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Exosomes derived from mesenchymal stem cells (MSCs) have demonstrated regenerative potential for cell-free
bone tissue engineering, nevertheless, certain challenges, including the confined therapeutic potency of exo-
somes and ineffective delivery method, are still persisted. Here, we confirmed that hypoxic precondition could
induce enhanced secretion of exosomes from stem cells from human exfoliated deciduous teeth (SHEDs) via
comprehensive proteomics analysis, and the corresponding hypoxic exosomes (H-Exo) exhibited superior po-
tential in promoting cellular angiogenesis and osteogenesis via the significant up-regulation in focal adhesion,
VEGF signaling pathway, and thyroid hormone synthesis. Then, we developed a platform technology enabling
the effective delivery of hypoxic exosomes with sustained release kinetics to irregular-shaped bone defects via
injection. This platform is based on a simple adsorbing technique, where exosomes are adsorbed onto the surface
of injectable porous poly(lactide-co-glycolide) (PLGA) microspheres with bioinspired polydopamine (PDA)
coating (PMS-PDA microspheres). The PMS-PDA microspheres could effectively adsorb exosomes, show sus-
tained release of H-Exo for 21 days with high bioactivity, and induce vascularized bone regeneration in 5-mm rat
calvarial defect. These findings indicate that the hypoxic precondition and PMS-PDA porous microsphere-based
exosome delivery are efficient in inducing tissue regeneration, hence facilitating the clinical translation of
exosome-based therapy.

1. Introduction

Mesenchymal stem cells (MSCs) are a promising source for various
cell-based regenerative therapies [1,2], and increasing researches have
indicated that the therapeutic benefit of MSCs is primarily through
paracrine effects [3,4]. Exosomes, small (30-150 nm in diameter)
extracellular vesicles (sEVs) secreted by cells, play pivotal roles in
paracrine effects by delivering mRNAs, miRNAs and proteins, etc. [5-7].
Compared with the traditional stem cell-based therapy, MSCs derived
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exosomes show promising therapeutic potential as alternatives to living
cells with equivalent or superior efficacy, but need no external main-
tenance [8-10]. For bone regeneration, although exosomes derived from
varied MSCs can induce osteogenesis [11-13], the therapeutic efficacy is
always confined due to the low retention and instability of exosomes. In
addition, in situ bone regeneration is a well-organized process including
but not limited to endogenous cell homing, angiogenesis and osteo-
genesis [14]. The MSCs derived exosomes suffer from limited potency,
which makes it difficult to meet the abovementioned requirements [15].
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Hence, there is an urgent need to increase the potency of exosomes and
effectively deliver these optimized exosomes to the bone defect site to
induce vascularized bone regeneration.

In vitro cell culture is conventionally carried out under normal oxy-
gen levels (21% O3) consistent with the atmospheric, which is much
higher than the pO; in MSCs niche (e.g., 1-6% in the bone marrow). A
large body studies have demonstrated that hypoxia culture of MSCs
leads to enhanced secretion of various growth factors (GFs), as well as
exosome cargo with improved therapeutic potential [16,17]. Recent
works proved that the hypoxic condition of 1% O3 induced the release of
sEVs from various MSCs (e.g., bone marrow MSCs [18], and human
umbilical cord MSCs [19]), hence enhancing the therapeutic efficacy of
MSCs exosomes for treating multiple defects. However, the underlying
mechanisms of how exosomes derived from varied MSCs sources after
hypoxic pretreatment regulate biological responses, are still poorly
understood.

The low retention and in vivo instability of exosomes is another major
drawback preventing their positive therapeutic effects [20,21]. Similar
to GFs or exogenous cell delivery, hydrogels have been served as exo-
some carriers, in the form of exosome encapsulation, to deliver exo-
somes into the target site and improve the local retention [22-24].
However, these exosomes cannot be long-term preserved in hydrogel,
and the lyophilized exosome preservation method requires the addition
of cryoprotectants (e.g., 1D-Trehalose) [25], which may cause adverse
effects on metabolic or other biological processes for clinical
application.

Surface adsorption via affinity coatings as another GFs delivery
strategy [26,27], avoiding the lyophilization step, might be a more
friendly way for transporting delicate exosomes. For such strategy, a
bioinspired polydopamine (PDA) coating has been developed for rapid
and stable exosome loading on poly(lactic-co-glycolic acid) (PLGA)
scaffolds [28,29]. However, bulk scaffolds were mostly non-injectable,
which may be inconvenienced in filling irregular-shaped defects.
Microsphere-based biomaterials, as injectable micro-scaffolds with the
advantage of minimally invasive manipulation for various tissue engi-
neering applications [30-33], and we hypothesized that such kind of
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bioinspired modification on porous microspheres could effectively
deliver exosomes, and fill irregular-shaped bone defects through mini-
mally invasive surgery for further regeneration.

Stem cells from human exfoliated deciduous teeth (SHEDs), a unique
kind of immature MSCs which is obtained noninvasively from the
remaining pulp of detached deciduous teeth (Scheme 1A), have stronger
proliferative capability and paracrine effects than widely used BMSCs
[34-37]. In this study, we find that the hypoxic culture of SHEDs
induced an increased release of exosomes by comprehensive proteomics
analysis. Subsequently, SHEDs derived exosomes produced from
different conditions (normoxia: Exo; hypoxic: H-Exo) were compared by
high-throughput sequencing, proved that H-Exo exhibited enhanced cell
recruitment and angiogenic potential, as well as superior osteogenesis
through the upregulation of focal adhesion, VEGF signaling pathway,
and thyroid hormone synthesis. To the best of our knowledge, this work
does represent the first example of comprehensive proteomics of hyp-
oxic SHEDs and high-throughput sequencing of hypoxic SHEDs derived
exosomes. To effectively deliver these delicate exosomes in vivo,
different from previous arts of bulk scaffolds, this work utilized bio-
inspired injectable porous PDA modified PLGA microspheres
(PMS-PDA), resulting in the enhanced loading efficiency, optimized
release profile and maintained bioactivity of exosomes from PMS-PDA.
Finally, 5 mm rat calvarial defect model was established to identify
the feasibility of using H-Exo functionalized PMS-PDA (PMS-PDA +
H-Exo0) in achieving vascularized bone regeneration (Scheme 1B). We
expect that this systematic strategy can be generalized to control the
release of various exosomes with optimized bioactivity for a broad range
of clinical applications through minimally invasive surgery.

