ingrowth into the tendon graft, increased fibrocartilage formation at the tendon-bone
tunnel interface, and induced a higher maximum load to failure than BMSC-Exos. Furthermore, overexpression
of miR-21-5p remarkably enhanced fibrogenesis in vitro, and SMAD7 was shown to be involved in the promotive
effect of IONP-Exos on tendon-to-bone healing. Our findings may provide new insights into the regulatory roles of
IONPs in IONP-Exos communication via stimulating exosomal miR-21-5p secretion and the SMAD7 signaling
pathway in the fibrogenic process of tendon-to-bone integration. This work could provide a new strategy to
promote tendon-to-bone healing for tissue engineering in the future.
1. Introduction

The 24th Winter Olympics officially ended with the traditional clos-
ing ceremony. As an international event full of extreme sports, involving
high-speed collisions, spectacular spills, and frightening falls, the Winter
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Olympics has seen its fair share of major sports injuries [1,2]. Among
them, anterior cruciate ligament (ACL) injury is one of the most common
injuries of the knee joint, which not only causes knee pain and joint
instability, but also increases the risk of knee osteoarthritis and disability
[3,4]. Anterior cruciate ligament reconstruction (ACLR) is considered a
ical College Hospital, Chinese Academy of Medical Sciences & Peking Union

ical College Hospital, Chinese Academy of Medical Sciences & Peking Union

edical College Hospital, Chinese Academy of Medical Sciences & Peking Union

iu), wuzh3000@126.com (Z. Wu).

022

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:wanghai907@hotmail.com
mailto:qguixing@126.com
mailto:wuzh3000@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100319&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100319
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100319


X.-D. Wu et al. Materials Today Bio 15 (2022) 100319
safe and effective surgical procedure for the management of ACL injury,
and tendon autografts are widely used and considered the current “gold
standard” in ACLR [5–7]. Over 120,000 ACL injuries occur each year in
the US, with more than 2.6 million worldwide, and approximately 800,
000 ACLR surgeries are performed per year globally [8,9]. However, the
lack of graft incorporation remains a cause of failure after ACLR, espe-
cially in the initial phase of rehabilitation [10–12].

Tendon graft-to-bone tunnel integration after ACLR involves slow
biological processes consisting of three key healing processes and re-
quires more than 12 months for graft maturation [13–17]. Therefore,
there has been substantial interest in exploring biological strategies,
including drugs, growth factors, platelet-rich plasma (PRP), stem cells,
stem cell-conditioned media, biomaterials, and biophysical in-
terventions, to facilitate tendon graft-to-bone tunnel integration and
promote earlier graft maturation, which may allow earlier recovery and
earlier return to play [18–26]. Among these agents, mesenchymal stem
cells (MSCs) have attracted much research interest and have been widely
used in the field of tissue engineering mainly because they have the ca-
pacity to proliferate, self-renew, and differentiate into various tissues.
Previous studies have investigated several different types of stem cells for
the promotion of graft healing after ACLR in different animal models and
reported significant enhancement of tendon-to-bone integration shown
by histology, biomechanics, imaging, and biochemistry during the early
phase [27–29]. However, despite the great promise for tissue engineering
and regenerative medicine, stem cell therapy remains not a therapeutic
option mainly due to potential lethal adverse events, including tumor
formation, unwanted immune responses, thrombotic complications, and
transmission of adventitious agents, which have not yet been solved
[30–32].

Given that there remain potential unresolved risks related to MSCs
applications and that the regenerative effects of MSCs largely depend on
paracrine factors, including growth factors, cytokines, and extracellular
vesicles (EVs), recent regenerative medicine-related research is increas-
ingly focusing on exosomes [33]. Exosomes are small (30–150 nm)
membranous EVs that have been found to serve as carriers of macro-
molecules, including proteins, mRNAs, microRNAs (miRNAs), lipids,
signaling cytokines, and serve as essential messengers between cells [34,
35]. As researchers found that exosomes released by stem cells rather
than stem cells, play an essential role in stimulating regenerative re-
sponses, exosome therapy became an alternative for regenerative medi-
cine [36]. More recently, several previous studies have investigated the
effects of MSCs-derived exosomes on tendon injuries, and demonstrated
that exosomes promote high-quality healing of injured tendons [37–39].
However, tendon-to-bone integration is more challenging as it takes
place between inhomogeneous tissues, which is much slower than the
tendon-to-tendon or bone-to-bone healing process that occurs within
homogenous tissue [40]. Therefore, special attention has been given to
augmenting tendon-to-bone insertion healing. A previous study utilized a
low-frequency static magnetic field as a contact-free technology and
mechanical stimulation to modulate cell physiology and found that
magnetic therapy fine-tuned the tendon cell behavior through modula-
tion of the inflammatory response [23]. Additional studies further
induced a magnetically actuated system by combining a pulsed electro-
magnetic field and magnetic responsive membranes to modulate the
inflammatory profile of tendon cells and macrophages, and suggested
that the magnetically actuated system regulated inflammatory events and
stimulated tendon regeneration [41,42]. In addition, a previous study
found that incorporating iron oxide nanoparticles (IONPs) and a static
magnetic field (SMF) significantly promoted wound healing by
improving fibrogenesis and angiogenesis [43]. A comprehensive review
highlighted the potential applications of magnetic nanoparticles and
scaffolds with magnetic fields and stem cells for improved bone repair
and regeneration [44]. Similarly, our previous study showed that SMF
enhanced osteogenic differentiation through the upregulation of SMAD4
expression, and that exosomes derived from bone mesenchymal stem
cells (BMSCs) stimulated with Fe3O4 nanoparticles and SMF significantly
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promoted wound healing, enhanced osteogenesis and angiogenesis
compared to normal exosomes derived from BMSCs [45–47]. On these
grounds, we hypothesized that compared with normal exosomes derived
from BMSCs (BMSC-Exos), exosomes derived frommagnetically actuated
BMSCs (IONPs-incorporated BMSCs under a magnetic field (IONP-Exos))
might exhibit superior performance in tendon graft-to-bone regeneration
and integration, which might ultimately lead to enhanced tendon
graft-bone healing.

2. Materials and methods

2.1. Cell culture

Human BMSCs were purchased from ScienCell Research Laboratories
(ScienCell, Carlsbad, CA, USA) and cultured according to the manufac-
turer's instructions. Briefly, BMSCs were cultured in MSCs medium
(ScienCell) containing 5% fetal bovine serum (FBS), 1% mesenchymal
stem cell growth supplement, and 1% penicillin/streptomycin. BMSCs in
passages three to six were used for the in vitro experiments. The NIH3T3
fibroblast cell line was obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (Beijing, China) and
cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Invi-
trogen, Carlsbad, CA, USA) with 10% FBS (Gibco) and 1% penicillin-
streptomycin (Gibco). All cells were cultured at 37 �C with 5% CO2
concentration, and passaged every 2–3 days when they reached
approximately 90% confluence.

