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Abstract

Titania nanotubes (TNT) generated on titanium implant are emerged as important modification
technique to facilitate bone regeneration. Mesenchymal stem cells (MSCs)-derived exosomes are
membrane bound extracellular vesicles (EVs), which play an important role in tissue regeneration.
The objective of this study was to generate an EVs hybrid TNT aiming at regulating inflammation,
MSCs recruitment and osteogenesis. We isolated EVs from MSCs (MSCs EVs) and 3-day osteogeni-
cally differentiated MSCs (3d EVs). MSC EVs and 3d EVs exhibited round morphology under TEM,
which also showed robust internalization by human bone marrow derived MSCs (hBMSCs). Next,
we fabricated 3d EVs/MSC EVs hybrid TNT. When inflammatory macrophages were co-cultured
with EVs hybrid TNT, the gene and protein expression of inflammatory cytokine were significantly
reduced. Macrophage morphology was also examined by confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM). Further migratory ability study using hBMSCs
indicated significant enhancement of MSCs migration in EVs hybrid TNT. In addition, we further
demonstrated significant increase of osteogenic differentiation of hBMSCs in EVs hybrid TNT.
This study suggests that EVs hybrid TNT may serve as a viable therapeutic approach to enhance
osteogenesis and bone regeneration.
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Introduction

OXFORD

Total joint and knee arthroplasty are one of the most common and
cost-effective orthopedic surgeries for patients who suffer from joint
diseases like osteoarthritis. The number of patients required such

©The Author(s) 2021. Published by Oxford University Press.

surgical management has increased substantially due to the aging so-
ciety, thus causing huge social and economic burdens in recent years.
It is predicated that the number of total knee replacements will reach
1.37 million in the US alone by 2020 [1], with the majority of
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patients were above the age of 45 [2]. In other developing countries,
like China, the demand for joint replacement surgeries is continu-
ously rising approximately 15% annually due to ever-increasing ag-
ing population [3].

The past decades have witnessed unprecedented growth in
demands for novel scaffolds to meet the requirement of orthopedic
surgeries [4]. Titanium is one the most important and widely used
materials for orthopedic surgeons due to its excellent mechanical
property and biocompatibility. Over the past decades, several
strategies have been applied to modify the titanium surface, either
physical or chemical, in order to enhance the performance and
osseointegration of titanium implants for various applications. For
instance, generation of well-aligned titanium dioxide (TiO,) nano-
tubes (TNT) has received increasing attention due to their unique
functionality [5]. Previous study indicated that cellular behavior, in-
cluding cellular migration, proliferation, and differentiation, could
be affected by the topographies and structures of TNT [6]. For in-
stance, one of the first studies indicated that 20 nm TNT offered the
best environment for cell adhesion, migration, and proliferation in
glioma and osteosarcoma cells [7]. In addition, mesenchymal stem
cells (MSCs) grown on different sized TNT indicated that larger
diameter TNT can significantly promote cell elongation and
differentiation compared to smaller nanotubes [8]. Several attempts
have also been made to incorporate bioactive molecules, like growth
factors or osteoinductive molecules, inside the TNT in order to
increase its bio-functionality and biocompatibility [9].

MSCs are a population of stem cells possess self-renewal and
multiple lineages differentiation potential [10]. In recent years,
several studies have indicated the important regenerative potential
of bioactive factors released from MSCs including exosomes [11].
Exosomes belong to a group of extracellular vesicles (EVs) secreted
by cells, which play an important role in cellular communication.
Exosomes from MSCs represent one of the most widely employed
cell-free based therapies for tissue regeneration. Exosomes from
MSCs hold multiple regenerative abilities, including reducing myo-
cardial ischaemia-reperfusion injury [12], restoring renal injury and
dysfunction [13], ameliorating lung injury [14], etc. In addition,
MSCs-derived exosomes can significantly promote bone regenera-
tion. For example, in a rat calvaria bone defect model, MSC-derived
exosomes could significantly promote iz vivo bone healing and an-
giogenesis [15]. One study using radiation-induced bone loss model
also revealed that immediate intravenous injection of MSC-derived
exosomes to radiation-exposed animals offer significant protective
effect against bone loss, which the result is similar to MSC-based
therapy [16]. In recent years, scaffolds with the incorporation of
exosomes are getting widely attractions among researchers due to
the easy-to-handle nature and important regulatory property of
exosomes than their mother cells, especially biomaterial with limited
immune-regulatory properties. For instance, incorporation of
exosomes from Bone morphogenetic protein-2 (BMP-2) stimulated
macrophages into TNT was fabricated previously, demonstrating
significant pro-osteogenic effect on MSCs differentiation [17].
Another study also indicated cell adhesion and proliferation promot-
ing ability for MSCs-derived exosomes immobilized titanium
surface, indicating beneficial effect of exosome coating on cellular
behaviors [18].

During bone regeneration, attraction and recruitment of
adequate number of circulating progenitor cells or endogenous
MSC:s to the site of injury are very important for successful bone re-
pair [19]. Therefore, enhancing the migration of MSCs has become
one of the therapeutic strategies in bone regenerative medicine.

Scaffolds incorporating various cytokines and chemokines that serve
as MSCs attractant have been developed, with the aim of modulating
MSCs response and reinforcing the mobilization of MSCs [20, 21].
Previous study also indicated that during osteogenic differentiation,
exosomes isolated from 3-day osteogenically differentiated MSC have
significant migratory promoting potential for naive MSCs [22].
Therefore, we firstly isolated and characterized MSC-derived exo-
somes (MSC EVs) and 3-day osteogenically differentiation-derived
exosomes (3d EVs). Poly(dopamine) coating is one of the most com-
monly used techniques for implant surface modification due to its
unique adhesive properties [23]. Next, we generated first bioactive
EVs (MSC EVs) layer using poly(dopamine) coating strategy. As a hy-
drogel with biocompatible and biodegradable properties, carboxy-
methyl chitosan hydrogel was used to fabricate second bioactive EVs
(3d EVs) layer [23]. In addition, macrophages represent one of the
principal responders to biomaterials and major mediator of wound
healing [24]. Therefore, we also tried to investigate the immunoregula-
tory role of this EVs hybrid scaffold on macrophages and its
subsequent impact on osteogenesis. Generating EVs hybrid TNT may
provide a novel concept for other EVs inspired scaffolds.

