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Designing a multifunctional scaffold with osteogenic and angiogenic properties holds promise for ideal
bone regeneration. Innovative scaffold was here constructed by immobilizing exosomes derived from hu-
man bone mesenchymal stem cells (hBMSCs) onto porous polymer meshes which developed by PLGA
and Cu-based MOF (PLGA/CuBDC@Exo). The synthesized exosome-laden scaffold capable of providing a
dual cooperative controllable release of bioactive copper ions and exosomes that promote osteogenesis
and angiogenesis, thereby achieving cell-free bone regeneration. In vitro assay revealed the composite
stent not only substantially upregulated the expression of osteogenic-related proteins (ALP, Runx2, Ocn)
and VEGF in hBMSCs, but promoted the migration and tube formation of the human umbilical vein en-
dothelial cells (HUVECs). In vivo evaluation further confirmed this scaffold dramatically stimulated bone
regeneration and angiogenesis in critical-sized defects in rats. Altogether, this composite scaffold carrying
therapeutic exosomes had an osteogenic-angiogenic coupling effect and offered a new idea for cell-free
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bone tissue engineering.
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The repair and treatment of bone defects has always been a
huge challenge for clinicians [1-4]. However, bone tissue repair
involves a cascade of complex steps, including osteogenesis, an-
giogenesis and inflammation, in this regard, osteogenesis and an-
giogenesis are tightly coupling to each other [5-7]. Blood vessels
often play an important role in the process of ossification and
bone reconstruction due to they can supply nutrients [8-10]. How-
ever, early angiogenesis after implantation of bone grafts is lim-
ited, which severely delay bone tissue healing [11]. Definitely, dual-
functional regulation of osteogenesis and angiogenesis is necessary
for successful bone regeneration [12].

Latest researchers have found that the exosomes secreted by
mesenchymal stem cells (MSCs) hold promise for tissue regen-
eration [13,14]. Exosomes are extracellular vesicles with a diam-
eter of 40-160nm and contain a variety of bioactive molecules,
which have similar biological effects to their derived cells [15].
More specifically, the exosomes can promote osteogenesis and an-
giogenesis in the absence of MSCs, and much easier to prepare,
handle, characterize and store [16-18]. However, due to its defects
such as rapid degradation in vivo and relatively short half-life, most
injected exosomes accumulate less in the focus region, which se-
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riously influences their effect [19]. In addition, the biological effi-
cacy of exosomes can hardly maintain due to the process of bone
regeneration is usually long-term and complex [20]. Hence, it is
highly desirable to develop a biocompatible scaffold with the flexi-
ble and stable immobilizing of exosomes to exert therapeutic roles
for bone tissue repair.

Using bioengineered scaffolds with porous or lattice structure
are vital in bone regeneration [21-23]. Metal-organic framework
(MOF) is a class of porous framework material composed of metal
ions or clusters with organic ligands, due to its structural diver-
sity and large surface area, has been commonly used in biological
applications [24-26]. Copper-based MOFs benefit from the multi-
functionality of Cu?*, which exhibit antibacterial, osteogenic, pro-
angiogenic and antioxidant effects, also occupy a vital position in
the field of biomaterial [27-30]. As a type of bioactive ion, Cu®*
promotes osteogenesis by inducing early osteoblast differentiation
of MSCs and initiating an appropriate immune microenvironment,
so Cu?* jons are a highly anticipated option for bone tissue engi-
neering [31].