2.2. Internalization of IONPs in BMSCs under SMF

IONPs (magnetite Fe3O4) were synthesized by Ruixi Biological
Technology (Xi'an Ruixi Biological Technology, Xi'an, China). According
to the manufacturer, anionic polyelectrolyte poly (4-styrenesulfonic acid-
co-maleic acid) sodium salt (PSSMA)was used for surfacemodification of
IONPs, which not only prevents oxidation and agglomeration of IONPs,
but also improves their functionalization, making them well dispersed in
water, phosphate buffered saline (PBS), and ethanol. As previously
described, the SMF environment was achieved by assembling a perma-
nent neodymium magnet under the cell culture plates, and the desired
effective SMF intensity was reached by adjusting the distance between
the magnet and plate, and the intensity of the SMF was measured by
using a Tesla meter (HT20; Hengtong, Suzhou, China) [46]. The nano-
particle zeta potential was measured using a Nano-ZS instrument (Mal-
vern Instruments, Ltd., Malvern, UK), and the particle size was measured
using a ZetaView Analyzer (Particle Metrix, Meerbusch, Germany). The
morphology of BMSCs after engulfing IONPs was observed after
co-treatment with IONPs and SMF. For detection of the internalized
IONPs, the BMSCs-IONPs were visualized using transmission electron
microscopy (TEM, Hitachi, Tokyo, Japan). Additionally, BMSCs were
extensively washed with PBS three times to remove any free IONPs, and
the cells were fixed in 10% formaldehyde for 30min at room temperature
and washed with deionized water three times. Then, Prussian blue
staining was performed to further observe the internalized IONPs in the
BMSCs.

2.3. Cell viability assay

Cell proliferation assay was performed to explore the cytotoxicity of
the IONPs in BMSCs with Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo,
Japan). Briefly, BMSCs were seeded in 96-well plates (5000 cells/well),
and IONPs were added to the culture medium at concentrations of 0, 10,
20, 30, 40, 50, 80, 100, and 120 μg/mL. After culturing for different
durations, the culture medium was removed, and the cells were washed
with PBS three times to remove free IONPs that did not enter the cells.
Then, the viability of the IONPs-incorporated BMSCs was determined by
a CCK-8 assay after the treatment mentioned above. Fresh culture me-
dium with 10% CCK-8 assay reagent was added and incubated for 1 h,
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and then the incubated medium was transferred to a new 96-well plate to
avoid any disturbance of the cells. The absorbance was measured at 450
nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Based on the results of the CCK-8 assay, a concentration of 10–30
μg/mL was potentially beneficial for proliferation. Then, different
strengths of SMF stimulation (0, 50, 100, and 200 mT) were used in
combination with varying concentrations of IONPs (0, 10, 20, and 30 μg/
mL) to further culture BMSCs to determine the optimal culture condi-
tions, and cell proliferation was measured again as described above.
Subsequently, the optimal concentrations of IONPs in combination with
the optimal strength of SMF constitute the optimal magnetically actuated
system and culture condition.

2.4. Exosome isolation and purification

The isolation and purification of exosomes were performed as pre-
viously described [45,47]. Briefly, after passage, BMSCs were cultured
under standard conditions within 24 h. When the confluence of BMSCs
reached 70–80%, the complete medium was discarded, the cells were
washed and replaced with complete fresh medium supplemented with
10% exosome-depleted FBS (SBI System Biosciences, USA), and the cells
were cultured for an additional 48 h at 37 �C and 5% CO2. Then, the
above-conditioned medium was collected for exosome isolation through
four consequent centrifugation steps: (1) centrifugation at 300 g for 10
min at 4 �C to pellet dead cells and bulky debris; (2) centrifugation at
2000 g for 10 min at 4 �C to eliminate cell debris and large vesicles; (3)
centrifugation at 10,000 g for 30 min to remove microvesicles, with the
supernatant collected and filtered through 0.22-μm filters (Merck, Mil-
lipore Corporation, Bedford, MA, USA) to remove contaminating
apoptotic bodies, microvesicles, and cell debris; (4) ultracentrifugation at
110,000 g for 70 min (Optima XPN, Beckman, Brea, CA, USA) at 4 �C,
with the resulting pellet was resuspended in a large amount of PBS. A
repeated 110,000 g ultracentrifugation was applied to purify the exo-
some preparation from the lower mobility fractions, mainly from free
proteins. Exosome pellets were resuspended in PBS and stored at�80 �C.

2.5. Exosomes characterization and internalization

Morphology of the isolated exosomes was investigated by TEM. The
absolute size distribution of the exosomes was measured by nanoparticle
tracking analysis (NTA) using a ZetaView (Particle Metrix) and analyzed
using the corresponding software ZetaView. Western blot analysis was
then used to identify exosomal surface markers with the following pri-
mary antibodies CD9, CD81, Hsp70, and TSG101 (Exosome Panel,
Abcam, Cambridge, UK).

To track the endocytosis of exosomes and quantify the efficiency of
exosomes internalization by NIH3T3 fibroblasts, exosomes were labeled
with fluorescent dye using the PKH26 Red Fluorescent Cell Linker Kit
(Sigma, St Louis, MO, USA) according to the manufacturer's instructions.
After labeling, the exosomes were washed with PBS and then ultra-
centrifuged at 110,000 g at 4 �C for 70 min to remove the unbound dye.
Then, the PKH26-labeled exosomes were incubated with NIH3T3 fibro-
blasts for 4, 8, 12, 16, and 24 h, respectively. The cells were stained with
FITC phalloidin (Sigma) and counterstained with 4,6-diamidino-2-phe-
nylindole (DAPI, Sigma); the uptake of exosomes was observed using a
confocal fluorescence microscope (Nikon, Tokyo, Japan).

2.6. Cell proliferation assay

Cell proliferation assay was used to evaluate the effect of IONP-Exos
and BMSC-Exos on NIH3T3 fibroblast proliferation. NIH3T3 fibroblasts
were seeded at 3000 cells/well into 96-well plates and allowed to pro-
liferate for 24 h. Then, IONP-Exos (100 μg/mL), BMSC-Exos (100 μg/
mL), or PBS were added to the wells and cultured for an additional 1, 3,
3

or 5 days. CCK-8 (Dojindo) was used for cell proliferation assays, and cell
proliferation was calculated from the absorbance at 450 nm using a
microplate reader.

2.7. Transwell assay

Transwell migration assay was used to measure the effect of IONP-
Exos and BMSC-Exos on NIH3T3 fibroblast migration and was per-
formed according to the manufacturer's recommendation. Briefly, a total
of 5 � 104 NIH3T3 fibroblasts were seeded in the upper chamber of the
transwell (Corning, NY, USA) with 100 μL of serum-free medium. In the
lower chamber, 600 μL of culture medium containing 10% exosome-
depleted FBS (SBI, USA) and IONP-Exos (100 μg/mL), BMSC-Exos
(100 μg/mL), or the equivalent volume of exosome diluent (PBS) were
added and incubated for 24 h. Fibroblasts on the permeable membrane of
the upper chamber were gently wiped off using a cotton swab, and fi-
broblasts that migrated to the bottom of the filter membrane were fixed
with anhydrous ethanol and stained with crystal violet (Beyotime,
Shanghai, China). Five fields of the underside of the membrane were
randomly selected, and the migrated cells were counted under a
microscope.

2.8. Scratch wound healing assay

The scratch wound assay was used to evaluate the effect of IONP-Exos
on NIH3T3 fibroblast migration. Briefly, fibroblasts were seeded at 3 �
105 cells/well into six-well plates, and when the cells had reached
approximately 90% confluence, a sterile 200 μL pipette tip was used to
scratch the cells across each well vertically. After washing each well
twice with PBS to remove non-adherent cells, fresh serum-free medium
containing IONP-Exos (100 μg/mL), BMSC-Exos (100 μg/mL), or PBSwas
added, respectively. The cell migration images were recorded at 0, 12,
and 24 h after the scratch, and ImageJ software (NIH, Bethesda, MD,
USA) was utilized to measure the wound area compared with the initial
wound area.

