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ARTICLE INFO ABSTRACT

Keywords: Crosstalk between nerves and bone is essential for bone repair, for which Schwann cells (SCs) are crucial in the
Schwann cells regulation of the microenvironment. Considering that exosomes are critical paracrine mediators for intercellular
Microenvironment communication that exert important effects in tissue repair, the aim of this study is to confirm the function and
Nerve-bone crosstalk . . .

Fxosomes molecular mechanisms of Schwann cell-derived exosomes (SC-exos) on bone regeneration and to propose

X . - . - :

Bioprinting engineered constructs that simulate SC-mediated nerve-bone crosstalk. SCs promoted the proliferation and

differentiation of bone marrow mesenchymal stem cells (BMSCs) through exosomes. Subsequent molecular
mechanism studies demonstrated that SC-exos promoted BMSC osteogenesis by regulating the TGF-p signaling
pathway via let-7c-5p. Interestingly, SC-exos promoted the migration and tube formation performance of
endothelial progenitor cells. Furthermore, the SC-exos@G/S constructs were developed by bioprinting tech-
nology that simulated SC-mediated nerve-bone crosstalk and improved the bone regeneration microenvironment
by releasing SC-exos, exerting the regulatory effect of SCs in the microenvironment to promote innervation,
vascularization, and osteogenesis and thus effectively improving bone repair in a cranial defect model. This study
demonstrates the important role and underlying mechanism of SCs in regulating bone regeneration through SC-
exos and provides a new engineered strategy for bone repair.
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1. Introduction

Although considerable progress has been made in the field of bone
tissue engineering, the problem of repairing critical bone defects
brought on by trauma, infection, or malignant resection has not yet been
fully resolved [1]. Bone repair is a complex, well-orchestrated physio-
logical process that is regulated by a combination of multiple
biochemical and physical cues in the microenvironment [2]. Bone is
richly innervated by nerves, and the nervous system also plays a sig-
nificant part in responding to bone tissue injury [3]. Numerous studies
have shown that after bone injury, the nerve first responds and regulates
the bone regeneration microenvironment [4,5]. The interaction of
nerves, blood vessels, immune cells, and stem cells produces a micro-
environment that is conducive to bone regeneration, which is crucial for
bone repair [6,7]. However, in bone tissue engineering, the vital role of
nerves in the bone regeneration microenvironment is often ignored.

At present, many studies have described the mechanism of neurons
regulating the bone regeneration microenvironment [8,9]. Neurotrans-
mitters, neuropeptides, and neurotrophins secreted by neurons can
improve the bone regeneration microenvironment [10,11]. Our earlier
research has also shown that improving scaffold innervation strengthens
effective bone repair, indicating that the regulatory effects of the ner-
vous system in the bone regeneration microenvironment are pivotal in
bone repair [12]. Schwann cells (SCs) are the primary cells in the pe-
ripheral nervous system responsible for the maintenance of the periph-
eral nervous system and innervation of new bone [13]; however,
increasing studies have revealed that SCs themselves are crucial for
regulating the microenvironment for bone repair [14]. Johnston et al.
found that impaired regeneration of bone tissue was associated with the
shortage of SCs [15]. Jones et al. further confirmed that the lack of
regulation from SCs due to denervation caused the functional deficiency
of skeletal stem cells and thus impaired bone healing [16]. Therefore,
the bone regeneration effect may be enhanced by simulating the func-
tion of SCs in the microenvironment. However, the mechanism by which
SCs regulate the bone regeneration microenvironment remains unclear.

Exosomes are a type of extracellular vesicle with a diameter of
30-200 nm secreted from the inside of cells through the multivesicular
endosomal pathway [17]. They are composed of phospholipid bilayers,
proteins, and nucleic acids and are essential in intracellular communi-
cation and information exchange [17,18]. Exosomes are an important
mode of communication between cells and are crucial in regulating cells
for immunity and tissue repair by transferring enriched miRNAs
[19-21]. Schwann cell-derived exosomes (SC-exos) are essential for SCs
to promote axonal growth and regeneration [22,23]. Wu et al. used
SC-exos to enhance the biological activity of porous Ti6Al4V scaffolds to
promote the regeneration and repair of bone [24]. Su et al. created a
biomimetic periosteum loading SC-exos to enhance nerve repair for
angiogenesis and bone regeneration [25]. Hao et al. developed a
multifunctional neuromodulation platform utilizing SC-exos that
improved bone repair by regulating immunomodulation, angiogenesis,
and osteogenesis [26]. These studies demonstrate that SC-exos are
crucial paracrine signaling agents for SCs to regulate tissue repair and
that the regulatory effects of SCs for bone repair in the microenviron-
ment can be simulated via SC-exos. However, this hypothesis needs to be
further verified, and the underlying molecular regulatory mechanisms
need to be explored.

In recent years, 3D bioprinting technology has been extensively used
in bone tissue engineering as an advanced biofabrication technology.
Bioprinting can simultaneously print high-density living cells, bio-
materials, and bioactive substances, thereby enabling the assembly of
structures with high biological activity [27-29]. Moreover, the bio-
printed structures can create the optimal microenvironment as required
by the cells, such as constructing personalized structures with multiple
channels, loading bioactive substances, and facilitating the communi-
cation between cells and between the cells and the microenvironment to
produce tissues and organs with biological functions [29,30]. To
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enhance the regulatory effects of SCs in bone repair, SC-exos and bone
marrow mesenchymal stem cells (BMSCs) are loaded in the bioink, and
SC-mediated nerve-bone crosstalk is stimulated to improve the micro-
environment and thus promote bone regeneration. Meanwhile, an
appropriate bioink should be selected to ensure that the exosome-loaded
constructs can perform their functions effectively. Silk methacrylate
(SilMA) is a photo-crosslinked hydrogel based on silk fibroin, which is
widely applied in bone tissue engineering owing to its tunable me-
chanical properties, flexibility, biocompatibility, and osseointegration
[31-34]. Silk can serve as a carrier for the delivery and sustained release
of enzymes, drugs, and growth factors [35,36]. Studies have confirmed
that silk fibroin can be used as a carrier for exosomes, maintaining the
biological activity of exosomes for a long time and releasing them slowly
[37,38]. Thus, a hybrid hydrogel system was used as a bioink in this
study, where thermosensitive gelatin methacrylate (GelMA) was used as
the base of the hybrid hydrogel and SilMA was added to improve the
release manner of exosomes.

In this research, we established the preliminary molecular mecha-
nism of SCs as the main cellular components of the peripheral nervous
system to regulate the microenvironment through exosomes to promote
bone regeneration (Fig. 1A). We then developed the SC-exos loaded
bioprinted constructs that simulate the effects of SCs to improve the
microenvironment and thus enhance the bone repair effect. Particularly,
as shown in Fig. 1B, BMSCs and SC-exos were added to GelMA and SilMA
hybrid hydrogel as the bioink, and the constructs were fabricated by
bioprinting technology. The bioprinted constructs can potentially pro-
mote the osteogenic differentiation of BMSCs by simulating SC-mediated
nerve-bone crosstalk (Fig. 1C). In addition, we hypothesized that the
release of SC-exos would improve the bone regeneration microenvi-
ronment and further stimulate the neurovascular network formation,
which would ultimately complete the neurovascularized bone repair
(Fig. 1D).

2. Results
2.1. SCs are involved in the bone repair process

SCs are considered to be a pro-regenerative cell type in the peripheral
nervous system, dedifferentiating into repair-SCs after injury. They not
only promote the regeneration of the nerves but also of other tissues,
such as the heart, skin, and bone [16,39-41]. Itoyama et al. found that
SCs increased in number in damaged rat periodontal tissue during the
total healing process and played a vital part in the healing of alveolar
bone tissue [42]. Here, to verify whether SCs were involved in the
process of bone repair, we investigated the immunofluorescence
expression of S100p, which belonged to the SC special markers, in bone
tissue near the fracture of the rat femur at 3, 7, and 14 d. The p
III-tubulin, a specific marker of nerve axons, was also stained to observe
the distribution of nerve fibers. Normal bone tissue was used as the
control. As seen in Fig. 2A, the reports of S100p signal were hardly
noticeable in the uninjured area of bone tissue. Only a weak S100p
report could be observed in the periosteum. However, as shown in the
following Fig. 2B, some positive reports of S100p signal could be
observed in the callus of fracture at 3 d post-fracture. Thereafter,
numerous positive reports of S100p signal were observed in the callus of
fracture at 7 d post-fracture (Fig. 2C). And the number of S100p-positive
cells was further increased at 14 d post-fracture (Fig. 2D). Nerve fibers
are mainly distributed in the periosteum and surrounding muscle tissue.
This result was consistent with most reports that nerve fibers were
mainly distributed in the periosteum [43,44]. The results of the quan-
titative analysis of immunofluorescence intensity of S100p expression in
uninjured and injured bone tissue were shown in Fig. S1. This finding
suggested that SCs at the injury site proliferated dramatically
post-fracture, entered the callus, and participated in the process of
fracture repair, which was consistent with previous findings. Itoyama
et al. reported that S100B-immunoreactive cells could be detected in the