Materials and methods

Reagents

Exosome isolation reagent (from cell culture media) was purchased
from Thermo Fisher scientific (4478359, China). PKH67 Green
Fluorescent Cell Linker Kit for General Cell Membrane Labeling
(MINI67-1KT, China) and PKH26 Red Fluorescent Cell Linker Kit
for General Cell Membrane Labeling (PKH26GL-1KT, China) were
purchased from Sigma. Lipopolysaccharide (LPS, Escherichia coli
0111: B4, 14391), B-glycerophosphate (G9422), L-ascorbic acid 2-
phosphate (49752), and dexamethasone (D1756) were from Sigma,
China. Antibodies used in this study were rabbit polyclonal antibody
against alkaline phosphatase (ALP) (ab108337, Abcam), CD63
Antibody (sc-5275, SANTA CRUZ Biotechnology), CD81 Antibody
(sc-166029, SANTA CRUZ Biotechnology), calnexin (2679T, cell
Signaling Technology), Grp94 (20292 T, cell Signaling Technology),
and Lamin A/C (4777 T, cell Signaling Technology). Secondary anti-
body used for immunofluorescence staining was fluorescein isothiocy-
anate (FITC)-conjugated goat anti-rabbit IgG (H+L) Secondary
Antibody (316335, Thermo Fisher Scientific, China).

Cell culture

The murine-derived macrophage cell line RAW 264.7 cells (ATCC®
TIB-71™), and human bone marrow-derived mesenchymal stromal
cells (hBMSCs; ATCC® PCS-500-012™) were used for the study.
RAW 264.7 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM,; Life Technologies Pty Ltd., China) supplemented
with 10% heat inactivated fetal bovine serum (FBS; Biological
Industries, LTD, Beit Haemek, Israel), 1% (v/v) penicillin/streptomy-
cin (Solarbio, Beijing, China) in a humidified incubator containing 5%
CO, at 37°C. hBMSCs were maintained in DMEM containing 10%
of FBS and supplemented with 1% (v/v) of a penicillin/streptomycin
solution.

Cell culture-conditioned medium collection and EVs
isolation

For hBMSCs-derived EVs isolation, confluent hBMSCs were
cultured with serum-free DMEM for 24 h. hBMSCs-derived condi-
tioned medium was collected [25], pooled and stored at —-80 °C
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immediately until EVs isolation. For 3d-EVs isolation, confluent
hBMSCs were cultured with DMEM containing 10% of FBS and sup-
plemented with osteogenic components (2mM B-glycerophosphate,
100 uM r-ascorbic acid 2-phosphate, and 10 nM dexamethasone). At
3 days, the 10% FBS supplemented DMEM was completely removed
and replaced by serum-free DMEM as described previously [22, 26].
3d-derived conditioned medium was collected, pooled and stored
at =80 °C immediately until EVs isolation. EVs were isolated using
exosome isolation reagent (from cell culture media) according to the
manufacturer’s instructions. Briefly, the cell culture-conditioned
medium was centrifuged at 2000g for 30 minutes to remove cells and
debris. The supernatant was transferred to a new tube without
disturbing the cells and debris pellet. One-half volumes of the total
exosome isolation reagent were added into the supernatant before
vortexing thoroughly. After overnight incubation at 4 °C, the mixture
was centrifugated at 10 000g for 1h at 4 °C to pellet exosomes. After
removal of the supernatant, exosomes were resuspended in 50 uL of
phosphate-buffered saline (PBS), aliquoted, and stored at -80°C
immediately until further analysis.

Transmission electron microscopy (TEM)

TEM was used to visualize the EVs isolated in this study. In brief,
carbon/formvar-coated Cu TEM grids were placed on 5 pL. EVs so-
lution for 10 min. After removing EVs solution, the grids were
stained with 1% uranyl acetate (UA, AGR1260A; Agar Scientific,
China) for 10 s before washing three times with deionized water for
20s. The grids were dried by Whatman filter paper. TEM images
were taken by TEM (JEM-1400, JOEL, Japan) at 80 kV.

Nanoparticle tracking analysis (NTA)

The size of EVs were characterized using Nanoparticle tracking
analysis of Malvern NanoSight NS300 system (Malvern
Instruments, United Kingdom). Briefly, EVs diluted in PBS (1:500)
were loaded into a 1mL syringes (BD Discardit II, New Jersey, USA)
before automatic infusion. EVs infusion into the sample chamber
was performed at room temperature with a flow rate of 20uL/s for
all experiments. Five 60s videos were captured for each EV, and the
EV sizes were analyzed by Nanoparticle tracking analysis software.

Western blot

Exosomal protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, China). Exosomes
(20ug in terms of protein) were suspended in RIPA lysis buffer

™

(89901, Thermo Fisher Scientific, China). Proteins were separated
using 4-12% gradient Bolt™ Bis-Tris Plus Gel (Thermo Fisher
Scientific, China), transferred to polyvinylidene difluoride (PVDF)
membranes, and blotted with antibodies against CD63 (1:100) or
CD81 (1:100). Non-exosomal markers calnexin (1:1000), Grp94
(1:1000), and Lamin A/C (1:1000) were used as negative control.
After washing, the blots were incubated with IRDye® 800CW goat
anti-mouse IgG (1:10 000; LI-COR Biotechnology, USA) or IRDye®™
800CW goat anti-rabbit IgG (1:10 000; LI-COR Biotechnology,
USA) and washed thrice with PBS-Tween 20 (0.1%). Protein signals
were visualized using Odyssey infrared Imaging System (LI-COR
Biotechnology, USA).

EVs labeling and examination

EVs internalization into recipient cells were further characterized
using PKH26 red Fluorescent Cell Linker Kit for General Cell
Membrane Labeling according to the manufacturer’s instructions. In

brief, 500 pL Diluent C was used to dilute EVs before mixing with
PKH26 dye suspended in 500 pL of diluent C for 5 min. About 1 mL
of DMEM with 1% exosome-depleted FBS (A2720803; Thermo
Fisher scientific, China) was used to stop the staining process as
previously described [22]. Equal volume of DMEM with 10% exo-
some-depleted FBS was added before incubating with hBMSCs for
12 h at 37 °C. Samples were fixed by 4% paraformaldehyde (PFA).
Cells were photographed using an inverted confocal laser scanning
microscope (Leica DM IRB; Leica, Wetzlar, Germany).