2.9. qRT-PCR analysis

Total RNA from cells or exosomes was extracted using TRIzol reagent
(Invitrogen). For the mRNA analysis, total RNA was reverse-transcribed
into complementary cDNA using a PrimeScript RT reagent Kit
(TaKaRa, Tokyo, Japan) according to the manufacturer's instructions. For
the miRNA analysis, the isolated miRNA was reversely transcribed using
the Mir-X miRNA First-Strand Synthesis Kit (Clontech, Mountain View,
CA, USA). All RT-qPCR analyses were performed on an ABI system using
SYBR Green Real-time PCR Master Mix (TaKaRa) according to the
manufacturer's instructions. The relative expression level of mRNA or
miRNA was normalized to an internal reference GAPDH or U6, and
calculated using the 2�ΔΔCT method. The primer sequences used in this
study are listed in the supplementary materials (Supplementary Tables 1
and 2).

2.10. Western blot analysis

The cultured cells were harvested, and proteins were isolated using
RIPA lysis solution (Sigma). Protein concentrations were determined
using a BCA Protein Assay Reagent Kit (Beyotime). Equal amounts of
protein were separated by precast 4–12% Bis-Tris gels (NuPage, Invi-
trogen) and transferred to NuPage 0.45 μm nitrocellulose membranes
(Invitrogen). The membranes were blocked with 5% non-fat milk in Tris-
buffered saline containing 0.1% Tween 20 (TBST) for 1 h and incubated
with primary antibodies overnight at 4 �C, and finally incubated with
HRP-linked secondary antibodies for 1 h at room temperature. After in-
cubation, the protein bands were visualized using an enhanced
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chemiluminescence detection system (SuperSignal West Pico, Thermo
Scientific). All protein expression was normalized to the internal control,
GAPDH.

2.11. Animal experiments

The animal experiments were approved by the Animal Experimen-
tation Ethics Committee of the Peking Union Medical College Hospital
(No. XHDW-2021-061). All experiments were conducted in accordance
with the principles and procedures outlined in the Guide for the Care and
Use of Laboratory Animals of the National Institute of Health. This study
followed the ARRIVE guidelines for reporting pre-clinical animal
research [48]. Sprague-Dawley rats (male, 12 weeks old) underwent
unilateral ACL resection followed by isometric ACLR using an ipsilateral
flexor digitorum longus tendon autograft, which was conducted as pre-
viously described [48–50]. First, a longitudinal skin incision was made
on the medial aspect of the distal leg, and the flexor digitorum longus
tendon was identified and cut just distal to the ankle. The total length of
the flexor digitorum longus tendon was then harvested as a graft (average
length of 20 mm). A second incision was made over the knee, a medial
parapatellar arthrotomy was then performed, and the patella was dis-
located laterally with the knee in the extension position. The inter-
condylar notch was fully exposed, and the native ACL was then
completely excised. Next, an electronic drill with an 18-gauge hypoder-
mic needle was used to create bone tunnels at the intraarticular portion of
the proximal tibia toward the distal femur, corresponding to the site of
the anatomical attachment of the ACL. The tendon graft was passed
through the tunnel, and both ends of the grafted tendon were secured to
the surrounding periosteum using 4-0 ETHIBOND EXCEL® braided su-
tures (Ethicon, Somerville, NJ, USA). Subsequently, the rats were
randomly allocated into three groups and received a local injection of
IONP-Exos (100 μg/tunnel), BMSC-Exos (100 μg/tunnel), or PBS (Sup-
plementary Fig. 1). The wounds were closed, and the animals were
allowed ad libitum access to food and drinking water.

2.12. In vivo fluorescent labeling

Six rats were used for further exosome retention evaluation in vivo.
Exosomes were incubated with DiR dye (Umibio, Shanghai, China) for
30 min at room temperature and centrifuged at 110,000 g for 70 min at 4
�C to remove the free dye. Then the DiR-labeled exosomes were injected
into the bone tunnels. At 2 days after surgery, the IVIS Spectrum (Perkin
Elmer, Waltham, MA, USA) was used to analyze the DiR-labeled exosome
distribution.

2.13. Micro-CT analysis

The harvested specimens were scanned perpendicular to the long axis
of the bone tunnels using a Skyscan 1276 micro-computed tomography
(micro-CT) system (Bruker, Kontich, Belgium). The operating conditions
for the X-ray tube were as follows: an X-ray tube potential of 85 kV, an X-
ray tube current of 200 μA, and an exposure time of 384 ms. Recon-
struction of the obtained data was accomplished by Nrecon (version
1.7.4.2). 3D images were obtained from contoured 2D images by
methods based on distance transformation of the original grayscale im-
ages (CTVox version 3.3.0). 3D and 2D analyses were performed using
the CT Analyzer software (version 1.18.8.0). The average cross-sectional
bone tunnel areas were measured using ImageJ software, and the 3D
reconstructed datasets were analyzed to obtain the trabecular bone vol-
ume fraction of the bone volume fraction (BV/TV), trabecular thickness
(Tb. Th), trabecular number (Tb. N), trabecular separation (Tb. Sp),
structure model index (SMI), bone mineral density (BMD), within the
region of interest.
4

2.14. Biomechanical test

The femur-tendon graft-tibia complexes (FTGTC) were harvested at 4
weeks and 8 weeks after surgery and were stored at�80 �C until analysis.
The specimens were thawed at 4 �C before being processed for biome-
chanical testing. According to previously published protocols [51–54],
all soft tissue except the graft in the knee cavity and sutures at the tunnel
exits was carefully removed to eliminate confounding factors before
biomechanical testing. The shafts of the femur and tibia were firmly
mounted on an electronic universal testing machine (AGS-X, Shimadzu,
Kyoto, Japan), and the axis of distraction was adjusted to be parallel to
the long axis of the tendon graft. For load-to-failure testing, specimens
were preconditioned with 5 load cycles from 0 N to 0.5 N at a rate of
0.167 mm/s and then loaded to failure at the same rate. The failure load
was recorded from the load-deformation curve, and the stiffness was
calculated from the slope of the linear region of the curve. All tension
tests were conducted at room temperature, and specimens were kept
moistened with a saline solution throughout the testing period.
2.15. Histological and immunohistochemical analyses

After the micro-CT scan, the FTGTC samples were fixed in 4% neutral
buffer formalin for 48 h and then decalcified with 10% EDTA for
approximately 4 weeks. The samples were embedded with paraffin, and
5 μm-thick paraffin sections were obtained in the direction perpendicular
to the longitudinal axis of the bone tunnel. The sections were stained
with hematoxylin-eosin (H&E) and safranin O-Fast green (S&F) staining,
and were visualized with inverted light microscopy (Nikon Co., Japan).
Histomorphometric analysis was performed to assess the tendon-bone
tunnel interface, the width of the tendon-bone interface, the percent-
age of graft-bone contact, and the healing pattern within the interface of
the tendon-bone tunnel. Furthermore, immunohistochemical staining
was performed to evaluate collagen formation and detect osteocalcin
deposition. Sections were incubated with the associated primary anti-
bodies overnight at 4 �C and subsequently incubated with the secondary
antibodies for 1 h at room temperature. Then, the stained sections were
developed in diaminobenzidine solution and counterstained with he-
matoxylin. Slides were observed, and digital images were captured using
a Nikon light microscope equipped with a Nikon digital camera and NIS-
Elements software (Nikon, Japan).
2.16. RNA selection and bioinformatics prediction

To identify potential exosomal miRNAs participating in the mecha-
nisms underlying the stimulation of tendon-to-bone integration, based on
previous miRNA expression profiles determined by high-throughput
small RNA sequencing and a comprehensive literature review, several
upregulated exosome-derived miRNAs (miR-21-5p, miR-25-3p, miR-92a-
3p, miR-122-5p, miR-125b-5p, and miR-150-5p) were selected for
further evaluation and pathway analysis [45,47,55–60]. The expression
levels of miRNAs in exosomes were further validated using qRT-PCR.