On these bases, an innovative scaffold was fabricated here by
incorporating copper-based MOF [copper 1,4-benzenedicarboxylate
(CuBDC)] with poly(lactic acid-co-glycolic acid) (PLGA), and thus,
immobilizing exosomes derived from human bone mesenchymal
stem cells (hBMSCs-Exo) onto the fibrous polymer meshes for ac-
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Scheme 1. Schematic illustration of exosome-laden PLGA/CuBDC scaffold
(PLGA/CuBDC@Exo) for the repair of bone defects. The well-designed scaffold
was implanted into rat calvarial defect mode to evaluate the osteogenic ability of
BMSCs and pro-angiogenic ability of vascular endolial cells (VECs).

celerating vascularized bone regeneration (Scheme 1). First, CuBDC
was synthesized through a one-step process and organic solvent-
freely. Subsequently, CuBDC were embedded into PLGA fibers
through an electrospinning process. Finally, for the first time, ex-
osomes were fixed on composite scaffold (PLGA/CuBDC@Exo), al-
lowing this exosome-laden scaffold with unique nanostructure
to achieve a dual cooperative controllable release of bioactive
ions while also exerting the therapeutic effect of exosomes, thus
enabling cell-free bone regeneration. The biocompatibility and
osteogenesis-angiogenesis coupling effects of scaffold were inves-
tigated in vitro, and a well-established bone defect model was
adopted to evaluate the bone repair effect in vivo. This rationally
engineered strategy may be effective in achieving vascularized os-
teogenesis and providing new insight of designing cell-free based
fibrous scaffolds.

The physical and biological features of the exosomes were eval-
uated. According to the observations of TEM image (Fig. 1a), it
showed that the exosomes appear as spherical shapes with a di-
ameter of 50-130nm and had a bilayer membrane structure. Be-
sides, the size and distribution of exosomes was performed by
nanoparticle tracking analysis (NTA), the main peak value was lo-
cated at 113.54+ 1.3 nm (n=3) (Fig. S1 in Supporting information).
And the zeta potential was —31.4+1.7mV (Fig. S2 in Supporting
information). Simultaneously, the results of western blotting con-
firmed that the extracted exosomes express three specific markers,
CD9, CD81 and TSG101 (Fig. 1b). All these results solidly demon-
strated the successful extraction of hBMSCs-Exo.

The CuBDC was synthesized through a facile method at room
temperature and organic solvent-freely, the process was illustrated
in Scheme 1. Notably, the PXRD pattern was used to reveal the
structure of CuBDC crystal and present in Fig. 1c. This behavior was
consistent with reported previously (P4 symmetry, a=c=11.19,
b=5.8) [32,33]. Furthermore, it could be clearly seen from the
scanning electron microscopy (SEM) image that the well-prepared
CuBDC had a shape of nanoflower (Fig. 1c). It is worth mention-
ing that this unique morphology has certain active sites as well
as a large specific surface area, allowing for a certain adhesion
property. Moreover, the CuBDC exhibited nearly unchanged particle
size during 24 h after incubation in PBS solution, displaying excel-
lent stability (Fig. S3 in Supporting information). It has been well
documented that PLGA fibrous meshes were prominent matrix for
bone tissue engineering [34-37], and thus, the CuBDC were em-
bedded into PLGA fibers through an electrospinning process. The
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Fig. 1. Characterization of PLGA/CuBDC@Exo scaffold. (a) The morphology of
hBMSCs-Exo was detected by TEM. (b) The specific marker proteins of CD9, CD81
and TSG101 were detected by Western blot. (c¢) PXRD pattern and SEM image of
CuBDC. (d) Digital photos and SEM image of PLGA/CuBDC scaffold. (e) Cumulative
release curve of copper ions in 28 days. (f) In vitro release curves of exosomes from
PLGA and PLGA/CuBDC scaffolds.