T. Wang et al.
‘Microenvironmen

of bone repai

i
>

Photocrosslink

EMSCs p /
ﬂ B —i

Exosomes
(Exos)

@ Neural repair
@ Vascularization

@ Bone repair Schwann cells
(SCs)

al

Uninjured

bl

Day 3

cl

Day 7

d1

Day 14

wounded site of periodontal bone tissue at 7 d post-surgery. In addition,
$100p-immunoreactive cells gradually increased from day 14 to day 28
after surgery [3]. This is consistent with our results. Furthermore, Jones
et al. demonstrated that SCs primarily regulated bone repair by influ-
encing the biological behavior of stem cells. They found that impaired
repair of the mandibular bone after degeneration of the inferior alveolar
nerve was related to the proliferative and osteogenic impairment of
skeletal stem cells after lacking stimulation of SC paracrine signaling
[16]. These studies solidly prove that SCs play a critical role in the
microenvironment of bone regeneration, in which the regulation of SCs
for stem cells is a crucial pathway for nerve-bone crosstalk.
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Fig. 1. (A) Schematic showing that SCs from the
peripheral nervous system participate in the regula-
tion of the bone regeneration microenvironment and
bone repair through paracrine actions. (B) Schematic
illustrating the procedures used to cross-link bio-
printed constructions. The structures were created by
bioprinting, and GelMA, SilMA, SC-exos, and BMSCs
were used as the bioink. (C) Schematic showing that
bioprinted constructs can simulate the SC-mediated
nerve-bone crosstalk to promote the BMSCs osteo-
genic function. (D) Schematic showing that bio-
printed constructs can improve the bone regeneration
microenvironment to promote neurovascularized
bone repair.

Fig. 2. (A) Expression of p IlI-tubulin and S100p in
bone tissue of rat uninjured femur; (al) HE staining of
the uninjured group; (a2, a3) immunofluorescence
staining of § IlI-tubulin (Red), S100p (green), and
DAPI (blue) and corresponding magnified image of
the marked area. Scale bar = 1 mm for (al), (a2);
scale bar = 200 pm for (a3). (B-D) Expression of p III-
tubulin and S100p in bone tissue of rat injured femur
at 3, 7, and 14 d post-fracture; (bl, c1, d1) HE
staining of the injured group; (b2, b3, c2, c3, d2, d3)
immunofluorescence staining of p Ill-tubulin (Red),
S100p (green), and DAPI (blue) and corresponding
magnified image of the marked area. White asterisks
denote S100p-positive cells. Scale bar = 1 mm for
(b1),(b2),(c1),(c2),(d1),(d2); scale bar = 200 pm for
(b3),(c3),(d3).

2.2. Exosomes are an important paracrine pathway for SCs to regulate
BMSCs

The osteogenic function of stem cells during bone repair depends on
the regulation of niche cells in the microenvironment [6]. The prolif-
eration and osteogenic differentiation of stem cells are crucial for bone
regeneration. SCs are important niche cells that have been proven to
influence bone regeneration by regulating the osteogenic functionality
of stem cells via paracrine signaling [15,16]. Therefore, to investigate
whether SCs could regulate the proliferation and osteogenic differenti-
ation of BMSCs through the paracrine pathway, the supernatant of SCs
was collected and mixed with a-minimum essential medium (MEM) at
specific ratios (10%, 30%, and 50% of SCs supernatant) to form
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conditioned medium (CM) for culturing BMSCs, and the normal medium
was used as the control group. The osteogenic functionality of BMSCs
was assessed by monitoring BMSC proliferation and osteogenic differ-
entiation. The CCK-8 results showed that, compared with the control
group, groups cultured in the CM exhibited significantly enhanced cell
viability at the 3 and 5 d (Fig. 3A). The effect of the SC paracrine action
on the osteogenic differentiation of BMSCs was examined using quan-
titative reverse-transcription polymerase chain reaction (qRT-PCR),
Western blot, and immunofluorescence staining of the
osteogenesis-related markers after 7 d of culture. The groups treated
with the CM showed a stronger promotion effect on BMSC osteogenic
differentiation than that of the control group (Fig. 3B and Fig. S2). These
results indicated that SCs could enhance BMSC proliferation and oste-
ogenic differentiation through paracrine signaling.

Exosomes are important paracrine mediators secreted by cells in the
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communication [18,45]. To further investigate whether SC-exos are
crucial in promoting the proliferation and osteogenic differentiation of
BMSCs by SCs, we added the exosome inhibitor GW4869 to block the
secretion of exosomes and then collected the cell supernatant. The
collected supernatant was mixed with a-minimum essential medium
(a-MEM) medium as the new CM, named CM + GW, for BMSC culture.
The results of CCK-8, qRT-PCR, Western blot, and immunofluorescence
staining in Fig. 3C and D, and Fig. S3 showed that GW4869 impeded the
promotion effect of the SC-derived supernatant on BMSC proliferation
and osteogenic differentiation. These results suggested that exosomes
were crucial in paracrine signaling for SCs to promote the proliferation
and differentiation of BMSCs.

2.3. SC-exos encourage BMSC growth and osteogenic differentiation

As critical mediators of intercellular communication, exosomes play

microenvironment that play a significant role in intercellular
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Fig. 3. (A, B) Effects of SC paracrine signaling on
BMSCs; (A) cell viability of BMSCs assessed by CCK-8
at 1, 3, and 5 d; (B) qRT-PCR examination of the
relative levels of mRNA expression of genes associated
with osteogenic development in BMSCs. (C, D) Effect
of SC paracrine signaling after pretreatment with
GW4869 on BMSCs; (C) cell viability of BMSCs
assessed by CCK-8 at 1, 3, and 5 d; (D) qRT-PCR ex-
amination of the relative levels of mRNA expression of
genes associated with osteogenic development in
BMSCs. (E-G) Identification of SC-exos by TEM, NTA,
and Western blot for CD9, TSG101, and HSP70. Scale
bar = 200 nm. (H) Internalization of SC-exos by
BMSCs after 8 h of incubation, as assessed by fluo-
rescence. Green, blue, and red signals represented SC-
exos, nucleus, and phalloidin, respectively. Scale bar
= 50 pm. (I, J) Effect of SC-exos on BMSCs; (I) cell
viability of BMSCs assessed by CCK-8 at 1, 3, and 5 d;
(J) qRT-PCR examination of the relative levels of
mRNA expression of genes associated with osteogenic
development in BMSCs. (*p < 0.05, **p < 0.01, ***p
< 0.001).
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a crucial role in paracrine communication between SCs and BMSCs.
Therefore, the effects of SC-exos on BMSCs were further investigated.
SC-exos were isolated and purified from the SC supernatants, and then
their morphology, size, and surface protein markers were characterized.
As shown in Fig. 3E, the result of transmission electron microscopy
(TEM) showed that SC-exos possessed a homogeneous morphology and
round vesicle shape with a mean diameter of 130.8 nm + 1.2 nm.
Additionally, the size distribution of SC-exos was determined by nano-
particle tracking analysis (NTA). As shown in Fig. 3G, the majority of the
exosomes were in the 30-200 nm size range (92.7%), and the original
concentration of SC-exos was 3.20 x 10! particles mL™!. Western blot
was used to assess the expression of the exosomal surface markers CD9,
HSP70, and TSG101. As shown in Fig. 3F, CD9, HSP70, and TSG101
were all expressed in SC-exos, thereby confirming the successful isola-
tion of SC-exos.