2. Results and discussion

2.1. Hypoxic pretreatment of SHEDs mediating the production and
expression profiles of exosomes

SHEDs were identified by flow cytometry and were negative for
CD45, while they were positive for the mesenchymal markers CD29 and
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Scheme 1. A schematic illustration of the fabrication and application of PMS-PDA + H-Exo. (A) Images showing the source of human exfoliated deciduous teeth. (B)
A schematic illustration showing the generation of exosomes from hypoxic pretreated SHEDs, and the rat model established to evaluate vascularized bone regen-
eration via injecting PMS-PDA + H-Exo into 5 mm rat calvarial defect. Photo credit: Y. Gao. PKUSS.
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CD73 (Fig. S1). We firstly compared the comprehensive proteomics
analysis of SHEDs incubated in common incubators (Nor-SHEDs) and
SHED:s cultured in hypoxia environment (Hypo-SHEDs), which revealed
the type and quantity of whole proteins after in cells. As shown in
Fig. 1A, 164 proteins were up-regulated and 103 proteins were down-
regulated in Hypo-SHEDs compared with the case of Nor-SHEDs. The
differentially expressed proteins were analyzed with Gene Ontology
(GO), which is a kind of bioinformatics analysis methods with three
categories (Biological Process, Cellular Component and Molecular
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Function) (Fig. S2). As expected, 6 proteins related to the function of
“cellular response to hypoxia” (p value = 0.0020) were up-regulated
(Fig. S3). In addition, the up-regulated proteins in the biological pro-
cess category were enriched in "exocytosis" (p value = 0.0011) with
changes in 18 proteins and "secretion by cell" (p value = 0.0014) with
changes in 18 proteins, indicating the enhanced secretion behavior of
SHEDs (Fig. S3). Note that the enriched proteins of Hypo-SHEDs in
cellular components up-regulated “extracellular exosome” (p value =
0.0006) and “extracellular vesicle” (p value 0.0006) functions,
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Fig. 1. Effects of hypoxic pretreatment on protein expression of SHEDs and the characterization of exosomal cargo. (A) Significantly upregulated and downregulated
proteins (Hypo-SHEDs vs. Nor-SHEDs). (B) GO enrichment of up-regulated proteins in Hypo-SHEDs compared with Nor-SHEDs. (C) Technical illustration of the
production of Exo and H-Exo. (D) Exosome protein concentration, (E) TEM images (scale bar: 100 nm), and (F) NTA analysis of Exo and H-Exo. (G) Western blot
analysis of the expression of surface protein markers including TSG101, HSP70 and CD9. (H) Clustered heatmap of differentially expressed genes depicting the up and
downregulated circRNAs and (I) corresponding KEGG enrichment of up-regulated circRNAs.
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indicating changes in organelles, especially membrane-bound organ-
elles (Fig. 1B).

The comprehensive proteomics analysis of Hypo-SHEDs indicated
that the decreased oxygen level can influence the paracrine effects of
SHEDs, by inducing exosome secretion with distinctive features, which
can further communicate with vicinal or distant cells through internal-
ization. Here, differential ultracentrifugation was utilized to purify
exosomes derived from Nor-SHEDs and Hypo-SHEDs (Fig. 1C). The
concentration of H-Exo was significantly higher than that of Exo after
purification (**p < 0.01) (Fig. 1D), a further proof that the hypoxia
culture of SHEDs induced an increased release of exosomes, which is in
consistent with the comprehensive proteomics analysis of SHEDs and
previous report for HucMSC [19]. The morphology and the size of Exo
and H-Exo were then characterized by transmission electron microscope
(TEM) and nanoparticle tracking analysis (NTA). As shown in Fig. 1E
and F, the Exo and H-Exo are both spherical with a similar size distri-
bution (125.5 nm for Exo and 126.9 nm for H-Exo). Additionally, the
surface protein marker expressions (TSG101, HSP70 and CD9) of Exo
and H-Exo were confirmed by Western blots (Fig. 1G).

Variations in the gene expression conveyed by high-throughput RNA
sequencing showed a statistically significant difference in H-Exo. The
number of red spots represents the upregulated genes, while blue dots
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represent the downregulated genes (Fig. S4A). Subsequently, hierar-
chical clustering was analyzed and the corresponding heatmap was
depicted to display the upregulated circRNA, IncRNA or mRNA between
two groups (Figs. 1H and S4B).