Subsequently, the candidate target genes of miR-21-5p were pre-
dicted by the online tools TargetScan, picTar, miRanda, and miRWalk
[61–66]. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed for candidate target genes related to
fibrogenesis or osteogenesis. Next, the STRING [67] database (https://st
ring-db.org/) was used to generate the protein-protein interactions of the
selected target genes and import them into Cytoscape [68] to obtain hub
genes. The expression of the top 10 hub genes was detected via the GEPIA
database (http://gepia.cancer-pku.cn/index.html) (Supplementary
Figs. 2 and 3).

https://string-db.org/
https://string-db.org/
http://gepia.cancer-pku.cn/index.html
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2.17. Dual-luciferase reporter gene assay

The targeting relationship between miR-21-5p and SMAD7 was pre-
dicted through the biological prediction website and confirmed by dual-
luciferase reporter gene assays. The wild type (WT) containing the pre-
dicted target site and the mutant type (MUT) without the binding site of
SMAD7 to miR-21-5p were designed separately, amplified, and cloned
into the pGL3 plasmid. HEK293 cells (5 � 104 cells/well) were seeded in
48-well plates, and luciferase reporter plasmids were transfected into the
HEK293 cells with miR-NC or miR-21-5p mimics using Lipofectamine™
RNAiMAX (Invitrogen). After 24 h of transfection, the relative luciferase
activity was measured by normalizing the firefly luminescence to the
Renilla luminescence using the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA) according to the manufacturer's protocol.

2.18. Cell transfection

For the overexpression or inhibition of miR-21-5p function, miR-21-
5p mimics, miR-21-5p inhibitor, and appropriate negative controls
(miR-NC or inhibitor-NC) were synthesized by RiboBio Technology
Company (RiboBio Co, Ltd, Guangzhou, China). When NIH3T3 fibro-
blasts reached 60%–70% confluence, miR-21-5p mimics (100 nM), in-
hibitors (200 nM) or negative controls (100 nM) were transfected into
NIH3T3 fibroblasts using Lipofectamine™ RNAiMAX (Invitrogen) in
Opti-MEM (Invitrogen) according to the manufacturer's instructions.
Overexpression of SMAD7 was achieved by transfecting cells with
pcDNA-SMAD7 (GenePharma, Shanghai, China), and knockdown of
SMAD7 was achieved by transfecting cells with siRNA-SMAD7
(GenePharma).

2.19. Statistical analysis

All experimental data are expressed as the mean� standard deviation
(SD). The Student's t-test was used to compare the data between two
groups, and one-way analysis of variance (ANOVA) with Bonferroni post
hoc tests was conducted to compare the data from multiple groups.
Statistical analysis was conducted using Prism 8.0 software (GraphPad
Software, Inc., CA, USA). All experiments were performed at least three
times, and a P-value < 0.05 was considered statistically significant.

3. Results

3.1. IONPs characterization and cellular uptake

The magnetic actuate condition of BMSCs by adding IONPs in com-
bination with SMF is shown in Fig. 1A. The surface charge of IONPs is
shown in the zeta potential graph (Fig. 1B). The particles showed a
negative zeta potential of approximately �57.50 mV, and the results
obtained from ZetaView measurements showed that the size distribu-
tions of nanoparticles ranged from 90 to 120 nm (Fig. 1C). TEM images of
BMSCs obtained 24 h after IONPs and SMF treatment showed that IONPs
were well internalized into the cytoplasm of BMSCs (Fig. 1D). Prussian
blue iron staining also showed that IONPs (20 μg/mL) were efficiently
internalized into BMSCs and retained intracellularly, as IONPs were
detected in BMSCs as blue-stained dots (Fig. 1E). For further exploration
of the optimal magnetic actuated conditions, BMSCs were treated with
IONPs at various concentrations ranging from 10 μg/mL to 120 μg/mL,
and the CCK-8 assay showed that the IONPs did not exhibit cytotoxicity
up to a concentration of 80 μg/mL, and 10–30 μg/mL promoted the
growth and proliferation of BMSCs (Fig. 1F). To further explore the
optimal stimulation conditions, we further treated BMSCs with different
concentrations of IONPs (0, 10, 20, 30 μg/mL) in combination with
different SMF strengths (0, 50, 100, and 200 mT). The results of the CCK-
8 assay indicated that the optimal magnetically actuated system was a 20
μg/mL concentration of IONPs in combination with 100 mT SMF
(Fig. 1G).
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3.2. Exosome isolation, characterization, and internalization

IONP-Exos and BMSC-Exos were isolated and purified from the cul-
ture supernatant by differential ultracentrifugation (Fig. 2A). The results
of western blot analysis confirmed that both IONP-Exos and BMSC-Exos
expressed specific markers, including Hsp70, CD9, CD81, and TSG101,
while the negative marker Calnexin was absent, as expected (Fig. 2B).
NTA showed that the size of the exosomes mainly ranged from 80 to 160
nm, with a mean size of around 130 nm, and there was no distinguishing
difference between exosomes derived from the two different conditions
(Fig. 2C). Under TEM, exosomes appeared as round or oval vesicles with
lipid bilayers, had a cup-like shape and a diameter of about 100 nm
(Fig. 2D). No significant differences in size or shape were observed be-
tween the two types of exosomes. These features were consistent with
previous studies, which indicated that the harvested vesicles were
exosomes.

Exosomes were tracked in vitro after being labeled with PKH26 red
fluorescent dye and were co-cultured with NIH3T3 fibroblasts, and the
uptake of the fluorescent exosomes by the NIH3T3 fibroblasts was visu-
alized using confocal microscopy (Fig. 2E). The normalized fluorescence
intensity of the exosomes in NIH3T3 fibroblasts was time-dependent, and
the fluorescence intensities were higher in the IONP-Exos group than in
the BMSC-Exos group (Fig. 2F), suggesting that IONP-Exos were more
effectively absorbed by NIH3T3 fibroblasts than BMSC-Exos.

3.3. IONP-Exos enhanced fibrogenesis in vitro

Fibroblast cell proliferation, migration, myofibroblast activation, and
upregulated expression of profibrotic cytokines and extracellular matrix
proteins are involved in the progression of tendon-to-bone integration.
To measure the effect of IONP-Exos on NIH3T3 fibroblasts in detail, we
first tested their effect on the proliferation capacity of NIH3T3 fibro-
blasts. Results from the CCK-8 assay demonstrated that the proliferation
of NIH3T3 fibroblasts was significantly increased after treatment with
the IONP-Exos and BMSC-Exos compared with the PBS group (Fig. 3A).
Then, the effect of IONP-Exos on the migration capacity of NIH3T3 fi-
broblasts was tested. Results from the transwell assay demonstrated that
the migration ability of NIH3T3 fibroblasts increases gradually for 24 h
after treatment with the IONP-Exos and BMSC-Exos compared with the
PBS group (Fig. 3B–D), and the scratch wound assay indicated that
treatment of NIH3T3 fibroblasts with IONP-Exos and BMSC-Exos signif-
icantly enhanced their migration ability (Fig. 3E and F). Moreover, the
expression levels of Col I, Col III, and α-SMAwere upregulated at both the
mRNA and protein levels in NIH3T3 fibroblasts treated with IONP-Exos
and BMSC-Exos, as shown by qRT-PCR (Fig. 3G–I) and western blot an-
alyses (Fig. 3J). These findings suggested that IONP-Exos and BMSC-Exos
might promote tendon-to-bone healing by regulating the proliferation,
migration, and fibrogenesis of fibroblasts.