Exosomes must enter the cytoplasm of recipient cells before per-
forming their function [20]. Exosomes or phosphate-buffered saline
(PBS) was labeled with Exosparker (green) and then treated with BMSCs
for 0, 4, and 8 h, respectively; thereafter, fluorescence was monitored to
indicate exosomal endocytosis. As seen in Fig. 3H, the control group
(PBS) did not exhibit green fluorescence, whereas the exosome group
did after co-culturing for 8 h. Images observed at different time points
and corresponding quantity analysis were exhibited in Fig. S5. The re-
sults showed that BMSCs had internalized some SC-exos at 4 h, and more
SC-exos were further internalized by BMSCs at 8 h (Fig. S4). These
findings suggested that SC-exos could be successfully internalized by
BMSCs.
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To further confirm whether SC-exos were able to exert the same ef-
fect as SCs on BMSCs, we co-cultured BMSCs with SC-exos at doses of 1,
10, and 100 g mL™! as the experimental groups or with PBS as the
control group. The results of CCK-8 testing indicated that, for the effect
of SC-exos on the proliferation of BMSCs, the 1 pg mL ™! group exhibited
no significant change compared with the control group; however, a
higher concentration of 10 pg mL™! significantly promoted the prolif-
eration of BMSCs. At the concentration of 100 pg mL™}, the promotion
effect of SC-exos on the proliferation of BMSCs was further enhanced
(Fig. 3I). The qRT-PCR results demonstrated that SC-exos dramatically
increased the expression of genes associated with osteogenesis in
BMSCs, including ALP, Runx2, OCN, OPN, and OSX (Fig. 3J), with the
promotion effect being gradually enhanced by the increase in the added
concentration of SC-exos. The results of Western blot results (Fig. S5),
alkaline phosphatase (ALP) staining, and Alizarin Red S staining
(Fig. S6) also showed that SC-exos promoted the osteogenic differenti-
ation of BMSCs. According to these findings, SC-exos encouraged BMSC
proliferation and osteogenic differentiation. Therefore, SC-exos were
critical mediators for SCs in the microenvironment to regulate BMSC
enactment of bone repair, which could be used to simulate SC-mediated
nerve-bone crosstalk.

2.4. The molecular mechanism of exosomal miRNAs of SC-exos on
promoting BMSC osteogenic differentiation

Functional miRNAs may be specifically loaded into exosomes and
play a significant role in exosome-mediated intercellular
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communication [46]. The transfer of exosomal miRNAs to recipient cells
for regulating cell behavior is an important mechanism for the biological
functions of exosomes [47]. To better understand the underlying
mechanism by which SC-exos promoted the osteogenic differentiation of
BMSCs, we performed small RNA sequencing (small RNA-seq) of SCs and
SC-exos and used Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses of the top 30 expressed miRNAs in exo-
somes to determine the function of target genes. As seen from the
sequencing, the relative contents of different miRNAs in SCs and SC-exos
were different, thus proving that the miRNAs were selectively loaded in
SC-exos (Fig. S7). Fig. 4A listed the top 30 expressed miRNAs. According
to previous reference reports, many miRNAs in the list participated in
the biological process related to osteogenic differentiation, and the de-
tails were listed in Table S1. Based on previous reports and predicted
results of target genes, we further transfected highly enriched miRNAs
whose target genes were associated with osteogenic promotion to
explore their effects on the osteogenic differentiation of BMSCs. The
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results showed that let-7c-5p could effectively promote the osteogenic
differentiation of BMSCs (Fig. S8).

Furthermore, the target genes of the enriched miRNAs of SC-exos
were analyzed using the GO and KEGG databases. GO analysis of
target genes revealed that the top 10 participants in molecular functions
included TGFp-activated receptors and that the top 10 of biological
processes included positive regulation of cell migration and positive
regulation of cell growth (Fig. 4B). In addition, Fig. S7 showed the
specifics of small RNA-seq and the analysis of three directed acyclic
graphs regarding the top 10 activities for biological processes, molecular
functions, and cellular components. KEGG pathway analysis revealed
the top 10 of osteogenesis-related pathways after screening; as shown in
Fig. 4C, the TGFp signaling pathway might be the most critical pathway
for SC-exos to promote osteogenic differentiation. After further analysis
and prediction, let-7c-5p, which was highly enriched in SC-exos, had the
potential to regulate the TGFf signaling pathway by targeting Acvr1b for
promoting the osteogenic differentiation of BMSCs.

Fig. 5. (A) Schematic showing that let-7c-5p regu-
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Transforming growth factor (TGF), bone morphogenic proteins
(BMPs), and activin/inhibin are all included in the TGF-p family of cy-
tokines, which is crucial in the regulation of osteoblast differentiation
and bone formation [48-50]. The BMP signaling pathway is activated by
ligands of the bone morphogenetic protein family, such as BMP-2, which
is essential for bone formation and homeostasis. BMP-2 can bind to the
extracellular domain of the type II receptor (BMP receptor 2 [BMPR2]),
which subsequently phosphorylates the type I receptor (BMP receptor 1
[BMPR1]). Activated BMPRI1-type receptors initiate intracellular
signaling by phosphorylating specific Smad proteins, namely,
Smad1/5/8. Phosphorylated Smadl/5/8 and Smad4 form a complex,
which subsequently translocates to the nucleus to participate in tran-
scriptional reactions. This promotes the expression of important tran-
scription factors and transcriptional co-activators in cells and,
consequently, BMSC osteogenic differentiation [51]. Activin signals via
the type I receptors (Activin receptor [Acvr]lb and 1c) can initiate
intracellular signaling by phosphorylating the specific Smad
proteins-Smad2/3, with the phosphorylated Smad2/3 protein also
forming a complex with Smad4 and playing an opposite role to
Smadl/5/8 [52]. Therefore, the potential competition between
Smad1/5/8 and Smad2/3 for Smad4 is considered to be a potent regu-
lator of the canonical Smad pathway [53]. According to the results of
our miRNA sequencing and the prediction of target genes, we speculated
that let-7¢-5p could inhibit the activation of activin-elicited Smad2/3 by
targeting the Acvrlb gene, thus promoting the activation of
BMP-elicited Smad1/5/8 and, consequently, the osteogenic differenti-
ation of BMSCs (Fig. 5A).

The bioinformatics analysis results in Fig. 4D displayed the expected
binding locations for let-7c-5p and Acvrlb. To further confirm our
prediction, the dual-luciferase reporter assay was used to determine
whether let-7c-5p directly targeted the Acvrlb gene. The luciferase ac-
tivity in the let-7c-5p and Acvrlb-wt co-transfection group was signifi-
cantly lower than that in the other groups (p < 0.001), indicating that
Acvrlb was a direct target of let-7c-5p (Fig. 4E). To further verify the
regulation of let-7c-5p on activin-elicited Smad2/3 and the corre-
sponding influence of BMP-elicited Smadl/5/8, let-7c-5p mimics or
inhibitor were transfected into BMSCs, and the expression of Acvrlb,
Smad, and phosphorylated Smad proteins (Smad1l, pSmadl, Smad2, and
pSmad2) were then detected by Western blot. The results of poly(A)-
tailed qRT-PCR showed that let-7c-5p was substantially elevated
following transfection with let-7c-5p mimics, with let-7c-5p only being
marginally downregulated after transfection with the let-7c-5p inhibitor
(Fig. S9). This outcome may be attributed to the low basic level of let-7c-
5p in BMSCs. Furthermore, qRT-PCR was used to identify the expression
of the Acvrlb gene following transfection with let-7c-5p mimics or in-
hibitors. The results showed that let-7c-5p could inhibit the expression
of the Acvrlb gene (Fig. S9). The results of the Western blot showed that
let-7c-5p mimics significantly downregulated the expression of Acvrlb
protein, thus upregulating the expression of pSmad1 and suppressing the
expression of pSmad2 (Fig. 5B). After transfection with the let-7c-5p
inhibitor, the opposite results were obtained (Fig. 5C), suggesting that
let-7¢-5p could inhibit the activation of activin-elicited Smad2/3 by
targeting the Acvrlb gene, thus promoting the activation of BMP-
elicited Smad1/5/8. To determine the role of let-7c-5p in the osteo-
genic differentiation of BMSCs, we used let-7c-5p mimics or inhibitor to
transfect BMSCs and analyzed the expression of osteogenesis-related
genes (ALP, Runx2, OCN, OPN, and OSX). According to qRT-PCR re-
sults, the bone formation-related genes ALP, Runx2, OCN, OPN, and OSX
were significantly upregulated in the let-7c-5p mimics group compared
with their expression in the control group (Fig. 5F). The let-7¢-5p in-
hibitor prevented the osteogenic differentiation of BMSCs (Fig. 5G). To
further verify the osteogenic differentiation of BMSCs, the immunoflu-
orescence staining of Runx-2 and OPN was performed. As shown in
Fig. S10, let-7c-5p mimics could significantly promote the expression of
Runx-2 and OPN, whereas let-7¢c-5p inhibitor inhibited the expression of
Runx-2 and OPN. These findings suggested that let-7c-5p could
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encourage the osteogenic differentiation of BMSCs; therefore, the
abundant let-7c-5p of SC-exos facilitated the osteogenic differentiation
of BMSCs by targeting Acvrlb gene to prevent the activation of activin-
elicited Smad2/3.