KEGG signaling pathway enrichment analysis was performed to
reveal the possible pathways that H-Exo might regulate in relation to
bone tissue regeneration. Of note, as shown in Fig. 11, VEGF signaling
pathway, which has been widely reported to play pivotal roles in the
vascularization of regenerative tissue [38], was upregulated with an
enrichment factor of 3.97 for circRNA pathway enrichment analysis.
Additionally, 10 circRNAs related to focal adhesion were upregulated
and could modulate cell behaviors in cell proliferation, migration, and
further functional differentiation [39]. Thyroid hormone axis is essential
in skeletal growth and maintenance, and effective bone defect regen-
eration [40,41]. The target genes related to thyroid hormone synthesis
exhibited an upregulated expression both in mRNA (P < 0.05, enrich
factor = 4.92) and IncRNA (P < 0.01, enrich factor = 3.63) pathway
enrichment analyses (Figs. S4D and E). Taking the focal adhesion, VEGF
signaling pathway and thyroid hormone synthesis together, H-Exo is
expected to promote bone regeneration by homing endogenous cells,
inducing angiogenesis and regulating bone metabolism.

Exo H-Exo 3 Control 33 Exo & H-Exo
gao- w 257
- ETTY
" 8 —=
T 6o - o 7
o £
2 ® 4
3 &g 1 T
a 40+ E @
- S w404
o S~
@ -
o 204 3 5
= E
E | | 5
S 0 T z 0 T
= 24 2
Time (h) Time (h)
5- =1 Control soe
5 309 - = Exo —+-
= — s -
g E 44 =3 H-Exo
c
S 20+ % 3 .
8 £
% o
o 104 ﬁ sl
S 1
5
2 o
'3 T

Relative ALP protein concentration

G

X

=3 Control =3 Exo =3 H-Exo

N
]

k
Tube

n
experiments formation

CAM

Relative VEGF mRNA level

o

P
2
|_|H
0

Relative VEGFR-2 mRNA level

BMP-2

RUNX-2 OCN
Gene (day 14)

=31 Control=3 Exo =3 H-Exo

#5844

3000 ssss

2000~ e

1000

Numbers of junctions
~n
=
1

Numbers of junctions

o-l 0-
Tube formation CAM experiments

Fig. 2. H-Exo promote the proliferation, migration and osteogenic differentiation of BMSCs, and angiogenesis of HUVECs. (A) Cellular internalization of exosomes
(PKH26) by BMSCs (scale bar: 20 pm). (B) Wound healing assay (scale bar: 1 mm) and Transwell assay on cell migration of BMSCs (scale bar: 450 ym), and (C)
corresponding quantitative analysis. (D) ALP staining and Alizarin red staining (scale bar: 10 mm), (E) ALP protein activity and Ca?* concentration, and (F) the
expression of osteogenic genes (BMP-2, RUNX-2, OCN) of BMSCs. (G) The expression of for VEGF and VEGF-R2 genes in HUVECs cultured in medium supplemented
with Exo or H-Exo. (H) In vitro tube formation of HUVECs (scale bar: 300 pm) and In vivo CAM assay for neovascularization (scale bar: 1 mm) with corresponding

quantitative analysis of (I) numbers of junctions.
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2.2. H-Exo promoting cell homing, osteogenesis and angiogenesis

SHEDs derived exosomes (Exo in this work), which have been re-
ported to regulate angiogenesis and osteogenesis of BMSCs, were set as
normoxia control [42]. Confocal images show that after 24 h incubation,
a large number of PKH26-labeled exosomes (both Exo and H-Exo) were
internalized by BMSCs (Fig. 2A). The proliferation of BMSCs grown in
culture media supplement with Exo or H-Exo were determined by CCK-8
assay. As shown in Fig. S5, similar to the previous work, Exo groups
showed enhanced cell proliferation compared with TCPs, while the
highest OD values were obtained in H-Exo groups.

In situ bone regeneration requires the homing of endogenous cells,
which can further promote tissue remodeling [43-45]. Here, wound
healing and Transwell assays (Fig. 3B and C) were employed to evaluate
the migration of BMSCs. The normalized repaired area was 55 + 7% and
the number of migrating cells per field was 20 £ 1 in the H-Exo group,
which was 2.2 times and 1.6 times higher than that in the Exo group,
respectively. Generally, H-Exo showed significant promotion in the cell
migration in both the horizontal and vertical directions (**p < 0.01),
followed by Exo, indicating potential endogenous stem cell homing to
the injury site.

After incubation with Exo and H-Exo in osteogenic medium (OM) for
7 days, both ALP staining (Fig. 3D) and quantitative ALP activity
determined by ELISA (Fig. 3E) were significantly enhanced, indicating
higher ALP production by BMSCs. The Alizarin red staining and Ca®*
content at 14 days were also up-regulated in an increasing order of
Control < Exo < H-Exo. We then selected three gene markers (BMP-2,
RUNX-2, OCN) which are closely related to the osteogenic differentia-
tion of BMSCs to evaluate the osteoinduction of Exo and H-Exo. Inter-
estingly, the early marker of osteogenesis (BMP-2 and RUNX-2)
demonstrated the highest expression in Exo (Fig. S6), while the highest
expression of downstream OCN genes was found in H-Exo, which was
1.6 times higher than Exo group and 3.6 times higher than Control group
(Fig. 3F).

Rapid and sufficient vascularization, which could transport nutrients
and oxygen supply, and hence influence cell survival, plays a pivotal role
in successful bone regeneration. Here, the internalization of exosomes,
migration, angiogenesis maker expression and tube formation of
HUVEGCs, as well as chick embryo chorioallantoic membrane (CAM)
assay, were performed. After 24 h of incubation, obvious PKH26-labeled
exosomes were also internalized by HUVECs (Fig. S7). Using wound
healing (Figs. S8A and S8B) and Transwell assays (Figs. S8C and S8D),
we found that H-Exo contributed to the migration of HUVECs with
significantly higher normalized repaired area and number of migrating
cells compared with Exo and Control. The VEGF and VEGF-R2 gene
expression of HUVECs were up-regulated in H-Exo, and followed by Exo
groups as shown in Fig. 2G. The in vitro (tube formation) and in vivo
(CAM assay) model of neovascularization were subsequently carried out
(Fig. 2H). H-Exo promoted tube formation with higher numbers of
junctions (Fig. 2I) and total length (Fig. S9) compared to Control, fol-
lowed by Exo. Similarly, CAM experiments demonstrated that both Exo
and H-Exo treated groups formed higher numbers of vessels, while H-
Exo treatment exhibited the highest numbers of junctions and total
length. Taken together, H-Exo which secreted from hypoxia pretreated
SHEDs demonstrated strengthened angiogenic potential.