3.4. IONP-Exos facilitated tendon-bone healing in a rat model

Local injection of biological therapy, such as PRP, is highly preferred
in clinical practice as it is more direct and efficacious. Therefore, in this
study, exosomes were also locally injected into the tendon-bone tunnel to
test whether IONP-Exos could facilitate tendon-bone healing after ACLR
in a rat model (Fig. 4A). As shown in the tracing study, we injected DiR-
labeled IONP-Exos and BMSC-Exos during surgery, and the fluorescent
results suggested that exosomes were retained in the surgical knee joints
(Fig. 4B), which indicates low or no exosomes transfer, and the accu-
mulation in the healing region might promote the tendon-bone healing
process.

To quantitatively evaluate the effect of IONP-Exos and BMSC-Exos on
the osteointegration quality of the tendon graft into the bone tunnels, we
measured the mechanical properties of the tendon-bone interface within
an earlier stage after ACLR. The failure modes after biomechanical
analysis were simply divided into pullout from the bone tunnel or



Fig. 1. IONPs characterization, cellular uptake of IONPs, and IONPs-SMF triggered cellular modification. (A) Schematic illustration of the preparation of IONP-SMF
stimulated exosomes (IONP-Exos) derived from BMSCs that were triggered by IONPs in combination with SMF. (B) Zeta potential spectrum of IONPs dispersed in PBS
at room temperature at a concentration of 1 mg/mL. (C) Size distribution of IONPs. (D) TEM image of IONPs (20 μg/mL) internalized by BMSCs. Red arrows indicate
IONPs observed in the BMSC cytoplasm. (E) Compared with normal BMSCs, BMSCs incubated with IONPs (20 μg/mL) efficiently internalized IONPs and were stained
using a Prussian blue iron staining kit. (F) Cell viability of BMSCs treated with various concentrations of IONPs and measured by CCK-8 assay. (G) Cell viability of
BMSCs treated with the optimal concentrations of IONPs combined with different SMF strengths and measured by CCK-8 assay. IONPs: iron oxide nanoparticles; SMF:
static magnetic field; TEM: transmission electron microscopy; BMSCs: bone mesenchymal stem cells; CCK-8: Cell Counting Kit-8. Each assay was performed in triplicate
and/or carried out in at least three independent experiments; representative results are shown.
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Fig. 2. Isolation, identification, and comparison of BMSC-Exos and IONP-Exos derived from BMSCs. (A) Schematic representation of the isolation and purification of
exosomes by differential ultracentrifugation. All centrifugations were carried out at 4 �C. (B) Western blot analyses of specific surface markers, including Hsp70, CD9,
CD81, TSG101, and the negative control calnexin. (C) NTA observation of the diameter distribution of isolated BMSC-Exos and IONP-Exos. (D) Representative image of
BMSC-Exos and IONP-Exos observed under a transmission electron microscope. (E) Confocal images showed that the red fluorescence dye PKH26-labeled BMSC-Exos
and IONP-Exos were endocytosed by NIH3T3 fibroblasts after 4 h, 12 h, and 24 h of incubation. F-actin was stained with phalloidin (green), and the nuclei were
stained with DAPI (blue). (F) Comparison of the fluorescence intensities of BMSC-Exos and IONP-Exos at different time points. BMSC: bone mesenchymal stem cell;
IONP: iron oxide nanoparticle; NTA: nanoparticle tracking analysis. Each assay was performed in triplicate and/or carried out in at least three independent exper-
iments; representative results are shown. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. IONP-Exos significantly promoted the proliferation, migration, and fibrogenesis of NIH3T3 fibroblasts. (A) IONP-Exos significantly promoted the proliferation
of NIH3T3 fibroblasts, as demonstrated by the Cell Counting Kit-8 (CCK-8) assay. (B) Schematic illustration of the different parts of the transwell migration assay
system. (C) IONP-Exos significantly promoted the migration of NIH3T3 fibroblasts as determined by the transwell assay after 24 h. (D) Quantitative analysis of the
transwell assay. (E) IONP-Exos significantly promoted the migration ability of NIH3T3 fibroblasts as determined by the wound healing assay. (F) Quantitative analysis
of the wound closure rates. (G–I) NIH3T3 fibroblasts were treated with IONP-Exos, BMSC-Exos, or PBS as the negative control, and the mRNA levels of Col I, Col III,
and α-SMA were evaluated by qRT-PCR. (J) Western blot analysis of the expression of fibrotic-related proteins, including Col I, Col III, and α-SMA, GAPDH was used as
a loading control. IONP: iron oxide nanoparticle; CCK-8: Cell Counting Kit-8; BMSC: bone mesenchymal stem cell. Each assay was performed in triplicate and/or
carried out in at least three independent experiments; representative results are shown. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar: 100 μm.
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Fig. 4. Effects of exosomes on tendon-bone healing and the bone formation at the tendon-bone interface in a rat ALCR model. (A) Schematic representation of the
ACLR surgical procedures in a rat ALCR model. (B) Representative IVIS images of the exosome retention in the surgical knee joints 48 h after local injection of IONP-
Exos, BMSC-Exos, or PBS control into the bone tunnel. (C) The load-to-failure force of the femur-tendon graft-tibia complexes at 4 and 8 weeks after ACLR among the
IONP-Exos, BMSC-Exos, or PBS groups. (D) Stiffness of the femur-tendon graft-tibia complexes at 4 weeks and 8 weeks after ACLR among the IONP-Exos injection,
BMSC-Exos injection, and PBS injection groups. (E) Micro-CT images of the cross-sections of the tibial bone tunnels at 4 weeks and 8 weeks after ACLR. (F) Quan-
titative analysis of the cross-sectional bone tunnel area among the IONP-Exos, BMSC-Exos, and PBS groups. (G) Reconstructed 3-dimensional models of micro-CT
images of newly formed bone at 4 weeks and 8 weeks after ACLR. (H) Quantitative results of new bone formation within the bone tunnel as measured by micro-
CT at 4 weeks and 8 weeks after surgery. Micro-CT parameters: bone volume fraction (BV/TV); trabecular thickness (Tb. Th); trabecular number (Tb. N); trabec-
ular separation (Tb. Sp); structure model index (SMI); bone mineral density (BMD). ACLR: anterior cruciate ligament reconstruction. micro-CT: micro-computed
tomography. *P < 0.05; **P < 0.01; ***P < 0.001.
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ruptures outside the bone tunnel (at the midsubstance). At the 4-week
time point, most tendon grafts failed by pullout from the bone tunnel
(pullout/rupture: 7/1 grafts in the IONP-Exos group, 6/2 grafts in the
BMSC-Exos group, and 6/2 grafts in the PBS group), while the graft
failure location was more in the midsubstance (pullout/rupture: 2/6
grafts in the IONP-Exos group, 3/5 grafts in the BMSC-Exos group, and 4/
4 grafts in the PBS group) at the 8-week time point. At both 4 and 8 weeks
postoperatively, the maximal graft failure forces in the IONP-Exos and
BMSC-Exos groups were significantly higher than those in the PBS group
(Fig. 4C). Regarding the stiffness of the tendon graft, significantly higher
stiffness of the FTGTC was detected in the IONP-Exos and BMSC-Exos
groups (Fig. 4D). These results suggested that the healing quality at the
tendon graft-bone interface was improved in the IONP-Exos and BMSC-
Exos groups.