2.5. Bioinks are designed, prepared, and characterized

GelMA and SilMA, which are synthesized from gelatin and silk,
respectively, by a simple reaction with methacrylic anhydride have been
widely used as bioinks for co-culture with cells [54]. Through the pho-
toactivation of the vinyl groups, GelMA and SilMA can be covalently
bonded to create an elastic hydrophilic polymer network that is stable
and conducive to cell culture. GelMA is often selected as the substrate
component of bioink because of its good temperature-sensitive proper-
ties, biocompatibility, and printability. SiIMA has been widely used in
bone tissue engineering because of its tunable mechanical strength and
flexibility, biocompatibility, and osseointegration [34]. Moreover,
SilMA can be used as an ideal carrier for enzymes, biological factors,
antibiotics, and exosomes, extending their release period [36]. There-
fore, to optimize the release process of exosomes, we used a hybrid
bioink system composed of GelMA and SilMA in this study. Considering
the printability and the ability of bioink to sustain release exosomes, in
combination with previous reports, we mixed GelMA and SilMA in three
ratios to produce the following three bioinks: 10% GelMA (containing
10 w/v% GelMA), 8/2% GelMA/SilMA (containing 8 w/v% GelMA and
2 w/v% SilMA), and 6/4% GelMA/SilMA (containing 6 w/v% GelMA
and 4 w/v% SilMA). The release kinetics of the exosomes were evalu-
ated. After loading the exosomes with 10% GelMA, the cumulative
release of exosomes exceeded 90% of the total amount of loading on day
9. After the addition of SilMA, the release rate of exosomes significantly
slowed, and the exosome release period was extended for as long as 24
d for the 6/4% GelMA/SilMA bioink (Fig. 6A). This outcome indicated
that the addition of SiIMA decreased the release rate of exosomes, which
were released in a more sustainable manner. Next, the rheological
properties of the bioinks were investigated. As shown in Fig. 6B and C,
the temperature of sol-gel transformation of the bioinks increased, and
the viscosity of the bioinks decreased with the decrease in GelMA and
increase in SilMA in the bioink. These results indicated that the addition
of SilMA affected the low-temperature preprinting performance of ma-
terials, which was crucial in the bioprinting process. After comprehen-
sive consideration, we selected the 8/2% GelMA/SilMA as the bioink for
subsequent studies. Scanning electron microscopy (SEM) was used to
examine the microstructures of the hydrogels. The bioink with macro-
pores, seen in Fig. 6D, was suitable for cell migration, proliferation, and
tissue healing.

2.6. Bone repair constructs are produced by 3D bioprinting

Using a temperature-controlled air extrusion-based 3D bio-printer,
bioprinted constructs were quickly prepared based on the rheological
characteristics of the bioink. Before bioprinting, SC-exos (100 pg mL™1)
and BMSCs (107 cells mL™") were introduced to the bioink. These bio-
printed constructs were called the SC-exos@G/S group, and the bio-
printed constructs without SC-exos were the G/S group. To guarantee
that the bioink was not sticky and to lessen the impact of shear strain on
cells during extrusion, the bioink was fed into the printing cartridges at
25 °C. The temperature of the print nozzle and platform was maintained
at 15 °C to enable the deposition of a stable, smooth filament and the
stability of the printed construct throughout printing. After the printed
constructs were exposed to ultraviolet light to cause photocrosslinking,
the final structures of the constructs were produced. The morphology of
a sample printed hydrogel construct with consistently spaced ordered
macropores was shown in Fig. 6E.

Next, the biocompatibility of the bioprinted constructs was evalu-
ated. Live/dead staining results showed high cell viability reaching 95%
in the bioprinted constructs at 3d after printing (Fig. 6F). To detect the
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Fig. 6. (A) Release curve of exosomes from the
different ratio of bioinks. (B) G’ and G” of bioinks
with different ratios. (C) Stress-strain curves of bio-
inks with different ratios. (D) Scanning electron mi-
crographs of a bioink composed of 8% GelMA and 2%
SilMA, scale bar = 100 pm (left) or scale bar = 25 pm
(right). (E) Photograph of bioprinted microfibrous
constructs with different thicknesses, scale bar = 500
pm. (F) The biocompatibility of bioprinted constructs
was assessed by live/dead staining after cultured for
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effect of the bioprinting process on cell activity, the live/dead staining
assay of bioprinted constructs was performed at 4 and 24 h after bio-
printing. As shown in Fig. S11, few dead cells were visible in the bio-
printed constructs, indicating high cell viability in the bioprinted
constructs at 4 and 24 h after printing. These results demonstrated that
cells were only slightly damaged during printing. The 5-Ethynyl-2'-
deoxyuridine (EdU) staining was used to determine the proportion of
proliferating cells in the bioprinted constructs. The results showed that
the proportion of proliferating cells in the SC-exos@G/S group was
higher than that in the G/S group, indicating that the addition of SC-exos
promoted the proliferation of BMSCs in constructs (Fig. 6G). Further-
more, after culturing for 7 d, the number of cells in the bioprinted
constructs continued to increase (Fig. S12). Additionally, following 14
d of culture, 4',6-diamidino-2-phenylindole (DAPI) staining of the
BMSCs nuclei and F-actin staining of the cytoskeleton revealed that the
cells had almost entirely covered the scaffold structure; these results
indicated that the bioprinted constructs were beneficial to the prolifer-
ation and migration of cells (Fig. 6H) and confirmed the excellent
cytocompatibility of the bioprinted constructs.

2.7. Bioprinted constructs can simulate the SC-mediated nerve-bone
crosstalk

After being loaded with BMSCs in all groups, the constructs were
grown in the medium for 7 d before the osteogenesis-related genes were
examined to assess the osteogenic differentiation of BMSCs in vitro. The
osteogenic development of BMSCs in the bioprinted structures in vitro
was evaluated using immunofluorescence labeling (Fig. 7A and B) and
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3 d, scale bar = 200 pm. (G) Evaluation of the pro-
liferation of loaded BMSCs in constructs via EdU
staining, scale bar 200 pm. (H) Cytoskeleton
staining of BMSCs in bioprinted constructs with a
bioink composed of 8% GelMA and 2% SilMA, scale
bar = 200 pm.

SC-exos@G/S

gRT-PCR (Fig. 7C). The results showed that BMSCs in the SC-exos@G/S
group possess higher osteogenic activity than those of the G/S group.
The findings supported the hypothesis that SC-exos@G/S constructs
could successfully simulate the intercellular communication between
SCs and BMSCs and promoted the BMSC osteogenic differentiation in
vitro.

In this study, a subcutaneous implant model was employed to eval-
uate the potential of bioprinted structures for osteogenic differentiation
in vivo (Fig. 7E). The bioprinted constructs were collected at 14 d post-
implantation for immunofluorescence labeling and qRT-PCR, and the
outcomes were in line with those seen in vivo. The SC-exos@G/S group
had a more significant expression level of osteogenesis-related genes
than the G/S group (Fig. 7D). Compared to that in the G/S group, the
expression of the osteogenic differentiation marker was considerably
higher in the SC-exos@G/S group (Fig. 7F). These findings demon-
strated that the SC-exos@G/S construct simulated the regulatory func-
tion of SCs on BMSCs to achieve increased osteogenic activity in vivo.

2.8. Bioprinted constructs can improve the bone regeneration
microenvironment to promote innervation and vascularization

In the bone repair process, the regeneration of nerves and blood
vessels is crucial for effective bone healing. Therefore, the ability of the
SC-exos@G/S constructs to promote innervation and vascularization
was assessed using a subcutaneous implantation model in Spra-
gue-Dawley (SD) rats and the G/S constructs were used for comparison.
The constructs were collected for further analysis at 14 d post-
implantation.
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Fig. 7. The osteogenic function of bioprinted con-
structs in vitro and in vivo. (A) Immunofluorescence
staining for Runx-2 in bioprinted constructs after
culture for 7 d in vitro, scale bar 50 pm. (B)
Immunofluorescence staining for OPN in bioprinted
constructs after culture for 7 d in vitro, scale bar = 50
pm. (C) gRT-PCR examination of the relative levels of
mRNA expression of genes associated with osteogenic
development in bioprinted constructs in vitro. (D)
qRT-PCR examination of the relative levels of mRNA
expression of genes associated with osteogenic
development in bioprinted constructs after implan-
tation for 14 days. (E) Schematic showing the prep-
aration of the subcutaneous model. (F) Expression of
osteogenic specific gene OCN in bioprinted constructs
was detected by immunofluorescence staining after
implantation for 14 d, scale bar = 100 ym. (*p < 0.05,
**p < 0.01, ***p < 0.001).
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To assess the innervation potential of the bioprinted constructs,
immunofluorescence staining of NF200 and MBP was performed in all
groups. Numerous immunofluorescence signals were observed in the SC-
exos@G/S group, indicating that the SC-exos@G/S constructs were
well-innervated, whereas the immunofluorescence signals were hardly
observed in the G/S group (Fig. 8A). These results indicated that SC-
exos@G/S constructs could induce innervation by releasing SC-exos in
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Before the animals were sacrificed, blood perfusion in the con-
structions was measured using ultrasound imaging to determine the
degree of vascularization. In the SC-exos@G/S group, a robust blood
flow signal was observed at 7 d, indicating sufficient blood supply inside