digital photo and surface morphologies of the as-prepared scaf-
fold were presented in Fig. 1d. The composite mesh was nonwo-
ven membrane from macroscopical level, and long fibers that were
randomly arranged and intertwined with each other at the mi-
crocosmic level. The FTIR was operated to identify the molecular
structures and the results were shown in Fig. S4 (Supporting in-
formation). For CuBDC, the stretching vibration peaks of the ben-
zene ring were located at 1502, 733 and 570 cm!, respectively.
And the absorption peaks at 1587 and 1401 cm~! were derived
from stretching vibrations of carbonyl group. The main character-
istic absorption peaks of PLGA appeared at 1183, 1083 and 1271
cm~! corresponding to the C-O-C symmetric stretching vibration of
ester bond, while 1753 cm~! was assigned to the stretching vibra-
tion peak of C=0. For CuBDC-blended PLGA scaffold all possessed
the absorption peaks of the carbonyl group and benzene ring from
PLGA and CuBDC. Moreover, the XRD profiles further revealed that
PLGA and CuBDC maintain their microstructure after electrospin-
ning process (Fig. S5 in Supporting information). Surprisingly, the
thermal stability of PLGA was significantly improved after the ad-
dition of CuBDC (Fig. S6 in Supporting information). Strikingly, the
release kinetics of copper ions from the scaffold were monitored
by ICP-AES (Fig. 1e). The MOF-modified scaffold could maintain
a sustained and steady release of therapeutic copper ions with-
out a burst-release more than 20 days, and thus, achieving a mi-
croenvironment with a certain amount of copper ion supply for
cell growth. In addition, the stent could be slowly degraded and
absorbed (Fig. S7a in Supporting information), with 75% of the
mass remaining after 10 weeks (Fig. S7b in Supporting informa-
tion), which fully meet the needs of biocompatible tissue engineer-
ing scaffold.
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Fig. 2. The biocompatibility, osteogenic and pro-angiogenic effect of PLGA/CuBDC@Exo scaffold in vitro. (a
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) Live/dead staining of hBMSCs cultured on PLGA/CuBDC@Exo

scaffold for 3 days. (b) CCK-8 assay of hBMSCs on scaffold. (c) Osteogenic and angiogenic-related protein expression in hBMSCs on scaffold by western blot. (d) ALP and
(e) ARS staining of in the extracts of PLGA/CuBDC@Exo scaffold. Representative images of (f) Transwell assay, (g) wound healing assay and (h) tube formation assay for

PLGA/CuBDC@Exo0 scaffold.

After co-incubation, exosomes were tethered to scaffold by
physical embedding and electrostatic interactions, SEM images
were shown in Fig. S8 (Supporting information), the surface of
PLGA/CuBDC@Exo mat became rough and had nanoscale exosome-
shaped particles. And to further visualize the distribution of ex-
osomes on scaffold, the hBMSCs-Exo were labeled by Dil, it was
clear that exosomes were evenly distributed on the scaffold com-
pared to PLGA/CuBDC scaffold (Fig. S9 in Supporting information).
Afterwards, the release kinetics of exosomes were assessed and
shown in Fig. 1f. Compared to PLGA scaffold, PLGA/CuBDC enabled
releasing of exosomes slowly, and nearly 11.4% of exosomes re-
mained on the scaffold after 7 days. These results indicated that
the introduction of CuBDC was an effective way for immobilized
and sustained release of exosomes.

The viability and proliferation of hBMSCs on fibrous scaffolds
were evaluated. According to Fig. 2a, the live/dead staining results
showed that the PLGA/CuBDC@Exo group survived the best and
maintained a certain diffusion ability. In addition, the CCK-8 as-
say was showed in Fig. 2b matched with the cell viability test as
well. For PLGA/CuBDC@Exo group, the proliferation rate of hBMSCs
was the highest. The osteogenesis and angiogenesis are coupling
to each other, the osteogenic and angiogenic protein marker ex-
pression after culturing 14 days were evaluated and shown in Fig.
2c. For PLGA/CuBDC@Exo group, the expression of both osteogenic-
related proteins (ALP, Runx2, Ocn) and vascular endothelial growth
factor (VEGF) showed a distinctly increase, which may be due to
the synergistic effect of CuBDC and hBMSCs-Exo in promoting the
osteogenic differentiation in hBMSCs to some extent. Besides, VEGF
is a pro-angiogenesis factor that facilitates the proliferation, mi-
gration and survival of endothelial cells. Thus, it is important for
revascularization during osteogenesis, and high expression of VEGF
in this scaffold could promote angiogenic activity around endothe-
lial cells, further enhancing the ability of osteogenic regeneration.
In addition, the hBMSCs-Exo have been reported to be involved
in multiple physiology and pathology activities including osteoge-

nesis, bone regeneration, wound healing and tumorigenesis [38-
40], and alleviating bone loss by activating Wnt/B-catenin signal-
ing [41]. Further, we used ALP staining to evaluate osteogenic dif-
ferentiation and the results were shown in Fig. 2d. Notably, the in-
troduction of hBMSCs-Exo could effectively enhance the osteogenic
differentiation ability of the scaffold, and the ARS staining results
showed a consistent trend (Fig. 2e). Overall, these results further
indicated that the MOF-modified scaffold coated by exosomes had
excellent osteogenic properties.