As for the tendon graft osseointegration process in vivo, typical im-
ages of the cross-sectional tibial bone tunnels at both 4 and 8 weeks after
ACLR suggested more new bone ingrowth lining the bone tunnel in the
IONP-Exos and BMSC-Exos groups (Fig. 4E), and quantitative analysis of
the cross-sectional bone tunnel area also revealed that the tunnel areas in
the IONP-Exos and BMSC-Exos groups were smaller than those in the PBS
group (Fig. 4F). The 3D reconstructions of the peri-tunnel tissue further
intuitively showed that more newly formed trabecular bone was found in
the bone tunnel in the IONP-Exos and BMSC-Exos groups at both 4 and 8
weeks after ACLR (Fig. 4G). In addition, there were significant differ-
ences in BV/TV, Tb. Th, Tb. N, Tb. Sp, SMI, and BMD between the exo-
somes groups and the PBS group (Fig. 4H). These results from micro-CT
analysis indicated that both IONP-Exos and BMSC-Exos significantly
promoted the osteointegration of the tendon graft into the bone tunnel
and prevented peri-tunnel bone loss.

Histological analysis at the tendon graft-bone interface was also
conducted to evaluate the graft healing quality. The fibrous interface
width at the tendon-bone interzone structure has been a negative factor
affecting the tendon-bone healing quality [69], which was evaluated in
this study. According to the H&E staining, an evident graft-bone interface
was observed in all 3 groups at 2 weeks after ACLR surgery, followed by a
distinct reduction in the width of the fibrous interface in all groups at 4
and 8 weeks after surgery (Fig. 5A) (Supplementary Fig. 4). At 2 weeks
after surgery, there was disordered fibrovascular tissue at the tendon
graft-bone interface; however, at 4 weeks after ACLR, large numbers of
Sharpey's fibers (Fig. 5A, yellow arrows) formed in the interface, con-
necting the host bone and tendon graft, and at 8 weeks after ACLR, they
continued to align into the surrounding bone tunnel. Compared with the
PBS group, both the IONP-Exos and BMSC-Exos groups showed signifi-
cantly narrower fibrous interface widths at 4 and 8 weeks after surgery,
while no significant difference was observed in the fibrous interface
width between the IONP-Exos and BMSC-Exos groups at 8 weeks after
surgery (Fig. 5E). As indicated by S&F staining, only fibrous tissue
formed at the interface in all three groups at 4 weeks after surgery, and
the fibrocartilage zones were observed at the tendon-bone interface at 8
weeks after surgery in both the IONP-Exos and BMSC-Exos groups
(Fig. 5B). A relatively larger fibrocartilage zone area was observed in the
IONP-Exos group (Fig. 5G).

Furthermore, immunohistochemical staining was performed to eval-
uate the α-SMA and osteoid deposited at the tendon-bone interface. Ac-
cording to the immunohistochemical results, the expression of α-SMA in
the IONP-Exos and BMSC-Exos groups was greater than that in the PBS
groups at both 4 and 8 weeks after surgery (Fig. 5C and F). In addition,
the expression of osteocalcin (OCN) in the IONP-Exos and BMSC-Exos
groups was more significant than that in the PBS group (Fig. 5D and
H). These findings indicated that collagen and osteoid deposition was
more prominent in the IONP-Exos and BMSC-Exos groups, indicating that
exosomes induced fibrogenesis and enhanced the graft osseointegration
process.
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3.5. Upregulated miR-21-5p expression in IONP-Exos promoted

fibrogenesis in vitro

To further explore the key molecules that mediate the fibrogenic
potential of the tendon graft-bone of IONP-Exos, we conducted qRT-PCR
analysis to detect the levels of a class of miRNAs in IONP-Exos and BMSC-
Exos, including miR-21-5p, miR-25-3p, miR-92a-3p, miR-122-5p, miR-
125b-5p, and miR-150-5p, whose levels have been found to be mark-
edly increased in IONP-Exos compared with BMSC-Exos, and have been
reported to promote fibrogenesis [45,47,55–60]. The qRT-PCR data
demonstrated that the expression level of miR-21-5p was much higher
comparedwith other miRNAs (Fig. 6A). To further confirm that exosomal
miR-21-5p can be transferred to NIH3T3 fibroblasts via IONP-Exos,
miR-21-5p levels in NIH3T3 fibroblasts were measured after treatment
with IONP-Exos or BMSC-Exos. According to the results, only mature
miR-21 was upregulated in NIH3T3 fibroblasts, while there was no sig-
nificant difference in pri-miR-21 or pre-miR-21 (Fig. 6B), suggesting that
IONP-Exos containing exosomal miR-21-5p were internalized by NIH3T3
fibroblasts.

We hypothesized that exosomal miR-21-5p participated in the fibro-
genic process by a paracrine mechanism, and NIH3T3 fibroblasts were
transfected with either miR-21-5p mimics/inhibitor or negative control
to address this issue. qRT-PCR analysis revealed a substantial increase in
miR-21-5p expression levels after being transfected with miR-21-5p
mimics, and significantly decreased miR-21-5p expression levels after
transfected with miR-21-5p inhibitor, while transfection with miRNA-
mimic NC and miRNA-inhibitor NC did not result in apparent changes
in the miR-21-5p expression levels, as expected (Fig. 6C). Subsequent
analysis of proliferation and migration was then initiated 24 h post-
transfection. We found significant increases in proliferation and migra-
tion capacity compared to the control transfection group (Fig. 6D–G).
Furthermore, overexpression of miR-21-5p also upregulated the expres-
sion of Col I, Col III, and a-SMA in NIH3T3 fibroblasts, at both the mRNA
(Fig. 6H–J) and protein (Fig. 6K) levels. These in vitro transfection data
indicated that increment in intracellular miR-21-5p stimulated NIH3T3
fibroblast proliferation and migration, and promoted an elevation in
extracellular matrix (ECM) markers and fibrogenic markers.

3.6. Exosomal miR-21-5p regulates SMAD7 by targeting the 30-UTR

MiRNAs regulate the gene expression of mRNA at the post-
transcriptional level through transcript degradation or translational
repression by binding to the 30-untranslated region (UTR) of downstream
target genes. To explore how miR-21-5p exerts its function in NIH3T3
fibroblasts, we utilized several bioinformatic target prediction algorithms
to predict the target genes of miR-21-5p. SMAD7 was predicted and
identified as a potential target of miR-21-5p, and a dual-luciferase re-
porter assay was performed for further confirmation.

Luciferase reporter constructs containing unaltered or mutated pre-
dicted miRNA-binding sites of SMAD7 (WT-SMAD7-30UTR and MUT-
SMAD7-30UTR, respectively) were constructed and transfected with miR-
21-5p mimics into NIH3T3 fibroblasts (Fig. 7A). Transfection of miR-21-
5p mimics repressed the luciferase enzyme activity of the SMAD7 30-UTR
reporter gene, while MUT-SMAD7-30UTR abolished this inhibition
(Fig. 7B). In addition, the qRT-PCR assay demonstrated that the SMAD7
mRNA levels were significantly decreased in miR-21-5p mimics-trans-
fected NIH3T3 fibroblasts, and western blot assays revealed that SMAD7
protein levels were decreased in NIH3T3 fibroblasts after transfection
with miR-21-5p mimics (Fig. 7C and D). These results demonstrated that
miR-21-5p mimics suppressed the SMAD7 mRNA and protein levels in
NIH3T3 fibroblasts.