the constructs. In comparison, the G/S group hardly showed any blood
flow indication (Fig. 8C). Day 14 post-implantation, the blood flow
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Fig. 8. (A) Histological analysis of subcutaneous im-
plantation constructs for nervous structures. Blue, red,
and green signals represent the nucleus, MBP, and
NF200, respectively. Scale bar = 200 or 50 pm. (B)
Histological analysis of subcutaneous implantation
constructs for vascular structures. The blue, red, and
green signals represent the nucleus, a-SMA, and
CD31, respectively. Scale bar = 200 or 50 pm. (C, D)
After 7 and 14 d of implantation, ultrasound images of
implanted structures were obtained. White asterisks
and arrowheads denote the hydrogel and vascular
systems, respectively. Scale bar = 2 mm. (E) Scratch
wound assay of EPCs. Scale bar = 200 pm. (F) Tube
formation assay of EPCs. Scale bar = 100 pm. (G)
Analysis of the migration assay. (H) Quantitative
analysis of (h1) branching points and (h2) total tube
length. (*p < 0.05, **p < 0.01, ***p < 0.001).
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signal in the SC-exos@G/S group was further improved, whereas the
blood flow signal in the G/S group was still hardly detectable (Fig. 8D).
The vascular structures in the constructs and surrounding tissue were
further assessed using immunofluorescence labeling for a-SMA and
CD31. In Fig. 8B, several vascular structures were seen in the SC-
exos@G/S group, whereas only a few were visible in the G/S group.
These results indicated that SC-exos@G/S constructs had an excellent
capability for angiogenesis in vivo, revealing that SC-exos potentially
promoted vascularization in the microenvironment. Therefore, the
scratch assay and tube formation assay were performed to test whether
SC-exos could promote angiogenesis directly. As shown in Fig. 8E and F,
SC-exos promoted the migration and enhanced the tube formation per-
formance of endothelial progenitor cells (EPCs), which indicated that
SC-exos effectively promoted the angiogenesis of EPCs.
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2.9. SC-exos@G/S are evaluated to improve bone regeneration effect in
vivo

Finally, a rat cranial defect model was used to examine the impact of
bioprinted constructions on bone healing. The radiographic results of
bone development were exhibited in Fig. 9A. The SC-exos@G/S group
showed the best bone formation promotion impact, with new bone tis-
sue almost completely filling the defect location followed by the G/S
group. Only a few new bones formed in the Exo and control groups, with
no discernible difference in the bone repair impact observed between
the two groups. Fig. 9B displayed the outcomes of micro-CT quantitative
analysis. According to the findings, the SC-exos@G/S group (29.242%
+ 7.681%, p < 0.001) had a considerably larger bone-to-tissue volume
ratio (BV/TV) than those of the G/S (15.977% =+ 3.577%, p < 0.05) and
Exo (8.329% =+ 1.826%, p < 0.05) groups. The control group had the
lowest ratio (6.02575% + 1.085%, p < 0.001). Similar patterns were
observed in bone mineral density (BMD) among the other groups.
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Fig. 9. (A) 3D reconstruction of micro-CT images, scale bar = 2 mm. (B, C) Quantitative analysis of micro-CT images, including BV/TV and BMD. (D) HE and Masson
staining of different groups in vivo, scale bar = 100 pm. (n = 6, *p < 0.05, **p < 0.01).

Additionally, hematoxylin and eosin (HE) and Masson’s trichrome
staining were carried out at 8 weeks post-surgery. Whole samples are
exhibited in Fig. S13, supplementary information. In line with the
radiological findings, the specimen analysis results clearly showed that
the bone defect in the SC-exos@G/S group was almost entirely repaired,
whereas that in the G/S group only had minimal healing success. By
contrast, the Exo and control groups showed no healing effect (Fig. 9D).
Therefore, the bone repair effect of simple bioprinted constructs or
direct one-time in-situ injection of large doses of exosome was limited,
whereas SC-exos@G/S constructs could better promote bone repair by
simulating the function of SC-exos in the bone regeneration
environment.

3. Discussion

Nerves are present throughout the entire bone and are mainly
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distributed in the periosteum, bone marrow, and mineralization areas
[5]. Crosstalk between nerves and bone is involved in bone develop-
ment, metabolism, and repair [55]. Many humans and animal species
have demonstrated the importance of the nervous system regulation for
bone repair and that the lack of nerve-bone crosstalk impairs bone
repair [9,56-58]. SCs are essential cell components of the peripheral
nervous system in the bone regeneration microenvironment and par-
ticipants in bone repair [14,39]. Our results also demonstrated that in
the early stage after bone injury, SCs were present at the injury site and
associated callus, which indicated their involvement in the process of
bone repair. According to Jones et al. paracrine signaling from SCs was
required for skeletal stem cells to enact bone healing in the bone
regeneration microenvironment [16]. Therefore, the effects of SCs on
BMSCs may be an important pathway for the crosstalk between nerves
and bone during bone regeneration. To enhance nervous system regu-
lation in bone repair, improve the bone regeneration microenvironment,
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and provide a more effective tissue engineering strategy for bone defect
repair, this study aims to investigate the mechanism of SCs to regulate
bone repair and develop tissue-engineered constructs that simulate
SC-mediated nerve-bone crosstalk.

Exosomes, which are a kind of extracellular vesicle, are produced by
all cells and are frequently present in the microenvironment [17,18].
The ability of cells to regulate tissue repair is partly derived from their
exosomes [20,36]. Previous research demonstrated that Schwann
cell-derived extracellular vesicles (SC-EVs) and the CM formed from SC
supernatant encouraged the proliferation and osteogenic differentiation
of human dental pulp stem cells [59]. Similar results were found in our
study, that is, SC-CM was able to promote BMSC proliferation and
osteogenic differentiation. Therefore, the regulatory effects of SCs on
BMSCs in the bone regeneration microenvironment are supposedly
derived from their paracrine action, to which exosomes may contribute.
Furthermore, we used GW4869 to block the secretion of SC-exos and
then explored their role in the paracrine action of SCs on BMSCs. The
results demonstrated that SC-exos were an important paracrine pathway
that mediated the communication between SCs and BMSCs. The results
of direct co-culture of SC-exos with BMSCs were also consistent with this
conclusion. Furthermore, the molecular mechanism of SC-exos in pro-
moting the osteogenic differentiation of BMSCs was also investigated to
further explain the role of SCs in promoting bone repair. The multiple
biological functions of exosomes are derived from their abundant miR-
NAs. Exosomes can deliver certain miRNAs to recipient cells, thereby
altering the gene expression and consequently influencing the biological
behaviors of recipient cells. Therefore, this study attempted to explore
the underlying molecular mechanisms of SC-exos in promoting the
osteogenic differentiation of BMSCs by exosomal miRNAs. Based on the
results of the small-RNA sequencing and bioinformatic analysis, we
found that the TGFp signaling pathway was crucial for SC-exos to
regulate the osteogenic differentiation of BMSCs through miRNAs. BMP
and activin are important members of the TGFf family, which is crucial
in osteogenic differentiation [50,52]. BMP can activate Smadl/5/8
phosphorylation, which has a positive regulation effect in bone forma-
tion. However, activin depends on the Acvrlb/1c to activate the phos-
phorylation of Smad2/3, which plays an inhibiting role in bone
formation. The abundant let-7c-5p within SC-exos can inhibit the acti-
vation of the activin-Smad2/3 signaling pathway by targeting the
Acvrlb gene and thus promote the activation of the BMP-Smad1/5/8
and BMSC osteogenic differentiation. In addition, other components of
exosomes, such as proteins and other RNAs, are important in exosome
function, participating in the communication between the bone and SCs.
Proteomic studies of exosomes have received wide attention. Besides
being abundant in membrane localization proteins, exosomes also
contain other different types of proteins, such as enzymes, hormones,
cytokines, ligands, and other proteins, which are involved in their
regulation. According to Wang et al. the SC-EVs can promote the
migration and osteogenic differentiation of dental mesenchymal stem
cells by transferring stromal cell-derived factor 1 [59]. In addition, the
different RNA species in exosomes, including mRNA and non-coding
RNA, are also reported to regulate the biological functions of recipient
cells. In a study by Li et al. RCS96-EVs were able to enhance the
expression of several transcription factors (Sox2, Nanog, and Oct4) to
promote the proliferation and multipotency of human dental pulp cells
by transferring their mRNAs [60]. Therefore, owing to the complexity of
the cargo exosomes carry, subsequent studies need to be performed to
more comprehensively explore the mechanisms and effects of SC-exo
regulation of BMSCs. In addition, Parfejevs et al. found that SCs could
activate the TGFf signaling pathway to promote skin wound healing by
increasing paracrine signaling [61]. Similarly, Hao et al. found that the
GelMA-loaded SC-exos could promote the osteogenic differentiation of
BMSCs by activating the TGF-$/Smad signaling pathway [26]. There-
fore, the activation of the TGFp signaling pathway may be an important
mechanism in SC-regulated tissue repair. In summary, SC-exos is an
important link in the process of nerve regulation of the bone
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regeneration microenvironment. Logically, we can partially simulate
nerve-bone crosstalk through bioprinted constructs of SC-exos@G/S to
improve the bone regeneration microenvironment for neuro-
vascularized bone regeneration.