2.3. Characterizations of PMS-PDA and PMS-PDA + H-Exo

Similar to protein GFs, surface coatings of biomaterials have been
proven to deliver EVs both in vitro and in vivo [28,46,47]. PDA coating
with satisfying adhesive property was shown to increase the loading of
EVs onto biomaterials including PLGA scaffolds [29] and titanium oxide
nanotubes [48], which could significantly prolong the release of EVs,
nevertheless, the EVs loading efficiency in these reports was not char-
acterized. Here, attributable to the bioinspired dopamine chemistry,
injectable PMS-PDA porous microspheres were applied to adsorb
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exosomes (Fig. 3A). As shown in Fig. 3B, porous PLGA microspheres
(PMS) were fabricated with a size of 235.7 + 30.5 pm in white, while a
dark brown color was observed for PMS-PDA microspheres after PDA
coating, and the average diameter was 249.4 + 23.1 pm. PMS-PDA
microspheres could adsorb PKH26-labeled exosomes (red dots in
Fig. 3B) by soaking at 4 °C. The elemental mapping of nitrogen signals
(in green) in PMS-PDA indicated successful PDA coating (Fig. 3C). The
exosomes functionalized microspheres were named as PMS-PDA + Exo
or PMS-PDA + H-Exo, according to the applied exosomes. As an
example, Fig. 3D shows the CLSM images that BMSCs (blue dots for
DAPI) were cultured on PMS-PDA -+ H-Exo (red dots for PKH26-labeled
H-Exo).

We continued to systematically study the loading efficiency and
release profile of exosomes from PMS and PMS-PDA. The porous struc-
ture and PDA (polydopamine) modified surface make PMS-PDA micro-
spheres reach the maximum loading rate of 14.6 + 2.6 ug/mg
microsphere after soaking for 4 h, while the PMS reached its maximum
loading rate of 2.5 + 0.5 pg/mg microspheres only after soaking for 6 h.
(Fig. 3E). The in vitro release of exosomes was carried out at 37 °C, 60
rpm over a period of 21 days. As shown in Fig. 3F, there was an obvious
burst release of exosomes from PMS during the initial 3 days, and the
release amounts were quite few in the following days. However, PMS-
PDA exhibited sustained release (9.6% in 3 d, 48.3% in 7 d, 82.4% in
14 d and 90.2% in 21 d) of higher amounts of exosomes (1.4 pg/mg PMS-
PDA in 3 d, 7.1 pg/mg PMS-PDA in 7 d, 12.0 pg/mg PMS-PDA in 14
d and 13.2 pg/mg PMS-PDA in 21 d) for a longer period (Fig. 3G). The
structure of released exosome is still spherical without significant
deformation.

We compared the loading efficiency and release kinetics of various
surface coating methods including PDA, polyethyleneimine (PEI), tannic
acid (TA) and heparin coating in Table S1. Although the scaffold ma-
terials were different, most studies showed that more than a half of
loaded exosomes would be released within 1 d without affinity coatings,
and almost no released exosomes could be detected after 7 d. Among the
affinity coatings, few exosomes could be released from PEI coated
scaffolds within 14 d due to the strong electrostatic interactions between
PEI and exosomes [49]. In contrast, PDA or TA coatings achieved sus-
tained release of exosomes (PDA coating: 20% in 1 d, ~80% in 8 d; TA
coating: 50% in 3 d, ~90% in 14 d) for more than one week, which was
attributed to the adhesive feature of catechol groups [28,46]. In
particular, thanks to the porous micro-spherical structure, PMS-PDA
showed superior control of exosome release kinetics (9.6% in 3 d,
48.3% in 7 d) compared with aforementioned catechol-functionalized
bulk scaffolds.

The proliferation of BMSCs cultured on various microspheres was
determined by CCK-8 assay as shown in Fig. 3H. Continuous cell pro-
liferation was detected from day 1 to day 5, and the OD values of PMS
and PMS-PDA had no significant difference with Control at day 5,
indicating acceptable cytocompatibility of PLGA and PDA coating [50,
51]. Although there was no significant difference in the OD values of
PMS-PDA + Exo and PMS-PDA + H-Exo, the introduction of Exo and
H-Exo could enhance the cell proliferation on PMS-PDA significantly.
After 5 days of culture, live/dead staining confirmed abundant live cells
(green) attached on various microspheres, and few dead cell (red) could
be detected (Fig. 3I). In the cases of PMS-PDA + Exo and PMS-PDA +
H-Exo, the formation of microsphere-cell aggregates was observed,
which may be due to the rich extracellular matrix secreted by attached
BMSCs [52,53].