3.7. Exosomal miR-21-5p promoted fibrogenesis by targeting SMAD7

Our results confirmed that SMAD7 is a direct target of miR-21-5p, but
whether exosomal miR-21-5p promotes fibrosis during tendon-bone



Fig. 5. IONP-Exos and BMSC-Exos improved histochemical performance in vivo. (A) Representative image of the tendon-bone interface by H&E staining at 4 weeks
and 8 weeks postoperatively. The red irregular line outlines the tendon-bone interface, and the yellow arrows indicate Sharpey-like fibers. (B) Representative image of
the tendon-bone interface by S&F staining at 4 weeks and 8 weeks postoperatively. S&F staining showed the presence of fibrocartilage tissues (yellow arrow) growing
into the tendon-bone interface 8 weeks after surgery in the BMSC-Exos and IONP-Exos groups. (C) Immunohistochemical staining of α-smooth muscle actin (α-SMA) at
the tendon-bone interface after ACLR at 4 and 8 weeks postoperatively. (D) Immunohistochemical staining of osteocalcin (OCN) at the tendon-bone interface after
ACLR at 4 and 8 weeks postoperatively. (E) Quantitative analysis of the relative width of the tendon-bone interface. (F) Quantitative analysis of the relative area of
fibrocartilage tissues of the regenerated enthesis at 4 and 8 weeks after surgery. (G) Quantitative analysis of the immunohistochemical staining of α-SMA. (H)
Quantitative analysis of the immunohistochemical staining of OCN. H&E, hematoxylin-eosin; S&F, safranin O-Fast green; ALCR, anterior cruciate ligament recon-
struction; IONP: iron oxide nanoparticle; BMSC: bone mesenchymal stem cell; SMF: static magnetic field. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 6. miR-21-5p regulates the proliferation, migration, and fibrosis of NIH3T3 fibroblasts. (A) qRT-PCR analysis of the enrichment of the miRNAs in IONP-Exos and
BMSC-Exos. (B) The expression levels of pri-miR-21, pre-miR-21, and mature-miR-21 in NIH3T3 fibroblasts after internalization of IONP-Exos and BMSC-Exos. (C) The
transfection efficiency of miR-21-5p mimics into NIH3T3 fibroblasts was confirmed by qRT-PCR assay. (D) miR-21-5p mimics remarkably increased the migration of
NIH3T3 fibroblasts as determined by the transwell assay. (E) Quantitative analysis of the transwell assay. (F) miR-21-5p mimics significantly promoted the migration
ability of NIH3T3 fibroblasts as determined by the wound healing assay. (G) Quantitative analysis of the wound closure rates. (H–J) qRT-PCR showed that the mRNA
levels of Col I, Col III, and α-SMA were upregulated after overexpression of miR-21-5p. (K) Western blot analysis showed that miR-21-5p mimics dramatically increased
the protein expression of fibrotic markers, including Col I, Col III, and α-SMA. IONP: iron oxide nanoparticle; BMSC: bone mesenchymal stem cell. Each assay was
performed in triplicate and/or carried out in at least three independent experiments; representative results are shown. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar:
100 μm.
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Fig. 7. Exosomal miR-21-5p derived from IONPs–incorporated BMSCs under SMF promotes fibrosis by regulating the downstream expression of genes in the SMAD7
pathway. (A) The predicted potential binding sites for miR-21-5p on the 30-UTR of SMAD7. (B) A dual-luciferase reporter assay was performed to confirm that SMAD7
is the target gene of miR-21-5p. (C) qRT-PCR showed the SMAD7 expression levels after transfection of miR-21-5p mimics and inhibitor. (D) Western blot showing the
SMAD7 expression levels after transfected with miR-21-5p mimics and inhibitor. (E) The transwell assay indicated that SMAD7 overexpression reversed the miR-21-5p
mimics-induced increase in the migratory capacity of NIH3T3 fibroblasts. (F) The wound healing assay indicated that SMAD7 overexpression reversed the miR-21-5p
mimics-induced increase in the migration capacity of NIH3T3 fibroblasts. (G) Quantitative analysis of the migration rate of NIH3T3 fibroblasts. (H) Quantitative
analysis of the wound closure rates. (I) Western blot assay indicated that the overexpression of SMAD7 suppressed the upregulation of Col I, Col III, and α-SMA protein
expression induced by the miR-21-5p mimics. (J) Western blot assay indicated that suppression of SMAD7 promoted the upregulation of Col I, Col III, and α-SMA
protein expression induced by the miR-21-5p mimics. IONP: iron oxide nanoparticle; BMSC: bone mesenchymal stem cell. Each assay was performed in triplicate and/
or carried out in at least three independent experiments; representative results are shown. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar: 100 μm.
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healing by regulating SMAD7 expression needs further investigation.
According to the manufacturers' instructions, NIH3T3 fibroblasts were
co-transfected with the SMAD7 overexpression vector (pcDNA-SMAD7)
or empty vector (pcDNA-NC) and miR-21-5p mimics or mimics NC.
Transwell and wound healing assays indicated that the SMAD7 over-
expression effectively counteracted the increase in migratory capacity
induced by miR-21-5p mimics (Fig. 7E–H). In addition, western blot
analysis results indicated that the upregulation of Col I, Col III, and
α-SMA protein expression induced by the miR-21-5p mimics was
reversed in the pcDNA-SMAD7þmiR-21-5p mimics group (Fig. 7I).
Finally, to further confirm the role of SMAD7 in exosomal miR-21-5p
induced tendon-bone healing, NIH3T3 fibroblasts were co-transfected
with siRNA-SMAD7 or siRNA-NC (scrambled or non-targeting) and
miR-21-5p mimics or mimics NC. Western blot analysis revealed that the
upregulations of Col I, Col III, and α-SMA protein expression induced by
the miR-21-5p mimics was further promoted by suppression of SMAD7
(Fig. 7J). Taken together, these findings confirmed the hypothesis that
exosomal miR-21-5p promotes fibrogenesis in tendon-bone healing by
downregulating the expression of SMAD7. Collectively, our results
indicate that exosomes derived from IONP-incorporated BMSCs under
SMF conditions, containing high-abundance miRNAs, such as miR-21-5p,
could promote fibrosis by upregulating the functional activity of
Fig. 8. The underlying mechanism by which ION
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fibroblasts and facilitating tendon graft-bone healing. The proposed un-
derlying mechanism by which IONP-Exos promote tendon-bone healing
is presented in Fig. 8.