Growth of titania nanotubes and EVs hybrid titania
nanotubes
Commercial pure titanium discs (0.89 mm thickness, 99.7% purity;
Alfa-Aesar, Ward Hill, MA, USA) were used in this study. Titanium
discs were mechanically polished before ultrasonically cleaned in ac-
etone, ethanol, and deionized water for 10 minutes. Electrochemical
anodization was used to fabricate TNT. Titanium discs were anod-
ized in an ethylene glycol (EG) solution containing 0.3 wt% ammo-
nium fluoride and 5vol% H,O at 30V for 1h. Subsequently, the
samples were washed immediately after anodization using deionized
water and air dried. For dopamine coating, TNT were soaked in
Tris-HCL buffer solutions (10 mM, pH 8.5) with 2 mg/mL of dopa-
mine hydrochloride (H8502; Sigma, China) for 24h in darkness
with continuous stirring. After rinsing with deionized water, TNT
were dried before MSC EVs deposition. Exosomes (10 pg in terms of
protein) were used according to previous study [27]. For MSC EVs
deposition, MSC EVs (10 pg protein equivalent) diluted in PBS were
incubated with TNT for 1h. Carboxymethyl chitosan hydrogel layer
was generated as previously described [23]. In brief, 50 pL carboxy-
methyl chitosan and genipin solution were mixed with 3d EVs
(10 pg protein equivalent) and dropped onto the surface and dried.
To determine exosome deposition on different layers, different
exosome-labeling markers were used as described previously [17]. In
brief, MSC EVs were prelabeled with green labeling marker,
PKH67, while 3d EVs were prelabeled with red labeling marker
PKH26. Different layers of EVs coating were performed as men-
tioned above.

MTT assay

The metabolic activity of macrophages cultured on different
scaffolds was evaluated using MTT [3-(4, 5-dimethylthiazol-2-yl)-2,
S-diphenyl tetrazolium bromide] assay (M2128; Sigma, China). In
brief, 20 pL of 5§ mg/mL MTT solution was added into each well for
4h. After carefully removing the supernatant, 100 uL dimethyl
sulfoxide (DMSO) was used to dissolve the formazan crystals. The
absorbance was read on microplate reader (Benchmark Plus, USA)
at 490 nm.

Inflammatory macrophage response to different
scaffolds

To determine the effect of inflammatory macrophages response to
different scaffolds, co-culture study was performed. In brief, macro-
phages were seeded on coverslip at a density of 1 x 10° overnight at
37°C before stimulating with 1000 ng/mL of LPS. After 6 h stimula-
tion, LPS was removed, cells were rinsed trice with PBS before
co-culturing with different scaffolds. After 24 h of incubation, cells
were fixed by 4% PFA and stained with Alexa Fluor 594-labeled
phalloidin. Cells were photographed using an inverted confocal laser
scanning microscope (Leica DM IRB; Leica, Wetzlar, Germany).
iNOS expression was examined as previously described [22]. In
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brief, cells were fixed, permeabilized, and blocked before incubating
with a rabbit polyclonal antibody against iNOS (ab3523; Abcam).
Actin was stained with Alexa Fluor 594-labeled phalloidin. Images
were taken using confocal laser scanning microscope (Leica DM
IRB; Leica, Wetzlar, Germany).

Scanning electron microscopy (SEM)

To further investigate the morphology of inflammatory macro-
phages response to different scaffolds, SEM was used to image cells.
In brief, samples were washed by PBS at least three times, and then
fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.4) overnight at 4°C. After rinsing three times with 0.1 M sodium
cacodylate buffer (10 min each), the samples were post-fixed with
1% osmium tetroxide (OsQy), and dehydrated using 50%, 70%,
90%, and 100% ethanol. The samples were dried by hexamethyldi-
silazane (HMDS) solution, then mounted on carbon tabs and sputter
coated with gold-palladium. All specimens were analyzed under a
Zeiss SEM (Carl Zeiss NTS, Germany).

RNA extraction and real-time quantitative polymerase
chain reaction (RT-PCR)

Cells were firstly lysed using Trizol reagent (15596026; Thermo
Fisher Scientific, China). Total RNA was then isolated using
PureLink™ RNA Mini Kit (12183018 A; Thermo Fisher Scientific,
China) according to the manufacturer’s instructions. RNA concen-
tration was measured using NanoDrop 8000 spectrophotometer
(NanoDrop technologies). cDNA synthesis was performed using the
RevertAid First Strand cDNA Synthesis Kit (K1622; Thermo Fisher
Scientific, China) according to manufacturer’s instruction. About
500 ng of total RNA was used as template for reverse transcription.
RT-PCR was performed using SYBR Green gPCR Master Mix (Life
Technologies, China) on an ABI Prism 7500 Thermal Cycler
(Applied Biosystems, Foster City, California, USA). All primer
sequences (Table 1) were analyzed for target specificity on Primer
BLAST and were purchased from Sigma, China. The mRNA expres-
sion of the genes of interest was normalized against the housekeep-
ing gene GAPDH. The difference between the mean Ct values of the
gene of interest and the housekeeping gene was labeled ACt and the
relative expression was calculated using the comparative Ct
(2742CTy method [28].

Enzyme-linked immuno-sorbent assay (ELISA)

To further investigate the inflammatory macrophages response to
different scaffolds, the level of inflammatory cytokine was measured
using commercial ELISA kit (R&D Systems, China), following the
manufacturer’s instructions. In brief, the culture media was collected
and centrifuged at 500g for 10 min to remove cell debris. The cyto-
kine concentrations were determined by correlation with a standard
curve and the outcomes were expressed as the amount (pg) per
milliliter of supernatants. Each experimental condition was assayed
at least three times.