To determine whether the exosomes released from PMS-PDA + Exo
and PMS-PDA + H-Exo were normal in biological functions, BMSCs were
cultured on the lower chambers of Transwell plates in the presence of
various microspheres in the upper chambers. ALP and Alizarin red
staining, as well as ALP protein activity and Ca®* concentration, were
enhanced in PMS-PDA + Exo and PMS-PDA + H-Exo groups after in-
duction by OM for 7 days (Fig. S10), which was in accordance with
aforementioned results of free exosomes supplementation (Fig. 2B and
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PKH26 labeled exosomes on PMS-PDA. (C)Elemental mapping images of PMS-PDA. (D) CLSM images of BMSCs cultured on PMS-PDA + H-Exo. (E)The loading
efficiency curves over time for PMS and PMS-PDA. The release profile of H-Exo from (F) PMS and (G) PMS-PDA. (H) Cell proliferation study of BMSCs cultured on
various microspheres using CCK-8. (I) Live-dead assay staining of BMSCs cultured on various microspheres. (A-C, scale bar: 60 pm; I, scale bar: 100 pm).
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C). In addition, the CAM experiments confirmed that the sustained
release of exosomes could promote neovascularization in vivo, and PMS-
PDA + H-Exo had improved angiogenic potential (Fig. S11).

2.4. In vivo delivery of H-Exo by PMS-PDA promoting calvarial bone
regeneration

Having confirmed the excellent biocompatibility and ability to con-
trol the exosome release kinetics of PMS-PDA, we continued to explore
their in vivo regenerative efficacy. According to our previous works [54],
5 mm rat calvarial bone defects ware established. Using PMS-PDA as an
exosome-free control, PMS-PDA + Exo and PMS-PDA + H-Exo were
injected into the 5 mm rat calvarial bone defects (Fig. S12). As shown in
the micro-CT images (Fig. 4A), almost no new bone formation can be
observed in Blank groups, and only a few bones newly formed at the
edge of defects in the PMS-PDA group up to 8 weeks. The corresponding
BV/TV (Fig. 4B) and BMD (Fig. 4C) values were 18.4 + 6.8% and 213.0
+ 41.0 mg/cm3 for PMS-PDA, respectively, which were slightly higher
than Blank groups. Exo had been proved to induce new bone formation
to a certain extent, fragmentary bone tissues formed from the edge to the
center of the defects were detected with much higher BV/TV (30.1 +
7.7%) and BMD (344.6 + 71.1 mg cm>) values at 8 weeks
post-operation. More promisingly, the defect hole in PMS-PDA + H-Exo
group was filled with abundant newly formed bone tissues at 8 weeks
post-implantation contributed to the sustained release of H-Exo, and the
BV/TV (58.8 + 5.9%) and BMD (529.5 + 59.3 mg cm3) values were
significantly higher than other groups.

The sections of calvarial bone were stained with hematoxylin-eosin
(H&E) and Masson’s trichrome for histological analysis (Fig. 4D).
From 4 weeks to 8 weeks post-operation, the defect areas in the Blank
groups filled with a thin layer of fibrous tissues, while collagen depo-
sition can be observed in PMS-PDA groups which may contribute to the
porous architecture of PMS-PDA. Both the PMS-PDA + Exo and PMS-
PDA + H-Exo groups exhibited collagen-rich extracellular matrix with
remarkable new bone formation in the defect areas. Delightedly, we
observed abundant highly vascularized bone tissue in PMS-PDA + H-Exo
groups 8 weeks post-operation, which is consistent with the micro-CT
results. In addition, the degradation of microspheres was observed
from 4 to 8 weeks, providing spaces for new bone formation alongside
their degradation (Fig. S13).

Immunohistochemical staining of OCN, which is highly expressed in
mature bone tissue, was conducted (Fig. 5A). At 8 weeks post-operation,
OCN was intensively expressed in the newly formed bone tissue, and the
highest expression of OCN was found in the PMS-PDA + H-Exo group,
further proving that the sustained release of H-Exo from the PMS-PDA
microspheres accelerated the new bone formation.

To reveal the process of new bone formation induced by PMS-PDA +
H-Exo, immunohistochemical staining of PCNA, CD31 and COL-1 was
evaluated (Fig. 5B). The PCNA positive staining indicates actively
proliferating host cells. At 4 weeks post-operation, there was a signifi-
cantly higher PCNA expression in the PMS-PDA + Exo and PMS-PDA +
H-Exo group compared with the PMS-PDA group. As the bone regener-
ation progressed, however, the brown color to show the PCNA activity
turned weaker in PMS-PDA + H-Exo group at 8 weeks post-operation.
Effective bone regeneration highly relies on sufficient vascularization,
which plays a pivotal role in cell recruitment, nutrient and oxygen
supply, and metabolism of waste [27,55]. Although angiogenesis occurs
almost throughout the bone defect healing process, inducing angio-
genesis at the early stage appears to be optimal [14]. Here, the levels of
CD31 expression were displayed in the order of PMS-PDA + H-Exo >
PMS-PDA + Exo > PMS-PDA groups at 4 weeks post-operation, and few
positive staining can be observed in PMS-PDA + H-Exo group at 8 weeks
post-operation, which was similar to the PCNA expression. In all three
microsphere-filled groups, the COL-I staining became thicker along with
longer post-operation time, and the highest expression of COL-I was
identified in the PMS-PDA + H-Exo group. Furthermore, the systemic
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toxicity of PMS-PDA + H-Exo was evaluated in vivo (Fig. S13). H&E
staining images of main organs (heart, liver, spleen, kidney and brain)
showed that the application of PMS-PDA + H-Exo did not cause any
damage to the main organs.