To simulate the SC-mediated nerve-bone crosstalk, SC-exos and
BMSCs were added to the bioink for bioprinted constructs. Although
many hydrogels are considered to be ideal carriers for loading exosomes,
the rapid release of exosomes impairs their effects. SiIMA has been
proven as a carrier for optimizing the release process of exosomes such
that they can perform their function effectively. Therefore, we used a
hybrid hydrogel system composed of GelMA and SilMA mixed in
different ratios and tested their printability and sustained release effi-
ciency of exosomes. With the addition of SilMA, the release manner of
exosomes from hybrid hydrogels was markedly improved. This result
may be due to the release of exosomes being influenced by the degra-
dation properties of the hybrid hydrogel. The addition of SilMA delayed
the degradation of the hybrid hydrogels, thus arresting the exosome
release rate. However, the addition of SilMA affected the low-
temperature preprinting performance of materials. After a comprehen-
sive analysis, the 8/2% GelMA/SilMA showed the optimal sol-gel
transformation temperature and excellent exosome release manner;
thus, this hydrogel was ultimately selected as the bioink for bioprinting.

The bioprinted SC-exos@G/S constructs exhibited excellent promo-
tion of bone regeneration and neurovascular network growth both in
vivo and in vitro. In vitro, abundant of osteogenesis-related markers,
that is, OPN and Runx2-expressing cells, were observed in the SC-
exos@G/S group; by contrast, these markers were hardly observed in
the G/S group. Similarly, in the subcutaneous model, the bioprinted
constructs and surrounding tissue had a higher expression of OCN in the
SC-exos@G/S group than those in the G/S groups. These results
confirmed that the SC-exos@G/S constructs successfully simulated the
SC-mediated nerve-bone crosstalk to regulate the osteogenic differen-
tiation of BMSCs in vivo. As repair cells originating from the peripheral
nervous system, SCs can promote the regeneration of peripheral nerves.
The ability of cells to promote tissue repair is partly due to their exo-
somes. Lopez-Verrilli et al. indicated that SC-exos could promote neurite
extension and axonal regeneration in vitro [22]. In our studies, after 14
d of subcutaneous implantation in vivo, more neural structures were
found in the SC-exos@G/S group than those of the G/S group, indicating
more innervation in SC-exos@G/S constructs. Moreover, the results of
immunofluorescence staining showed that the number of vascular con-
structs in the SC-exos@G/S group had increased, indicating that the
addition of SC-exos promoted angiogenesis. We believe two possible
reasons can explain this outcome: first, SC-exos can directly promote
angiogenesis in the microenvironment. Our further study indicated that
SC-exos promoted the migration and tube formation of the performance
of EPCs, which was significant for angiogenesis. Secord, neurons are also
able to influence angiogenesis by neuropeptides; consequently, the
reconstruction of the nervous system within the SC-exos@G/S con-
structs also promotes the reconstruction of blood vessels. These results
indicated that the SC-exos@G/S constructs could improve the micro-
environment by releasing SC-exos to exert the repair effects of SCs,
promote innervation and vascularization, and further promote effective
bone repair. Finally, the effect of bioprinted constructs in promoting
bone defect repair was evaluated in an SD-rat cranial defect model. The
SC-exos@G/S group exerted the strongest promotion effect on the for-
mation of new bone in the defect. Although the process by which the
nervous system regulates bone repair is complex, we conclude that SCs
play an important role in the bone regeneration microenvironment by
promoting innervation, vascularization, and osteogenesis through exo-
somes. Based on these results, simulating SC-mediated nerve-bone
crosstalk and improving the bone regeneration microenvironment by
the SC-exos@G/S construct is a straightforward and effective strategy
for neurovascularized bone regeneration.
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4. Conclusion

In conclusion, this study indicates that SCs are critical cells origi-
nating from the peripheral nervous system that participate in bone
repair, secreting exosomes to the microenvironment for regulating bone
regeneration. Furthermore, this study shows that SC-exos can regulate
the TGFf signaling pathway to promote the osteogenic differentiation of
BMSCs by transferring let-7c-5p. Moreover, the SC-exos@G/S con-
structs, which are developed using bioprinting technology, are able to
simulate SC-mediated nerve-bone crosstalk, improve the bone regen-
eration microenvironment, and thus promote effective bone repair. Our
study highlights the pivotal role of SC-exos in the regulation of SCs for
the bone regeneration microenvironment and provides a new strategy
for tissue engineering constructs that promote neurovascularized bone
regeneration by enhancing the regulatory effects of the nervous system.
The strategy presented in this study may be an important approach for
improving the repair effects of bone defects with neurological
dysfunction.

5. Experimental section
5.1. Immunofluorescence of fracture sections

Rat femur fracture specimens from six-week-old SD rats were ob-
tained at 14 d, fixed for 24 h in 4% paraformaldehyde, embedded in
paraffin, and then sectioned for histological analysis. The manufac-
turer’s instructions were followed for staining various immunofluores-
cent proteins. The S100p (1:1000, GB12359; Servicebio, Wuhan, China)
and p IlI-tubulin (1:1000, GB12139; Servicebio, Wuhan, China) specific
primary antibodies were used in this work. Fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG (1:400, GB25301, Servicebio,
Wuhan, China) or cy5-conjugated goat anti-rabbit IgG (GB27303,
Servicebio, Wuhan, China) was used as the secondary antibody and
incubated at 25 °C for 2 h before being combined with DAPI for co-
incubation at 25 °C.

5.2. Cell isolation and culture

BMSCs were isolated from the bone marrow cavity of the bilateral
femurs of four-week-old SD rats according to previous studies [62,63].
Briefly, the animals were sacrificed by euthanizing, and their skeletons
were rinsed using 70% ethanol. The hind limbs were harvested for
further dissection to obtain the tibia and femur. Ice-cold PBS with 1 x
penicillin-streptomycin was used to rinse the bone tissue three times. A
sharp blade was used to cut the ends of the tibia and femur to expose the
marrow cavity. Then the marrow was flushed out of the marrow cavity
using a 1 mL syringe containing a-MEM and collected in a 10 cm culture
dish on ice. A 70 mm filter mesh was used to remove any bone spicules
or muscle and cell clumps to get the cell suspension. Finally, the cell
suspension was cultured with a- MEM supplemented with 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin at 37 °C
with 5% CO5. The medium was replaced with fresh complete medium
every 3 d. For use in subsequent investigations, cells were passaged to
P3-P5.

EPCs were also isolated from the bone marrow cavity of the bilateral
femurs of four-week-old SD rats according to previous studies [64,65].
The flushing procedure of bone marrow extracts was the same as the
BMSC isolation. After incubating the cell suspension for 4 h,
non-adherent cells that accumulated on the surface of the culture dish
were pipetted into a new culture dish. Then the EGM-2MV (Lonza
Group, CH) was added to culture primary EPCs. The medium was
replaced with fresh complete medium every 3 d. For use in subsequent
investigations, cells were passaged to P3-P5.

SCs were isolated from the bilateral sciatic nerves of four-week-old
SD rats according to previous studies [66,67]. Briefly, 70% ethanol
was used to disinfect the skin area of the hind limb. Next, fine surgical
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scissors were used to make an incision in the posterolateral hind limb
area. The sciatic nerve was carefully isolated from the posterior femur
muscle group. Then, the most proximal and distal end of the nerve were
cut using fine surgical scissors. The isolated sciatic nerves were collected
and rinsed with ice PBS three times. Next, the scissors were used to
remove the epineurium layer for harvesting individual fibers. Finally,
the nerve fibers were collected for enzymatic dissociation with an
enzymatic cocktail solution composed of 0.125% trypsin and 0.2% type I
collagenase at 37 °C. After termination of enzymatic dissociation, the
primary SCs were grown at 37 °C with 5% CO5 in high-glucose Dul-
becco’s Modified Eagle Medium (DMEM) with 10% FBS, 1% (v/v)
penicillin-streptomycin, 2 pM forskolins (MCE, USA), and 2 ng mL!
recombinant human neuregulin (R&D, USA). For use in subsequent in-
vestigations, cells were passaged to P3-P5.