Migratory ability of hBMSCs to different scaffolds

The migration assay was used to determine the effect of different
scaffolds on hBMSCs’ migration. Briefly, a six-well transwell inserts
with pores of 8.0 um in size (Becton-Dickinson Labware, USA) was
used for the migration assay. hBMSCs were placed in the upper
chamber overnight at 37°C. Different scaffolds were deposited in
the lower chamber overnight. Non-migrated cells in the upper cham-
ber were gently removed using a cotton swab, and the migrated cells

Table 1. Primers used in RT-PCR

Genes Primer sequences

IL-6 Forward: 5'-ATAGTCCTTCCTACCCCAATTTCC-3'
Reverse: 5'-GATGAATTGGATGGTCTTGGTCC-3'

iNOS Forward: 5'-CGAAACGCTTCACTTCCAA-3’
Reverse: 5'- TGAGCCTATATTGCTGTGGCT-3'

TNF-o Forward: 5'-CTGAACTTCGGGGTGATCGG-3'

Reverse: 5'-GGCTTGTCACTCGAATTTTGAGA-3'
IL-10 Forward : 5’- GAGAA CATGGCCCAGAAATC-3’
Reverse : 5'- GAGAAATCGATGACAGCGCC-3’

CD206 Forward: §'- AGACGAAATCCCTGCTACTG -3’
Reverse: 5'- CACCCATTCGAAGGCATTC -3’

Murine Forward: 5'-TGACCACAGTCCATGCCATC-3'

GAPDH Reverse: 5'-GACGGACACATTGGGGGTAG-3'

ALP Forward: 5'-CGTGGCTAAGAATGTCATCATGTT-3'
Reverse: 5'-TGGTGGAGCTGACCCTTGA-3’

Col-I Forward: 5'-CCCTGGAAAGAATGGAGATGAT-3’
Reverse: 5-ACCATCCAAACCACTGAAACCT-3’

Runx2 Forward: 5'-CATGGCGGGTAACGATGAA-3’

Reverse: 5'-AGACGGTTATGGTCAAGGTGAAA-3’
OPN Forward : 5'- GACCAAGGAAAACTCACTAC-3'
Reverse: - CTGTTTAACTGGTATGGCAC-3’

BMP-2 Forward: 5'- CTGAACTCCACTAATCATGC-3'
Reverse: 5'- CTGCCCTGTTACTGCCATTATT-3'
BMPRIT Forward: 5'- GGCAGCAGTATACAGATAGGTG-3'
Reverse: 5'- CTGCCCTGTTACTGCCATTATT-3’
Human Forward: 5'-TCAGCAATGCCTCCTGCAC -3’
GAPDH Reverse: 5'-TCTGGGTGGCAGTGATGGC -3’

adhering to the lower chamber were fixed by 4% PFA and stained
with Alexa Fluor 594-labeled phalloidin. Cells were photographed
using an inverted confocal laser scanning microscope (Leica DM
IRB, Leica, Wetzlar, Germany). The migrated cells were quantified

in five randomly selected fields on each transwell membrane.

hBMSCs response to EVs hybrid scaffolds

To determine the effect of hBMSCs response to different scaffolds,
hBMSCs were cultured on different EVs hybrid scaffolds for 1day
and 3days. Cells were fixed by 4% PFA and stained with Alexa
Fluor 594-labeled phalloidin. Cells were photographed using an
inverted confocal laser scanning microscope (Leica DM IRB, Leica,
Wetzlar,
hBMSCs seeded at a density of 1 x 10° were co-cultured with differ-
ent scaffolds for 7 days under osteogenic medium. Cells were fixed

Germany). For ALP immunofluorescence staining,

with 4% PFA for 10 min at room temperature. Cells were permeabi-
lized using Triton X-100 for 5 min, blocked with 4% bovine serum
albumin for 1h at room temperature, and then incubated with ALP
(1:100). After overnight incubation, cells were washed trice with
PBS, then incubated with fluorescein isothiocyanate (FITC)-conju-
gated goat anti-rabbit IgG (H+ L) secondary antibody. Actin was
stained using Alexa Fluor 594-labeled phalloidin. Samples were
prepared for observation using an inverted confocal laser scanning
microscope with a 40 x 1.3 NA oil objective (Leica DM IRB, Leica,
Wetzlar, Germany). For ALP activity assay, hBMSCs seeded at a
density of 1 x 10° were co-cultured with different scaffolds for
7 days under osteogenic medium. ALP activity was determined using
Alkaline Phosphatase Assay Kit according to manufactures instruc-
tion. To analyze gene expression, hBMSCs seeded at a density of 1
x 10° were cocultured with different scaffolds for 3days in
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medium. RT-PCR was
osteogenesis-related genes expression.

osteogenic performed to evaluate

Statistical analysis

Data from all the experiments were presented as mean * standard
deviation (SD), and comparisons were made using GraphPad Prism
8.0 between two groups using two-tailed student’s #-test, and be-
tween three groups using one-way analysis of variance (ANOVA),
with a post-hoc test (Holm-Sidak’s tests). Differences were consid-
ered statistically significant if P < 0.05.

Results and discussion

EVs isolation and characterization

MSCs from bone marrow stromal are one of the commonly used
stem cells in the field of tissue regeneration. Several mechanisms
have been proposed for MSCs induced tissue regeneration [29]. One
of the most important mechanisms is by producing multiple
secretory factors via paracrine mode [30]. The beneficial effect of
cell culture-conditioned medium from MSCs on various diseases
have been implicated. For example, in antigen-induced arthritis
model, intra-articular injection of MSCs derived conditioned
medium can significantly reduce knee-joint swelling and symptoms
induced by arthritis [31]. In addition to various growth factors, exo-
somes represent one of the most important intracellular mediators.
Exosomes are a group of nanoparticles with diameters approxi-
mately ranging from 40 to 100 nm. It seems that during osteogenic
differentiation, exosomes releasing pattern or its microRNA profiles
changes accordingly depending on the stage of their differentiation.
Wang et al. [32] isolated a series of exosomes from hMSCs during
osteogenic differentiation and found important microRNAs related
to osteogenic differentiation from the late stage of differentiated
hMSCs. Although the work by Wei et al. [22] indicated only exo-
somes isolated from MSCs holds pro-osteogenic effect, which is con-
sistent with previous studies [33, 34]. This indicates the potential
use of MSCs-derived exosomes as therapeutic approaches for bone/
tissue regeneration. In this study, structural analysis of EVs from
MSCs (MSC EVs) and 3d osteogenically differentiated MSCs (3d
EVs) by TEM showed there was no significant difference between
MSCs EVs and 3d EVs (Fig. 1A). In the MSCs-EVs and 3d-EVs
groups, the EVs all exhibited round or cup-shaped morphology un-
der TEM with a diameter around 100 nm. In addition, previous
studies indicated that MSCs-derived exosomes exhibited similar
appearance despite the cell origin. For example, human corneal
mesenchymal stromal cell-derived exosomes exhibited round
morphology with certain compression in the center [35]. EVs pro-
tein concentration was shown in Supplementary Fig. S1. In addition,
MSCs EVs exhibited a slightly larger diameter (100.8 = 14.7 nm)
than the 3d EVs (90.4 +4.7nm) as determined by nanoparticle
tracking analysis (Fig. 1B). Western blot analysis further
demonstrated the expression of exosomal marker proteins (CD63
and CD81) in lysates from the MSCs EVs and 3d EVs. In addition,
calnexin, Grp94, and Lamin A/C were detected only in total cellular
lysates (Supplementary Fig. S2).