As previous works report, although exosomes derived from various
cell lines exhibited remarkable osteogenesis potential [13,28,29,56], the
in vivo new bone formation (BV and BMD values) of defects treated with
exosomes was always confined as shown in Table S2, and the probable
reason may be the low retention and stability of exosomes in vivo,
insufficient blood vessels and delayed ossification. Traditional thera-
peutic targeting of the vascularized bone regeneration is focus on
growth factors (represented by vascular endothelial growth factor) de-
livery, however, the instability, immunogenicity, tumorigenesis, and
high cost of GFs hinder their translational translation. Here, H-Exo with
the significant up-regulation of focal adhesion, VEGF signaling pathway
and thyroid hormone synthesis, could be sustainably released from
PMS-PDA for more than 21 d. Endogenous cell homing, neo-
vascularization, and bone metabolism were then accelerated, resulting
in rapid vascularized bone regeneration (Fig. 5C). Attributed to the
comprehensive proteomics analysis and high-throughput sequence, the
findings of hypoxia-stimulated SHEDs derived exosomes and their roles
in angiogenesis and osteogenesis may be in favor of the development of
powerful therapeutic exosomes via hypoxic pretreatment, and the PDA
coating modified porous PLGA microspheres could be ideal exosome
carrier for various tissue engineering applications.

Compared with the current state of the arts, where exosomes were
encapsulated in hydrogels, our strategy is based on a simple adsorbing
technique. This technology is nonspecificity, enables the separate pres-
ervation of exosomes and exosome carriers, which could simplify the
production and transportation processes. In addition, compared with
bulk scaffolds, microsphere-based biomaterials have the advantage of
minimally invasive manipulation, and such PMS-PDA microspheres are
fabricated utilizing PLGA as matrix materials, which have been
approved by the FDA with excellent biocompatibility. However, the
materials were prepared in the form of microspheres for implantation in
the present study, which is not suitable for a load-bearing bone defect
including long bone defect. Incorporating these bioactive microspheres
into hydrogels, bone cements, and 3D printing scaffolds may be one
potential solution to expand this strategy to be useful in long bone
defect. Overall, combining the simplicity, sustained release capability,
safety, efficacy, convenient operation and general applicability of this
approach, this exosome delivery platform to sustain the release of exo-
somes with optimized therapeutic potency can be translated toward a
new class of exosome-based therapies.

3. Conclusion

In our study, the comprehensive proteomics analysis of hypoxia
SHEDs and the high-throughput sequence of hypoxia SHEDs derived
exosomes confirmed that hypoxic precondition induction could enhance
secretion of exosomes from SHEDs, as well as regulate the tran-
scriptomics of exosomes. H-Exo exhibited enhanced angiogenesis and
osteogenesis capacity via the significant up-regulation of focal adhesion,
VEGF signaling pathway and thyroid hormone synthesis. In view of the
low retention and stability of exosomes in vivo, the fabricated porous
PMS-PDA microspheres with an adsorption efficiency of 14.6 + 2.6 pug/
mg microspheres were able to prolong the release of H-Exo with high
bioactivity. The promotion of PMS-PDA + H-Exo on stepwise vascular-
ized bone regeneration was verified in 5-mm rat calvarial defects 8
weeks post-operation. Overall, this work developed an effective exo-
some delivery platform with improved exosome therapeutic functions,
hence facilitating the clinical translation of exosome-based tissue
engineering.
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4. Materials and methods
4.1. Materials

PLGA (lactide: glycolide = 75:25, My = 50,000) was obtained from
Shandong Pharmaceutical Sciences Pilot Plant (China). Dopamine were
purchased from Sigma-Aldrich (USA). Tris-HCl, surfactant (Span 80 and
Tween 60), ammonium bicarbonate (NH4HCOs3, analytical grade) and
polyvinyl alcohol (PVA, My = 80,000) were all purchased from Aladdin
(China). All other chemical reagents and solvents were of analytical
grade and supplied by Beijing Chemical Reagent Co., Ltd. (China)

4.2. Cell culture

Normal exfoliated human deciduous incisors were collected from 6-
7-year-old children under approved guidelines set by the National In-
stitutes of Health Office of Human Subjects Research (PKUSSIRB-
202057127). Cells in normoxia group were incubated at 37 °C in a hu-
midified atmosphere containing 5% CO2 and 21% O, while hypoxia
group cells were incubated at 37 °C, 5% humidity, 5% CO, and 1% O,.
The culture medium was refreshed every 2 days. The detailed proced-
ures for the isolation of SHEDs and culture of BMSCs and HUVECs are
provided in Supplementary Information.
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4.3. Comprehensive proteomics analysis of Nor-SHEDs and Hypo-SHEDs

Cells (2 x 10% from each group (normoxia or hypoxia) were
collected and kept at —80 °C before being transferred to company for the
whole protein quantitative proteomics analysis. The detailed procedures
for the sample preparation and label-free data analysis are provided in
Supplementary Information.

4.4. Purification and identification of SHED-derived exosomes

SHEDs at passage 3 were utilized for exosome production. Exosomes
were purified by several ultracentrifugation and filtration steps ac-
cording to previous work [57], and the detailed procedures are shown in
Supplementary Information. Two kinds of exosomes were gained from
different culture conditions, named as Exo and H-Exo.

The relative concentration of suspended exosomes was detected by
BCA protein Assay Kit (BCA; Thermo Fisher Scientific, America). The
morphology of the extracted exosomes was inspected by a transmission
electron microscope (TEM; Leica JEM-1400, America). Nanoparticle
tracking analysis (NTA; Particle Metrix ZetaVIEW S/N 17-310, Ger-
many) was used to determine the particle size. Western blot was per-
formed to examine the specific exosomes markers CD9, HSP70 and
TSG101 as well as cell lysates marker Calnexin.
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4.5. High-throughput sequence of Exo and H-Exo

Exosomes (200 ng) from each group (Exo or H-Exo) were collected
and kept at —80 °C before subsequent ce-biochip based high-throughput
sequence analyses. The detailed procedures for the RNA extraction, RNA
amplification and labeling, gene expression hybridization, and data
acquisition and analysis are provided in Supplementary Information.