Subsequently, the pro-angiogenic ability of the stents were eval-
uated. As shown in Fig. S10 (Supporting information), the red-
stained exosomes were uniformly distributed in the cytoplasm of
HUVEGs. It also further illustrated the internalization of exosomes
by HUVECS and then performed the corresponding biological func-
tions. More strikingly, the transwell assay (Fig. 2f) and wound-
healing assay (Fig. 2g) both revealed that the PLGA/CuBDC@Exo
group markedly promoted the migration of HUVECs, while in the
PLGA groups only limited cell migration was observed after in-
cubation for 24h. For then, the tube formation assay was an-
alyzed with the support of matrigel and clarified that compare
with other groups, HUVECs treated by PLGA/CuBDC@Exo group
formed the maximum number of tube-like and branch-like struc-
tures at 6h (Fig. 2h). Taken together, our results indicated that
PLGA/CuBDC@Exo could dramatically enhance in vitro angiogenesis
of HUVECs.

Benefitting from the in vitro results, we further evaluated the
osteogenic performance of PLGA/CuBDC@Exo scaffold in vivo. At
five and ten weeks after implantation, the samples were scanned
by Micro-CT (Fig. 3a). The Blank group had only a limited growth;
the area of newly formed bone was enlarged in the second group;
A bulk mass of new bone was formed in the PLGA/CuBDC@Exo
group, which was connected to each other and only a few vacant
areas were left after 10 weeks, demonstrating the best osteogenic
capability and new bone formation. The statistics analysis further
confirmed bone mineral density (BMD) and bone volume/tissue
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Fig. 3. Representative images of Micro-CT and histological analysis of bone regeneration after 2-month implantation. (a) Micro-CT reconstruction images of defect areas. (b)
Quantitative analysis of BV/TV and BMD values in each group. NS, no significance compared to control (n=3), *P < 0.05, **P < 0.01. (c) Histological evaluation stained with
H&E, Masson staining and typical images of immunohistochemistry analysis of ALP, Runx2, Ocn, VEGF and CD31 for new bone formation after 10 weeks (scale bar: 200 pm).

volume (BV/TV) (Fig. 3b). All results indicated the excellent os-
teoconductive capacity of the PLGA/CuBDC@Exo scaffold in vivo.
Then, the histological evaluation was performed to visualize new-
formed bone tissues in defect areas (Fig. 3c). For PLGA/CuBDC@Exo
group, the defect area was covered with bone collagen and more
mature osteocytes than the others. Masson staining further veri-
fied the above results and more collagen tissue could be seen in
the internal space. The immunohistochemical method was proved
the activity of bone formation due to the expression of ALP,
Runx2, Ocn, VEGF and CD31. The PLGA/CuBDC@Exo scaffold may
provide a microenvironment conducive to angiogenesis and stim-
ulate their release from osteoblasts. All results suggested that
the composite scaffold could promote vascularized osteogenesis
in vivo.

To conclude, we fabricated a novel MOF-based fibrous scaffold
on which hBMSCs-derived exosomes were immobilized, thereby
enabling cell-free therapy for bone defects. The synergy between
the MOF-modified scaffolding material and exosomes could dra-
matically promote the osteogenesis and angiogenesis in vitro and
powerful bone regeneration in vivo. Scaffolds carrying therapeutic
exosomes possess good potential application of MOF materials for
bone tissue engineering, and further expands the role of exosomes
for vascularized osteogenesis.
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