EVs internalization

As important nanocarriers, exosomes must internalize into recipient
cells to transfer information. Previous studies indicated that PKH
carbocyanine dyes, including PKH67 and PKH26, have been
frequently used for staining artificial or biological membranes,
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Figure 1. EVs isolation and characterization. (A) Transmission electron mi-
croscopy (TEM) micrographs of isolated EVs. Representative TEM images
were taken from EVs isolated from hBMSCs (MSC EVs) and 3-day osteogenic
differentially hBMSCs (3d EVs). Isolated EVs were negatively stained with 1%
uranyl acetate (UA) before TEM imaging. Scale bar=100nm (top panel);
80 nm (lower panel). (B) Nanoparticle tracking analysis for isolated EVs. EVs
were diluted in PBS (1:500) for nanoparticle tracking analysis. Representative
size distribution and concentration of EVs isolated from hBMSCs and 3-day
osteogenic differentially hBMSCs are shown. (C) Characterization of exosome
markers (CD63 and CD81) by Western blot. Lane 1: protein marker; lane 2:
MSC EVs; lane 3: 3d EVs.
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including exosomes [36]. In this work, confocal laser scanning
microscopy (CLSM) was used to assess the MSCs EVs and 3d EVs
internalization into cells. PHK26-labelded MSCs EVs and 3d EVs
were incubated with hBMSCs for 12 h on coverslips. Previous study

indicated that the uptake of exosomes is time, recipient cells, and
temperature dependent. For example, exosomes internalization into
HEK 293 cells reached saturation around 12h following decrease
after 24 h [37]. In this study, CLSM images showed that the MSCs
EVs and 3d EVs had similar and robust internalization by hBMSCs
at 12 h (Fig. 2).

Surface characterization of EVs hybrid scaffold

As a simple and one-step surface polymerization method,
polydopamine-based grafting layer exhibits high affiliation towards
various molecules [38]. Previous study indicated successful
immobilization of macrophages-derived exosomes on the surface of
polydopamine-modified TNT [17]. Therefore, in this study, TNT
was firstly modified by polydopamine. The surface morphology of
TNT after poly(dopamine) coating is shown in Fig. 3A. SEM images
indicated a self-polymerized poly(dopamine) film was formed on the
TNT. The cross-section images revealed that the average diameter
of TNT is around 100 nm. To visualize EVs deposition, MSC EVs
were firstly labeled with green fluorescence marker, PKH67,
followed by incubating with TNT, generating MSC EVs layer, while

DAPI

MSC EVs

3d EVs

gh mag

H

PHK26-labelded 3d EVs (red) hydrogel layer were deposited on
MSC EVs layer, generating TNT/3d EV/MSC EV hybrid. To further
expose MSC EVs coating under 3d EVs hydrogel layer, a small
scratch was generated using 25-G needle. As shown in Fig. 3B, red
punctate fluorescence staining (3d EVs) was uniformly distributed
in the hydrogel layer, while green punctate fluorescence staining
(MSC EVs) was evident around the scratch area. To further validate
EVs release from the hybrid scaffolds, EVs hybrid TNT were
incubated with hBMSCs. As shown in Fig. 4, red fluorescence
staining (3d EVs) was initially uniformly distributed around nuclear
areas at 2h post-incubation, while green fluorescence staining
(MSC EVs) was uptake by hBMSCs at 6h, and 12h post-
incubation. At 24h, more green punctate fluorescence staining
was visible in hBMSCs.

The effect of EVs hybrid scaffolds on macrophage
viability

Current knowledge of titanium scaffold impact on macrophage dif-
ferentiation has been acquired from various titanium-based materi-
als. For example, there was no significant difference of macrophage
proliferation between peptide-conjugated titanium implant and tita-
nium control [39]. However, different macrophage adhesion proper-
ties and proliferation rate have been recorded when different sized
TNT were applied [40]. To assess cell viability in macrophages

Merge

Figure 2. EVs internalization by CLSM. CLSM images of MSC EVs and 3d EVs uptake by hBMSCs. Isolated EVs were prestained with exosome labeling marker
(red), then incubated with hBMSCs. Nuclei were stained with DAPI (blue). Representative CLSM images are shown in the figure (n=3). low magnification scale

bar: 50 um. High magnification scale bar: 5um.
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Figure 3. Generation of EV-hybrid TNT. (A) SEM image of anodized TNT after dopamine coating. (A) top-view of the TNT arrays; (B) cross-section of the TNT
arrays. In order to expose nanotube structure after dopamine coating and view the cross section, surgical scalpel blade (#11) was used. The SEM image shows
nanotube structures, with pore diameters of about 100 nm. (B) Representative CLSM images of TNT/3d EV/MSC EV hybrid scaffolds. MSC EVs were prelabeled
with green exosome labeling marker, PKH67, while 3d EVs were prelabeled with red exosome labeling marker, PKH26. To expose MSC EVs coating, a small
scratch was generated by using 25-G needle (indicated by dashed white line). Representative CLSM images are shown in the figure (n=3). Scale bar =100 um

(low mag); scale bar =20 um (high mag).

caused by different EVs scaffolds, cell proliferation was initially
measured by MTT assay. As shown in Fig. 5A, no decrease in cell
viability was detected from day 1 to day 3. RAW264.7 attached
similarly on all EVs scaffolds with no significant difference being
observed at 1day. To further test the cytotoxicity of EVs hybrid
scaffolds on macrophages, overall morphology of RAW264.7 were
turther observed using CLSM (Fig. 5B). Cell seeding on different
EVs scaffolds resulted homogeneous cell distribution. Compared
with normal control, cells cultured on different EVs scaffolds
predominantly adopted a round morphology after 3 days of culture,
with gradual increase of cell population, indicating EVs hybrid
scaffold have no significant cytotoxicity effect.