4.6. Preparation and characterizations of porous PDA modified PLGA
microspheres

Porous PLGA microspheres were prepared according to previous
works [58]. Briefly, 5 mL 0.05% w/v NH4HCO3 aqueous solution and 20
mg Span 80 were added into 20 mL 5% w/v PLGA methylene chloride
solution under ultrasonication for 3 min to form W;/0 primary emul-
sion. Subsequently, the W;/0 emulsion was dropped into 200 mL 1%
w/v PVA solution containing 0.1% Tween 60 under continuous stirring
(300 rpm) to generate W1/0/W; double emulsion. Four hours later, the
solidified PLGA microspheres were washed with deionized water for
three times, and immersed in 40 mL 0.1 M NaOH solution for 10 min,
followed by washing with deionized water for five times and lyophilized
to obtain the porous PLGA microspheres (termed as PMS).

To perform the surface modification with PDA, 1 g PMS were re-
suspended into a 50 mL dopamine solution (2 mg/mL in 10 mM Tris-
HCl, pH 8.5) under continuous stirring (100 rpm) for 24 h. After the
oxidative polymerization of dopamine, these microspheres turned into
dark brown color, termed as PMS-PDA. Finally, PMS-PDA were washed
with deionized water for five times and lyophilized for further charac-
terizations and exosomes adsorption.

After sputtering with gold using a sputter-coater (Polaron E5600,
USA), the morphology of PMS and PMS-PDA was observed by scanning
electron microscope (SEM, JEOL JSM-7500F, Japan) at an accelerating
voltage of 15 kV. In the meantime, the elemental mapping of oxygen
(red) and nitrogen (green) was performed (exposure time: 180 s).

4.7. Exosomes label and uptake by BMSCs and HUVECs

According to the manufacturer protocol, 5 pL. PKH26 and 1 mL
Diluent C were added into exosomes at room temperature. After 5 min
incubation, 1 mL FBS was applied to terminate the staining. Mixture was
transferred to new ultracentrifuge tubes and ultracentrifuged
(120,000g, 70 min) in dark place. The PKH26-positive exosomes were
resuspended as mentioned before.

Afterwards, BMSCs or HUVECs were incubated with PKH26-positive
exosomes in confocal dishes for 12 h. Then, cells were fixed in 4%
paraformaldehyde for 15 min and stained nuclei using DAPI at room
temperature. The internalization of exosomes by BMSCs or HUVECs
were visualized by confocal microscopy (TCS-SP8 STED 3X; Leica,
America).

4.8. Exosomes adsorption and release assay

Prior to exosomes adsorption, microspheres were sterilized by being
exposed to ultraviolet light for 12 h, and the morphology will not be
deformed. In addition, the exosomes adsorption procedure was also
performed under aseptic conditions.

To compare the ability of exosomes adsorption between PMS and
PMS-PDA, 10 mL H-Exo (1000 pg/mL) were added to 200 mg PMS or
PMS-PDA in 15 mL tubes and incubated at 4 °C for 1-6 h. To visualize
the distribution of exosomes in microspheres, the PKH26 positive exo-
somes were adsorbed by PMS-PDA according to the same procedure. The
adsorption kinetic of exosomes was examined at predetermined time-
points (1, 2, 3, 4, 5, and 6 h post-adsorption) after microspheres were
washed with PBS for three times. At specific time points, 100 pL su-
pernatant was collected and concentration of suspended exosomes were
detected by BCA protein Assay Kit.
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To accumulate the release curve of PMS and PMS-PDA, after reach-
ing the maximum adsorption rate (6 h for PMS, and 4 h for PMS-PDA)
and washed with PBS for three times, 2 mg microsphere-exosome
complexes were soaked in 100 pL PBS and incubated at a horizontal
shaker at 37 &+ 1 °C, 60 rpm for 21 days. At predetermined timepoints
(day 1, 3, 5, 7, 14 and 21), 80 pL supernatant was collected and the
system was replenished with 80 pL fresh PBS, the concentration of
exosomes in the supernatant was detected by BCA protein assay Kit.

4.9. Cell viability

BMSCs were seeded onto 96-well plates with a density of 1000 cells/
well in the presence of exosomes (Exo or H-Exo, 10 pg/mL) or various
microspheres (PMS, PMS-PDA, PMS-PDA + Exo, or PMS-PDA + H-Exo, 2
mg/well) for 1, 3 and 5 days to evaluate cell proliferation with Cell
Counting Kit-8 (CCK-8; Dojindo, Japan). Cells were washed with PBS
and replaced by 10% (v/v) CCK-8 solution for a 1 h-dark-treatment to
measure optical density (OD) values. For live/dead staining assay, at day
5, a live-dead staining kit (Beyotime, China) was performed to evaluate
the cytotoxicity of various microspheres according to the manufac-
turer’s instruction.

4.10. Cell migration

To evaluate cell migration, wound healing assay and Transwell assay
were conducted. For wound healing assay, BMSCs or HUVECs were
seeded in 24-well plates at a density of 5000 cells/well. Twenty-four
hours after cells being seeded, a series of 1.5 mm-linear wound were
scratched by blue tip and washed with PBS for three times. Culture
medium containing 10 pg/mL exosomes (Exo or H-Exo) and 1% FBS
were added to continue the incubation for another 24 h. Wound closer
was observed by an optical microscope and analyzed using ImageJ
software. For transwell assay, 1 x 10° BMSCs or HUVECs were seeded
onto the upper chamber with 8-pm pore filters (Corning). Conditional
medium (500 pL) containing 10 pg/mL exosomes (Exo or H-Exo) was
added. After incubated for 24 h, cells were fixed with 4% para-
formaldehyde and unmigrated cells were gently wiped using a cotton
tip. Then, 1% crystal violet was used to stain the migrated cells for 30
min. The relative numbers of migrated cells were counted and analyzed
in five randomly microscopic fields per filter.