5.3. Effect of SCs on BMSCs by paracrine signaling

To provide the conditioned medium for the culture of BMSCs, the SC
supernatant from the P3-P5 generation was collected, filtered through a
0.22 m filter (Merck Millipore, Burlington, MA), and combined with
o-MEM at predetermined mixing ratios of 10%, 30%, and 50%. Every 3
d, the culture medium was replaced. SCs were primed with either
GW4869 (MCE, USA) or PBS to determine the function of exosomes in
SC paracrine signaling. The supernatant was then collected, diluted with
o-MEM at a 1:1 ratio, and utilized as the conditioned medium for BMSC
culture. Every 3 d, the culture medium was replaced. The qRT-PCR assay
was used to monitor gene expression involved in osteogenic differenti-
ation (ALP, Runx-2, OCN, OPN, and OSX). The CCK-8 test was employed
to monitor cell proliferation. Western blot and immunofluorescence
staining were performed to detect the expression of osteogenesis-related
proteins (Runx-2 and OPN).

5.4. Isolation and identification of exosomes

In this investigation, exosome production was carried out using SCs
in passages 3-5. After reaching 80-90% confluence, the medium was
removed, and the cells were washed three times in PBS and resuspended
in a traditional medium with 10% exosomes-depleted FBS. Exosomes
were isolated and purified using the gradient low-temperature ultra-
centrifugation method, which was well documented in the literature
after 24-48 h of culture. The supernatant was first filtered through a
0.22 pm filter to remove suspended cells and centrifuged at 10,000xg
for 30 min at 4 °C to remove cell debris and finally at 100,000 xg for 70
min at 4 °C to recover the exosomes [68]. The exosome pellet was
cleared, resuspended in 100 pL PBS, and stored at —80 °C for future
research. TEM was used to analyze the morphology of the exosome.
After being air-dried, the exosome solution was embedded in a TEM grid
of a skinny carbon layer. ZetaView (Particle Metrix) was used for the
NTA to evaluate the particle size of exosomes. A BCA protein assay kit
(Beyotime, Jiangsu, China) was used to assess the concentration of
exosomes. Exosome-related markers and primary antibodies including
CD9, HSP70, and TSG101 were detected using Western blot analysis.

5.5. Internalization experiment

ExoSparker Exosome Membrane Labeling Kit-Green (Dojindo,
Japan) was used to stain the isolated exosomes according to the man-
ufacturer’s instructions. The BMSCs received 10 pg of the dye-labeled
exosomes, which were then incubated for 0, 4, and 8 h at 37 °C with
5% COs. The cells were then fixed with 4% paraformaldehyde for 15 min
after being rinsed with PBS to eliminate exosomes that were not
absorbed by the cells. The cells were stained for cytoskeleton and nu-
clear staining with tetramethylrhodamine B isothiocyanate (TRITC)-
phalloidin for 2 h at room temperature and DAPI for 10 min at room
temperature, respectively. Confocal laser scanning microscopy (Leica,
Germany) was used to visualize exosomes internalized by BMSCs at
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different points.
5.6. Effect of SC-exos on BMSCs

SC-exos were co-cultured with BMSCs at concentrations of 0 (PBS), 1,
10, and 100 pg mL ™! to determine the impact of SC-exos on BMSCs.
Every 3 d, the culture medium was replaced. Cell proliferation was
evaluated using the CCK-8 assay. To assess the osteogenic function of
BMSCs in vitro, ALP staining (P0321S, Beyotime, Jiangsu, China) and
Alizarin Red S staining (C0138, Beyotime, Jiangsu, China) were con-
ducted using the according to the manufacturer’s instructions. The
expression levels of genes (ALP, Runx-2, OCN, OPN, and OSX) involved
in osteogenic differentiation were determined using real-time PCR, and
the osteogenesis-related markers (Runx-2 and OPN) were detected using
Western blot.

5.7. Exosomal microRNAs sequencing and bioinformatic analysis

OE Biotech Co. Ltd. performed mini RNA-seq on SCs and their exo-
somes (Shanghai, China). By using the manufacturer’s instructions, total
RNA was isolated from the three sets of SCs and SC-exos using the
mirVana miRNA Isolation Kit (Ambion), and the integrity of the RNA
was determined using an Agilent 2100 Bioanalyzer (Agilent Technology,
USA).

The adapter-ligated RNAs were further processed after reverse
transcription by cDNA and PCR amplification. Small RNA libraries were
created from extracted and purified PCR products with sizes between
140 and 160 bp. An Agilent Bioanalyzer 2100 system with DNA High
Sensitivity Chips was used to evaluate the quality of the library. Li-
braries were sequenced using the Illumina HiSeq X Ten platform. Then,
150 bp paired-end readings were produced. [log2 (fold change) | > 1
and p < 0.05 were determined to indicate differential expression.

5.8. Bioinformatic analysis and target gene prediction

To confirm the miR quality and consistency among the three SCs/SC-
exos samples, total small RNA from SCs and SC-exos samples were
analyzed for known and unknown RNA, miRNA upset analysis, CPM
gene expression density distribution, and correlation analysis of sam-
ples. Based on the hypergeometric distribution, the top 30 highly
expressed miRNA-target genes underwent GO and KEGG pathway
enrichment analyses.

5.9. Luciferase report assay

Using Lipofectamine 3000, cells were co-transfected with luciferase
vectors expressing miR-let-7c-5p mimics or mimics-NC and the wild-
type or mutant 3'-UTR of Acvrlb (Invitrogen). At 48 h after trans-
fection, luciferase activity was assessed using a dual-luciferase reporter
assay kit (Beyotime, Jiangsu, China).

5.10. Molecular mechanism analysis of the effect of let-7c-5p on BMSCs

Using Lipofectamine RNAIMAX (Invitrogen, USA), mimics of let-7c
into BMSCs according to the manufacturer’s instructions to investigate
the underlying mechanism of miRNAs. The BMSCs were transfected
upon reaching 50% confluence. In brief, Lipofectamine RNAIMAX was
combined with miRNA mimics in OPTI-MEM reduced serum medium,
and the mixture was incubated at room temperature for 5 min before
transfection. The transfection mixture was then added to the BMSCs, and
the combination was incubated at 37 °C for 8 h without using a dual
antibody in a-MEM medium supplemented with 10% FBS. The culture
medium was changed to regular MEM with 10% FBS supplementation
after 8 h. The supplementary information provides the miRNA mimic
and inhibitor sequences. Utilizing poly(A)-tailed qRT-PCR, the trans-
fection effectiveness of miRNA mimics or inhibitors was assessed after
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48 h (B532451, Sangon Biotech, China). Using qRT-PCR and immuno-
fluorescence staining to detect the expression of genes and proteins
associated with osteogenesis. The Acvrlb protein and expression of
Smad and phosphorylated Smad proteins (Smad1, pSmad1, Smad2, and
pSmad2) were examined using Western blot assay. Acvrlb (1:200,
10086, Proteintech, China), Smadl (1:1000, 10429, Proteintech,
China), pSmadl (1:1000, 9516S, CST, USA), Smad2 (1:1000, 5339T,
CST, USA), and pSmad2 (1:1000, 3108S, CST, USA) were the primary
targets of the antibodies.

5.11. Bioink preparation

Briefly, a serum-free medium was used to dissolve GelMA and SilMA
(both from EFL, Suzhou, China). After 0.5 wt% of a visible light initiator
was added, the solution was incubated at 45 °C until the solids were
completely dissolved. A 0.22 pm filter was used to filter-sterilize the
solution. The combined hydrogel was mixed with isolated exosomes
(100 pg mL™Y) to prepare a pre-hydrogel solution. The pre-hydrogel
solution was repeatedly pipetted and mixed before being placed in a
centrifuge tube, centrifuged at 300xg for 5 min to eliminate air bubbles,
and then incubated at 37 °C to prepare for printing. During bioprinting,
the BMSCs and SC-exos (100 pg mL 1) were mixed with the pre-
hydrogel according to a cell volume of 1 x 107 cells mL™! and then
transferred to the cartridge for bioprinting after being evenly pipetted.

5.12. Bioprinting and biocompatibility assay

The bioprinting process was carried out using a triaxial bioprinting
machine (Regenvo Biotechnology, Hangzhou, China). Before use, the
printing apparatus was set up on a spotless bench and sanitized using
75% alcohol and UV light. Tools for bioprinting, including cartridges,
needles (27G), and tweezers, were autoclaved at 121 °C for 2 h before
use. A layer-by-layer grid-like structure (10 mm x 10 mm x 2 mm) was
created using SOLIDWORKS as a bioprinting model.