The effect of EVs hybrid scaffolds on inflammatory
macrophage polarization

Bone healing initiated immediately after injury, marked by initial
hematoma formation and immune cell infiltration [41]. In the acute
inflammatory phase, several key bioactive molecules and immune
regulators, such as interleukin 1B (IL-1B), tumor necrosis factor
(TNF-a), transforming growth factor-beta (TGF-B) superfamily, and
IL-17 are released, primarily by monocyte-derived inflammatory
macrophages [42]. Previous studies indicated the importance of
macrophages in bone regeneration by blocking their function [43].
In addition, Claudia et al. [43] indicated that pro-inflammatory M1
macrophages are predominant at 24h post-osteotomy while a
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Figure 4. The release of EV from EV-hybrid TNT. MSC EVs were prelabeled with green exosome labeling marker, PKH67, while 3d EVs were prelabeled with red
exosome labeling marker, PKH26. EV-hybrid TNT was coculture with hBMSCs. Intense red fluorescence staining was initially uniformly distributed around nu-
clear areas, while green fluorescence staining was later observed in hBMSCs. The nuclei were stained with DAPI (blue). Representative CLSM images are shown

in the figure (n=3). Scale bar =50 um.

gradual infiltration of M2 phenotypes were noted at 3 days post-
surgery. Therefore, the potential interaction of EVs hybrid scaffolds
on inflammatory macrophages is of particular interest considering
the multifaced role of inflammatory macrophages in early bone re-
generation. In other scenario, dysregulated or elevated inflamma-
tion, as in diabetes, obesity, or aging populations, are often
associated with poor bone regeneration [44]. For instance, our pre-
vious study indicated significantly elevated IL-1f protein levels in
delayed healing model than normal healing model [45]. Therefore,
we then tested the regulatory role of EVs hybrid scaffolds on inflam-
matory macrophages. In this study, CLSM, SEM, gene expression,
and ELISA were used to evaluate inflammatory macrophage
response to EVs hybrid scaffolds. Addition of LPS, caused cells to
change to pancake-like morphology. CLSM images indicated
slightly elongated morphology in the EVs hybrid group (Fig. 6A).
We further analyzed the cellular morphology in the coculture system
using SEM. There was certain cellular elongation when EVs hybrid
scaffold were cocultured with inflammatory macrophages (Fig. 6B).
We further analyzed the inflammatory and anti-inflammatory genes
and IL-6 cytokine expression using RT-PCR and ELISA. There was
a significant decrease of inflammation-related genes in the MSCs
EVs and EVs hybrid scaffolds. The expression of IL-6 and iNOS in
EVs hybrid were 2-fold and 1.8-fold decrease compared to LPS

control (Fig. 6C). By comparison, the IL-6 expression was
significantly decreased in the EVs hybrid scaffold (Fig. 6D). As
shown in Fig. 6E, iNOS-positive staining also demonstrated the
same tendency. Recent studies also indicated M2-polarizing
potential of MSCs-derived exosome on macrophages. For example,
Liu et al. indicated that M2b polarizing potential of MSCs-derived
exosomes on colonic macrophage in inflammatory bowel disease
[46]. He et al. [47] also found that treatment of macrophages with
MSCs-derived exosomes could induce M2 phenotype polarization.

EVs hybrid scaffolds promotes MSCs migration

Recruitment of MSCs to the injury site is the incipient step for bone
formation [48]. Once recruited under various chemokines or cyto-
kines, MSCs can proliferate and differentiate into osteogenic precur-
sor cells, followed by secretion of extracellular matrix proteins that
boost bone formation [49, 50]. Abnormal migration of MSCs are of-
ten noted under pathological conditions. For example, there was sig-
nificant decrease in MSCs migration isolated from ovariectomised
(OVX) rats compared to MSCs isolated from adult and young rats
[51]. Therefore, therapeutic methods that can stimulate recruitment
and homing of MSCs are becoming promising approach for bone
regeneration. Migratory ability of MSCs under the influence of scaf-
folds was investigated by measuring the amount of MSCs migrated
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Figure 5. The influence of EV-hybrid TNT on RAW 264.7 and cellular morphology at day 1 and day 3. (A) Cytotoxicity of RAW 264.7 cells on EV-hybrid TNT. The
cytotoxicity was determined by MTT assay. No statistically significant difference was observed among the tested groups. (B) CLSM images of macrophages on
EV-hybrid TNT. The actin was stained with phalloidin (red), and nuclei were stained with DAPI (blue). Representative CLSM images are shown in the figure
(n=3). In (a—d) refer to TNT/MSC EV, TNT/3d EV, TNT/3d EV/MSC EV hybrid, and normal control, respectively. Scale bar =500 pm.

to the lower side of transwell membrane. We found there was
significantly increase of MSCs migration in EVs hybrid scaffold
(Fig. 7A, B). When 3d EVs was added, the mean number of cells
that migrated was 150 £ 9 compared to the control. In spite of the
MSC EVs immobilization, the mean number of cells that migrated

remain unaffected compared to 3d EVs group (Fig. 7B).

EVs hybrid scaffolds influence the osteogenesis of
MSCs

To test the cytotoxicity of EVs hybrid scaffold on hBMSCs, overall
morphology of hBMSCs were further observed using CLSM
(Fig. 8A). hBMSCs cytoskeleton staining indicated homogeneous
cell distribution. To further investigate the regulatory ability of EVs