4. Discussion

Insufficient tendon graft-bone integration has been widely recognized
as one of the major causes of early failure after ACLR. Thus, a lot of
research investigated biological interventions that may promote tendon
graft-bone incorporation and facilitate aggressive rehabilitation and a
faster return to physical activity [15,70–72]. Currently, there is a lack of
research concerning the mechanism of exosomes in tendon-bone healing,
and this is the first study, to the best of our knowledge, to investigate the
effects of exosomes on tendon-bone integration in an ACLRmodel. In this
study, IONP-Exos, a novel type of exosome derived from magnetically
actuated BMSCs, showed enhanced therapeutic potential for
tendon-bone integration and were successfully developed and fabricated.
Our data further indicate that (i) there was no significant difference in
characterization between IONP-Exos and BMSC-Exos; (ii) IONP-Exos
were efficiently internalized by NIH3T3 fibroblasts and significantly
promoted the proliferation and migration abilities of NIH3T3 fibroblasts;
(iii) in vivo study results demonstrated that local injection of IONP-Exos
P-Exos promoted tendon-to-bone integration.
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can effectively enhance tendon-bone integration via mechanical, radio-
logical, and histological measurements in a rat ACLR model; (iv) exoso-
mal miR-21-5p was found to be enriched in IONP-Exos and miR-21-5p
mimics enhanced the proliferation and migration capacities of NIH3T3
fibroblasts; and (v) exosomal miR-21-5p promoted fibrogenesis and
enhanced tendon-bone integration by reducing SMAD7 expression levels.
Collectively, our findings confirmed the hypothesis that exosomes
derived from IONPs-incorporated BMSCs under SMF exhibited better
therapeutic efficacy in tendon-bone integration.

We also focused on the mechanisms by which IONP-Exos promote
tendon-bone integration. The findings of this study suggested that there
were significant differences in the cellular behavior of BMSCs after
magnetic stimulation with IONPs and SMF. The IONPs, which interact
with the magnetic force, may be sensed by the BMSCs and lead to
biochemical changes at the cellular, molecular and genetic levels, further
altering the composition of the secreted exosomes both transcriptomi-
cally and proteomically [73]. Previous studies have demonstrated that
IONPs and SMF stimulation could induce upregulated expression of the
therapeutic molecules, and these molecules with upregulated expression
were also retained in IONP-Exos, which were relatively higher in
IONP-Exos than in normal exosomes [43,73]. Although the exact mech-
anisms of the upregulated expression of molecules such as miRNAs in
IONP-Exos remain unknown, many molecules are already known to be
involved in anti-apoptotic, anti-inflammatory, and proangiogenic pro-
cesses [74].

The profibrotic effect of IONP-Exos was mainly explored in this study,
and we found that IONP-Exos deeply affect cellular behaviors and
modulate the phenotype of fibroblasts. Our findings were consistent with
a previous study, which found that exosomal miR-21-5p derived from
BMSCs directly targets SMAD7 and leads to activation of fibrogenesis and
tendon adhesion after tendon injury [56]. Exosomal miR-21-5p stimu-
lates fibroblasts to differentiate into myofibroblasts, which overexpress
α-SMA, overproduce ECM and fibrogenic markers [56]. As a consequence
of local IONP-Exos injections, myofibroblasts are enriched, and the ECM
accumulates at the tendon-bone interface, promoting tendon-bone
integration.

In general, peri-tunnel bone loss after ACLR is commonly observed in
both clinical and pre-clinical studies, which might adversely affect the
tendon graft enthesis mineralization and result in a less stable surface for
tendon-bone integration [75,76]. Based on previous studies, SMF or
IONPs, delivered alone or in combination, could enhance osteogenesis,
inhibit osteoclastogenesis, and enhance the stability of the bone tunnel
healing surface [45–47,49,77,78]. Our study also found that IONP-Exos
improved bone tunnel healing by decreasing the bone tunnel diameter
and stimulating new trabecular bone formation. More essentially, the
complex interlocking between fibrocartilage and bone tunnel surface
contributes to the mechanical strength of the tendon-bone integration,
and fibrocartilage was formed at the tendon-bone interface in the
IONP-Exos group, while only a fibrous interface was observed in the PBS
group at 8 weeks after surgery [79]. Therefore, fibrocartilage at the
tendon-bone interzone structure also leads to better biomechanical per-
formance after IONP-Exos interventions.

Angiogenesis, a process of new blood vessel formation from the pre-
existing vasculature, is another essential process, as increased vascular-
ization around the tendon-bone interface is essential for tendon
revascularization and new bone formation [80–82]. Huang et al.
explored the role of BMSC-derived exosomes in tendon-bone healing
after rotator cuff repair in a rat model and found that BMSC-derived
exosomes promote tendon-bone healing by promoting angiogenesis
and inhibiting inflammation [83]. Although the proangiogenic effect was
not investigated in this study, IONP-Exos probably also induced angio-
genesis and promoted tendon-bone interface regeneration [45,47,83].

Regarding the mechanism of exosomes, exosomal miRNAs have been
established as key regulators of multitudinous cellular processes with
fundamental roles in regenerative tissue repair. Therefore, miRNA
15
therapies might be a new molecular intervention and a promising
approach to improving tendon-bone healing and other tissue regenera-
tion [84]. In this study, we further explored miRNAs that may be asso-
ciated with tendon-bone integration, and revealed that miR-21-5p was
significantly enriched in IONP-Exos, which could be transferred into
NIH3T3 fibroblasts and play a vital role in the complex biological pro-
cesses involved in the tendon-bone integration. Several previous studies
have reported that miR-21 could regulate the expression of collagens and
other ECM components, and our findings further broaden the current
understanding of the mechanism of miR-21-5p overexpression in
tendon-bone healing, revealing that exosomal miR-21-5p acts as an
essential inducer of profibrotic protein expression on the tendon-bone
tunnel surface [85,86].

To investigate the mechanisms underlying miR-21-5p-induced
fibrogenesis in the tendon-bone tunnel surface, we selected SMAD7 as
a candidate gene. Studies have shown that the TGF-β/SMAD signaling
pathway contributes to the tendon repair and adhesions [87–89]. TGF-β
is a multi-functional mediator that regulates proliferation, differentia-
tion, apoptosis, adhesion, and migration in various cells, and TGF-β1 is
considered a crucial mediator of tissue fibrosis [90,91]. TGF-β1 exerts its
biological effects by activating downstreammediators, including SMAD2
and SMAD3, which are negatively regulated by SMAD7 expression.
SMAD2 and SMAD3 participate in the transcription of downstream
profibrotic target genes, while SMAD7 negatively regulates the
TGF-β/SMAD signaling pathway and reduces TGF-β1-mediated fibrosis
[91,92]. The in vitro data suggested that IONP-Exos were enriched in
miR-21-5p, and exosomal miR-21-5p could downregulate SMAD7
expression and activate the TGF-β/SMAD-dependent pathway, which
further promoted ECM production and tissue fibrosis in tendon-bone
healing.

This proof-of-concept study also has some limitations. First, we
evaluated the in vivo tendon-bone healing at 4 and 8 weeks after surgery
according to previous studies, which is a relatively short monitoring
period [24,54]. Second, the effect of IONP-Exos on angiogenesis was not
explored in vitro, but has been fully elucidated in previous studies [45,
47]. The vascular networks at the tendon-bone tunnel surface were not
assessed by angiography, mainly due to the relatively small diameter of
the bone tunnel. Third, the effect of IONP-Exos on osteogenesis was also
not explored in vitro, as there are consistent reports concerning this issue
[47,78]. Finally, additional studies will be needed to address the exact
mechanisms by which IONPs in combination with SMF lead to the
upregulation of miRNAs in IONP-Exos.

5. Conclusion

The present study demonstrates that therapeutic molecule-enriched
IONP-Exos can improve tendon-bone integration, which could be a
promising therapeutic strategy to enhance tendon-bone healing after
ACLR. We further confirmed that the specific exosomal cargo miR-21-5p
was significantly increased, which further regulated SMAD7 expression
and promoted tendon-bone integration. Altogether, these findings sug-
gested that IONP-Exos may be an effective cell-free therapy that can
replace BMSC therapy for the promotion of tendon-bone healing, which
opens new avenues in pre-clinical and clinical research.
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