4.11. In vitro osteogenic differentiation

BMSCs were seeded in 24-well plates at a density of 5000 cells/well,
and the culture medium was replaced by osteogenic induction culture
medium (OM: o-MEM, 10% FBS, 10 nM dexamethasone, 20 mM
f-glycerophosphate and 100 pM ascorbic acid) when the confluence
reached 80% [59]. Wells were randomly divided into three groups: 1)
OM as control goup; 2) OM supplemented with 10 pg/mL Exo; 3) OM
supplemented with 10 pg/mL H-Exo. Cells were washed with PBS and
fixed in 4% paraformaldehyde for 15 min at room temperature at each
time point (day 7 and 14) for further analysis. For ALP staining, the cells
were stained with BCIP/NBT Kit (C3206; Solarbio, China) for 15 min
and washed with distilled water. Protein of ALP was tested by ALP Assay
Kit (P0321S; Solarbio, China). For alizarin red staining, the cells were
stained with a solution of alizarin red working solution (1%, w/v,
G1452; Solarbio, China) for 10 min and washed with distilled water. The
calcium content was detected by Calcium Colorimetric Assay Kit
(S1063S; Beyotime, China) after extracting the protein by RIPA. The
detailed procedures for the ALP and alizarin red staining of BMSCs
induced by various microspheres are shown in Supplementary
Information.

For the quantitative real time polymerase chain reaction (QRT-PCR)
assay, Trizol (ThermoFisher, America) and Prime Script RT reagent Kit
(RRO36A; Takara, Japan) were carefully used to extract RNA and reverse
it to cDNA (complementary DNA) after 7 days of osteoinductive culture.
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Diluted cDNA was mixed with PowerUpTM SYBRTM GREEN Master Mix
(A25742; ThermoFisher, America), RNase free water (DEPC water) and
primers to perform qRT-PCR (ABI7500; ThermoFisher, America). Three
gene markers (bonemorphogenic protein-2 (BMP-2), runt-related tran-
scription factor 2 (RUNX2), and osteocalcin (OCN)) were evaluated, and
GADPH were used as an internal control, their specific primers were
listed in Table S3.

4.12. In vitro and In vivo angiogenesis assay

For tube formation assay, HUVECs (2 x 10* cells/mL) were sus-
pended in the condition medium supplemented with exosomes (Exo or
H-Exo, 10 pg/mL), and then seeded in 96-well plate precoated with
Matrigel (70 pL/well). Images were captured after 6 h and the newly
formed endothelial tubes were analyzed by ImageJ. The VEGF and
VEGF-R2 gene expression of HUVECs were test via QRT-PCR after 3 days
culture with the same procedure mentioned above.

For chick embryo chorioallantoic membrane (CAM) assay, Chicken
eggs were received at day 0 and incubated for five days at 38.3 °C with
constant humidity. On day 5, eggs were rinsed with 70% ethanol, and
egg shells were prized up to open a 1.5 x 1.5 cm? surgical field. Then,
embryo chorioallantoic membrane was torn off under aseptic condi-
tions, and 100 pL exosomes (Exo or H-Exo, 10 pg/mL) or 20 mg mi-
crospheres (PMS, PMS-PDA, PMS-PDA + Exo, or PMS-PDA + H-Exo)
were applied to each egg, PBS treatment was set as control. After 5 days
incubation, the embryos were fixed and observed by an inverted fluo-
rescence microscope, the newly formed vessels were analyzed by
ImagelJ.

4.13. In vivo bone regeneration using a rat calvarial defect model

Animal experiments were sanctioned by the Peking University Ani-
mal Care and Use Committee (LA2020483) and operations were in
accordance with the institutional animal guidelines. 5 mm-calvarial
defects were operated on 6-week-old male SD rats which were accom-
modated in a specific pathogen-free (SPF) environment. The total 32 rats
were randomly separated into five groups: 1) control group with normal
saline treatment (control, n = 8); 2) PDA coating porous PLGA micro-
sphere (PMS-PDA, n = 8); 3) and normal exosomes loaded PMS-PDA
treatment (PMS-PDA + Exo, n = 8); 4) hypoxia exosomes loaded PMS-
PDA treatment (PMS-PDA + H-Exo, n = 8). At predetermined time-
points (4 and 8 weeks), rats were sacrificed by CO5 inhalation. The
calvaria were harvested and fixed with 4% paraformaldehyde for 72 h.
Micro-CT scanner (Siemens, Germany) was used to assess the new bone
formation by indicators such as bone mineral density (BMD) and the
ratio of new bone volume to tissue volume (BV/TV). Hematoxylin &
eosin (HE) and Masson staining were performed to evaluate the new
bone formation, and the sections were observed from coronal plane.
Immunofluorescence analysis of osteogenesis-associated protein OCN
and immunohistochemical staining of PCNA, CD31 and COL-I were
evaluated to further reveal the new bone formation. The detailed pro-
cedures for animal experiments are provided in Supplementary
Information.

4.14. Statistical analysis

All quantitative data were expressed as mean + standard deviation
(SD) for n > 3. Statistical analysis was carried out using one-way/two-
way analysis of variance (ANOVA) with Tukey’s test. Differences be-
tween groups of *p < 0.05 were considered statistically significant, **p
< 0.01 and ***p < 0.001 were considered highly significant.
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