hybrid scaffold on MSCs differentiation, MSCs were co-cultured
with different scaffolds. Gene expressions of osteoblast-specific
genes was assessed by RT-PCR, and ALP protein expression was
measured by immunofluorescence staining and ALP activity assay.
Compared to the TNT/3d EVs, the fluorescence intensity of ALP on
day 7 was significantly enhanced in the EVs hybrid group (Fig. 8B).
The ALP activity assay results also showed similar trend (Fig. 8C).
The expression of osteogenesis-related genes (ALP, Col-I, Runx2,
and OPN) were quantitatively measured by RT-PCR (Fig. 8D).
mRNA expression further confirmed a significant increase of
osteogenesis-related genes in EVs hybrid scaffold than the control.
As important nanocarriers, a series of regulatory miRNAs with
osteodifferentiation potential have been identified in MSCs-derived
exosomes [33]. The mechanisms of the regenerative ability of
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Figure 6. The response of RAW 264.7 to EV-hybrid TNT under inflammatory environment with LPS stimulation. (A) CLSM images of macrophages response to
EV-hybrid TNT. Inflammatory environment was induced by 1000 ng/mL LPS stimulation for 6 h. Cells were washed by PBS and cocultured with different EV-hy-
brid scaffolds. The actin was stained with phalloidin (red), and nuclei were stained with DAPI (blue). Representative CLSM images are shown in the figure (n=3).
n (a—d) refer to LPS, 3d EV, MSC EV, and 3d EV/MSC EV hybrid, respectively Scale bar =100 um (low mag); scale bar =20 um (high mag). (B) Representative SEM
images of macrophages response to EV-hybrid TNT under inflammatory environment. In (a-d) refer to LPS, 3d EV, MSC EV, and 3d EV/MSC EV hybrid, respec-
tively. Scale bar =6 um (low mag); Scale bar =2 um (high mag). (C) Relative expression of pro-inflammatory and anti-inflammatory genes in macrophages cocul-
tured with EV-hybrid TNT. The values were normalized to GAPDH as a housekeeping gene. *Indicates statistically significant difference (P<0.05) compared to
LPS group. **Indicates statistically significant difference (P<0.01) compared to LPS group. (D) Expression of IL-6 produced in response to EV-hybrid TNT under
inflammatory environment. The level of IL-6 was measured using cytokine-specific ELISA. All data are expressed as mean = SD. **Indicates statistically signifi-
cant difference (P<0.01) compared to LPS group. (E) CLSM images of iNOS expression. All scale bar: 100 um.
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Figure 7. hBSMCs migration induced by EV-hybrid TNT. (A) Transwell
migration assay was performed to determine the effect of EV-hybrid TNT on
hBMSCs migration. After 12h, the cells on the upper surface was gently
removed, while cells migrated to the beneath membrane were fixed. The
actin was stained with phalloidin (red), and nuclei were stained with DAPI
(blue). Representative CLSM images are shown in the figure (n=3). In (a—c)
refer to TNT/MSC EV hybrid, TNT/3d EV hybrid, and TNT/3d EV/MSC EV
hybrid, respectively. Scale bar =500 um (low mag). (B) Semi-quantification of
migrated cells. ***Indicates statistically significant difference (P<0.001)
compared to TNT/MSC EV hybrid.

MSCs-derived exosomes on osteogenesis and bone regeneration may
also rely on their roles by targeting various cellular signaling path-
ways [34]. For examples, phosphoinositide 3-kinase/protein kinase
B (PI3K/AKT), mitogen-activated protein kinase, and bone morpho-
genetic proteins (BMP)/Smad, and Wnt/B-catenin signaling path-
ways have all been indicated involving this process. BMPs are a
group of osteoinductive molecules that play an important role in
skeletal development and bone regeneration [52]. Among all the
BMPs studied so far, BMP-2 is one of the most important growth
factors for bone regeneration. The effect of exosomes isolated from
MSCs on BMP-2 signaling pathways have been studied previously.
For example, human umbilical cord MSCs-derived exosomes can
significantly reduce the pathological changes and apoptosis of the
femoral head necrosis via upregulation of BMP-2 and VEGF [53]. A
recent study using exosomes isolated from naive MSCs also demon-
strated marked increase of BMP-2 expression, indicating significant
pro-osteogenic effect of MSCs-derived exosome [22]. In our study,
we further evaluate the regulatory ability of EVs hybrid scaffolds on
the osteogenic differentiation of MSCs via BMP-2 signaling
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Figure 8. The effect of EV-hybrid TNT on hBMSCs. (A) CLSM images of
hBMSCs response to EV-hybrid TNT. In (a—c) refer to TNT/3d EV hybrid, TNT/
MSC EV hybrid, and TNT/3d EV/MSC EV hybrid, respectively. The actin was
stained with phalloidin (red), and nuclei were stained with DAPI (blue).
Representative CLSM images are shown in the figure (n=3). Scale bar
=500 pm. (B) Representative CLSM images of ALP expression. The actin was
stained with phalloidin (red), ALP (green), and nuclei were stained with DAPI
(blue). Representative CLSM images are shown in the figure (n=3). Scale bar
=100pum. (C) ALP activity. Error bars denote the mean = SD (n=3).
*Significant difference (P< 0.05). (D) Relative expression of osteogenesis-re-
lated genes. Error bars denote the mean = SD (n=3). Significant differences:
*P<0.05 compared to TNT/3d EV group.
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pathway. At day 3, the EVs hybrid scaffold demonstrated high ex-
pression of BMP-2 and BMPRII compared to the control, indicating
possible activation of BMP-2-related signaling pathway (Fig. 8D).

Conclusions

In this study, we generated a double-layered EVs incorporated TNT
to regulate MSCs cellular behaviors as well as potential immune re-
sponse. The top hydrogel layer incorporated with 3d EVs on TNT
functions as MSCs attractant, while the lower polydopamine layers
incorporated with MSC EVs serves as pro-osteogenic factor. Our
results have shown that this EVs hybrid TNT may represent a novel
stem cell-free therapy for implant modification to enhance the mi-
gration and osteogenic differentiation of hBMSCs in vitro. In the
meantime, this double layered EVs incorporated TNT shows
immuno-regulatory role for macrophages. However, there are many
limitations for this study which need to be addressed in the future.
For instance, further studies are needed to assess the activation of
BMP-2-related signaling pathways and other signaling crosstalk, es-
pecially assessing the long-term effects for this EVs hybrid TNT for
bone regeneration. In addition, as a proof of concept, we have not
tested this EVs hybrid scaffold in animal model. Therefore, further
animal study is warranted to test the functionality of this EVs hybrid
scaffold, especially its preservation during and after implantation.
Third, this study used murine-derived macrophage cell line instead
of human macrophages to understand the immune cells response to
EVs hybrid scaffold. In the future, more studies using human macro-
phages should be performed in order to better understand the mac-
rophage response to EVs hybrid scaffold in wvitro. Fourth,
considering the number of tests needed to be performed for ensuring
the aim of the study, we excluded the TNT as control and used EVs
modified TNT instead. In the future, TNT with EVs should be in-
corporated to further validate our result. As exosomes characteriza-
tion and quantitative analysis on scaffolds are very limited, more
methods will be incorporated in the future to validate our concept.
In conclusion, this study may represent a pilot test to generate other
EVs-hybrid scaffolds (e.g. EVs hybrid pure titanium scaffold) by us-
ing exosomes from different sources for better tissue regeneration.