The printing parameters were as follows: wire diameter, 200 pm;
wire spacing, 200 pm,; air pressure, 0.2 kPa; printing nozzle temperature,
25 °C; platform temperature, 20 °C. The bioprinted constructs were
photocrosslinked using a UV light for 2 min and then transferred to a 12-
well plate for subsequent culture in an incubator with a-MEM supple-
mented with 10% FBS at 37 °C under 5% CO».

The biocompatibility assay of biopronted constructs was performed
by live/dead staining, EdU staining experiment, and the staining of the
cytoskeleton. The live/dead staining was performed using a live/dead
cell staining kit according to the manufacturer’s instructions (KeyGEN,
Nanjing, China) at 4 and 24 h after printing, as well as at 3 and 7 d for
culture. The samples were observed using a laser scanning confocal
microscope (Leica, Germany). Calcein AM-stained live (green) cells were
detected with excitation at 488 nm, and PI-stained dead (red) cells were
observed with excitation at 555 nm.

The EdU staining experiment was performed to assess the prolifer-
ation of BMSCs in the bio-scaffolds at 3 d after printing following the
manufacturer’s instructions. The samples were incubated in EdU
working solution for 30 min, followed by staining of nuclei with DAPI
(Solarbio, China) for 5 min. Then, the samples were observed with a
laser scanning confocal microscope (Leica, Germany).

In order to observe the morphology of cells in the scaffolds, the
samples were fixed with 4% paraformaldehyde at 14 d after printing,
then stained with phalloidin-FITC (Kingmorn, China) for 1 h, and the
nuclei were stained with DAPI for 5 min. The samples were observed
using a laser scanning confocal microscope (Leica, Germany).

5.13. Rheology analysis
The rheological characteristics of the hybrid hydrogels were evalu-

ated using a rheometer (MCR302, Anton Paar, Austria) with a Peltier
element for temperature regulation. Viscosity and shear stress were
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observed by raising the shear rate from 1 s~ to 500 s ! at a rate of 0.08
s at 25 °C. The hydrogel samples were equilibrated at 40 °C and
subsequently cooled at a rate of 1 °Cmin ™! from 35 °C to 15 °C while the
storage (G') and loss moduli (G”) were determined at a constant fre-
quency of 1 Hz and under a persistent strain of 0.1%.

5.14. Scanning electron microscopy

The samples were freeze-dried after being treated in glutaraldehyde
for 1 h at room temperature. Then, a scanning electron microscope
(Sirion 200, FEI, USA) was used to observe the surface morphologies of
the bioprinted constructions.

5.15. Exosome release analysis

To detect the release ratio of exosomes in the hybrid hydrogel, hybrid
hydrogels were prepared in three proportions (10% GelMA, 8/2%
GelMA/SiIMA, and 6/4% GelMA/SilMA); then, the exosomes were
added to the hybrid hydrogels at 100 pg mL™!. The exosome release rate
from the hybrid hydrogels was assessed using the BCA kit according to
the manufacturer’s directions after exposing the hybrid hydrogels to UV
light for 2 min to create chemical crosslinks. In a 24-well plate (Trans-
well), 600 pL of PBS was poured into the lower chamber, and the mixed
hydrogel block was placed in the upper chamber. Then, 100 pL of PBS in
the lower chamber was aspirated and replaced with fresh PBS at pre-
determined intervals. The quantity and proportion of the exosomes that
were released were calculated. Data were presented as the means and
standard deviations of three replicates.

5.16. Detection of osteogenic property of bioprinted constructs

Immunofluorescence and qRT-PCR tests were conducted to deter-
mine whether the bioprinted constructs exhibited osteogenic qualities
after being cultured in vitro for 7 d. The cells were treated for immu-
nofluorescence by being washed three times with PBS, fixed for 15 min
in 4% paraformaldehyde, and then incubated overnight with Runx2
(1:1600, 12556, CST, USA) and OPN (1:1600, ab8448, Abcam, UK)
antibodies. Cytoskeleton staining was carried out using goat anti-rabbit
IgG H&L (1:1000, ab150117, Abcam, UK) that was Alexa Fluor 488-
labeled for 2 h at room temperature, followed by TRITC-phalloidin for
30 min at room temperature. The nuclei were then stained with DAPI for
a final 5 min at room temperature. The bioprinted constructs were
divided up for qRT-PCR, and total RNA was extracted using the Trizol
technique for searching gene expression in osteogenesis.

5.17. Subcutaneous implant

This study followed the recommendations of the Shanghai Ninth
People’s Hospital, Shanghai Jiaotong University School of Medicine’s
Animal Care and Experimentation Committee. Twelve 8-week-old rats
from the G/S and SC-exos@G/S groups were used in this study. Each rat
received four bioprinted constructs inserted subcutaneously on the
dorsal side. The implants and surrounding tissues were removed, fixed
in 4% paraformaldehyde for 2 h, embedded in paraffin, and sectioned
when the rats were euthanized after two weeks. In this experiment, 6 pm
thick slices were used for histological analysis. Bone, vascular, and nerve
structures were detected using HE and immunofluorescence staining.
For immunofluorescence, OCN (1:200, GB11233, Servicebio, Wuhan,
China), CD31 (1:200, GB12063, Servicebio, Wuhan, China), a-SMA
(1:200, GB111364, Servicebio, Wuhan, China), NF200 (1:500,
GB12144, Servicebio, Wuhan, China), or MBP antibodies (1:200,
GB11226, Servicebio, Wuhan, China) were incubated overnight at 4 °C.
Cy5-conjugated goat anti-rabbit IgG (1:500, GB27303, Servicebio,
Wuhan, China) or FITC-conjugated goat antibody rabbit IgG (1:500,
GB22303, Servicebio, Wuhan, China) was used as secondary antibody,
incubated for 2 h at room temperature, and stained with DAPI for 5 min
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at room temperature. Before the animals were slaughtered, ultraso-
nography (VEVO LAZR-X; Fujifilm VisualSonics, USA) was conducted to
evaluate blood perfusion.

5.18. Scratch and tube formation assay

Scratch experiments to further investigate the effect of SC-exos on
the migration of EPCs. EPCs were seeded in a six-well plate with 2 x 10°
cells. When the cell confluence reached 90%, a 200 pL pipette tip was
used to create a linear wound which was washed three times with PBS to
remove dead cells and cell debris. Then, DMEM containing 3% exosome-
depleted FBS and specific doses of exosomes (0, 1, 10, and 100 pg mL 1)
were added, and cells were observed using light microscopy at 0, 12 and
24 h after scratching and photographed.

EPCs were pretreated with specific concentrations of SC-exos (0, 1,
10, and 100 pg mL~?) overnight, seeded 2 x 10* cells per well in 48-well
plates pretreated with Matrigel, incubated for 6 h in a cell incubator at
37 °C under 5% COa. Then observed and photographed using a micro-
scope. ImageJ was used to measure the total number of branches and
connection points. All experiments were repeated at least three times.

5.19. Surgical procedure

The Institutional Animal Care and Use Committee of Shanghai Ninth
People’s Hospital prepared guidelines for all animal research. The Ethics
Committee of Shanghai Ninth People’s Hospital examined and approved
the protocols.

To assess the promoting effect of bioprinted constructs on bone
regeneration, a critical-sized calvarial lesion model was established in 8-
week-old male SD rats (weighing 200-220 g). Pentobarbital (3.5 mg/
100 g) was administered intraperitoneally to the animals to render them
unconscious. An incision of 1 cm length was made on the rat’s scalp, and
the skull was then exposed through blunt dissection. A 6 mm diameter
low-speed hole drill was used to create two full-thickness flaws on either
side of the rat skull, and the holes were subjected to different treatments.
The rats were split into four groups: the control group, which was not
treated; the G/S group, which was implanted with the G/S constructs;
the Exo group, which was treated using a direct one-time in-situ injec-
tion of large doses of SC-exos (100 pg mL’l); and the SC-exos@G/S
group, which was implanted with the SC-exos@G/S. The experiment
involved the analysis of six samples per group. Eight weeks following
surgery, the rats were slaughtered, and the tissues were preserved using
4% paraformaldehyde. The samples were scanned using a micro-CT
machine (CT80; Scanco, Switzerland). Decalcified samples were pre-
pared for further histological examination after approximately 30 d of
immersion in a 20% ethylene diamine tetraacetic acid (EDTA) solution.
The manufacturer’s directions were followed for applying HE and
Masson’s trichrome staining.

5.20. Statistical analysis

The results were expressed as mean =+ standard deviation (SD). All
data were analyzed in more than three independent experiments. Stu-
dent’s t-test and one-way ANOVA were used for statistical analysis.
Statistical significance was set at *p < 0.05.

Ethics approval and consent to participate

The use of rats and all related procedures in this study were approved
by the Animal Care and Use Committee of Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine and were
carried out in accordance with the guidelines of the National Institutes
of Health Guide for Care and Use of Laboratory Animals (No. GB14925-
2010).
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