Author contribution

All authors made substantial contributions to conception and de-
sign, acquisition of data, or analysis and interpretation of data; took
part in drafting the article or revising it critically for important intel-
lectual content; gave final approval of the version to be published;
and agree to be accountable for all aspects of the work.

Acknowledgments

This work was financially supported by the National Natural Science
Foundation of China (Grant Nos. 31960209 and 31760266), the Scientific
Innovation Foundation for Returned Overseas Chinese Scholars of Guizhou
Province (Grant No. 2018-07), Guizhou Science and Technology Fund
Project (Grant No. Qian Ke He Ji Chu [2020]1Y093), Qian Wei Ji Ban Han
(Grant No. 2017-24), and Academic New Seedlings Cultivation and
Innovation Exploration Project of Zunyi Medical University (Grant No. Qian
Ke He Ping Tai Ren Cai [2017]5733-015).

Supplementary data

Supplementary data are available at REGBIO online.

Conflict of interest statement. The authors declare that they have no conflict

of interest.

References

1. Sloan M, Premkumar A, Sheth NP et al. Projected volume of primary total
joint arthroplasty in the U.S., 2014 to 2030. ] Bone Joint Surg 2018;100:
1455-60.

2. Williams SN, Wolford ML, Bercovitz A. Hospitalization for total knee re-
placement among inpatients aged 45 and over: United States, 2000-2010.
NCHS Data Brief 20155 210:1-8.

3. Huang SL, He XJ, Wang KZ. Joint replacement in China: progress and
challenges. Rheumatology (Oxford) 2012;51:1525-6.

4. LiM, Liu J, Cui X et al. Osteogenesis effects of magnetic nanoparticles
modified-porous scaffolds for the reconstruction of bone defect after bone
tumor resection. Regen Biomater 2019;6:373-81.

5. Wang Q, Huang JY, Li HQ et al. TiO, nanotube platforms for smart drug
delivery: a review. Int | Nanomed 2016;11:4819-34.

6. Zhang Y, Luo R, Tan ] et al. Osteoblast behaviors on titania nanotube
and mesopore layers. Regen Biomater 2017;4:81-7.

7. Tian A, Qin X, Wu A et al. Nanoscale TiO, nanotubes govern the biologi-
cal behavior of human glioma and osteosarcoma cells. Int | Nanomed
2015;10:2423-39.

8. Oh S, Brammer KS, Li YS et al. Stem cell fate dictated solely by altered
nanotube dimension. Proc Natl Acad Sci U S A 2009;106:2130-5.

9. Tao B, Deng Y, Song L et al. BMP,-loaded titania nanotubes coating with
pH-responsive multilayers for bacterial infections inhibition and osteo-
genic activity improvement. Colloids Surf B Biointerfaces 2019;177:
242-52.

10. He J, Guo ], Jiang B et al. Directing the osteoblastic and chondrocytic dif-
ferentiations of mesenchymal stem cells: matrix vs. induction media.
Regen Biomater 2017;4:269-79.

11. Yin K, Wang S, Zhao RC. Exosomes from mesenchymal stem/stromal
cells: a new therapeutic paradigm. Biomark Res 2019;7:8.

12. Zhao J, Li X, Hu J et al. Mesenchymal stromal cell-derived exosomes
attenuate myocardial ischaemia-reperfusion injury through miR-182-
regulated macrophage polarization. Cardiovasc Res 2019;115:1205-16.

13. Nargesi AA, Lerman LO, Eirin A. Mesenchymal stem cell-derived extra-
cellular vesicles for renal repair. Curr Gene Ther 2017;17:29-42.

14. Aslam M, Baveja R, Liang OD et al. Bone marrow stromal cells attenuate
lung injury in a murine model of neonatal chronic lung disease. Am |
Respir Crit Care Med 2009;180:1122-30.

15. Takeuchi R, Katagiri W, Endo S et al. Exosomes from conditioned media
of bone marrow-derived mesenchymal stem cells promote bone regenera-
tion by enhancing angiogenesis. PLoS One 2019;14:0225472.

16. Zuo R, Liu M, Wang Y et al. BM-MSC-derived exosomes alleviate
radiation-induced bone loss by restoring the function of recipient BM-
MSCs and activating Wnt/beta-catenin signaling. Stemz Cell Res Ther
2019;10:30.

17. Wei F, Li M, Crawford R et al. Exosome-integrated titanium oxide
nanotubes for targeted bone regeneration. Acta Biomater 2019;86:
480-92.

18. Wang X, Shah FA, Vazirisani F et al. Exosomes influence the behavior of
human mesenchymal stem cells on titanium surfaces. Biomaterials 2020,
230:119571.

19. Lin W, Xu L, Zwingenberger S et al. Mesenchymal stem cells homing to
improve bone healing. ] Orthop Translat 2017;9:19-27.

20. Hu X, Wang Y, Tan Y et al. A difunctional regeneration scaffold for knee
repair based on aptamer-directed cell recruitment. Adv Mater 2017;29.
Doi: 10.1002/adma.201605235

21. Meng Q, Man Z, Dai L et al. A composite scaffold of MSC affinity
peptide-modified demineralized bone matrix particles and chitosan
hydrogel for cartilage regeneration. Sci Rep 2015;5:17802.

22. Wei F, Li Z, Crawford R et al. Inmunoregulatory role of exosomes de-
rived from differentiating mesenchymal stromal cells on inflammation and
osteogenesis. | Tissue Eng Regen Med 2019;13:1978-91.


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbab010#supplementary-data

Novel extracellular vesicles hybrid titania nanotubes

13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Li M, Wei F, Yin X et al. Synergistic regulation of osteoimmune
microenvironment by IL-4 and RGD to accelerate osteogenesis. Mater Sci
Eng C Mater Biol Appl 2020;109:110508.

Talior-Volodarsky I, Mahou R, Zhang D et al. The role of insulin growth
factor-1 on the vascular regenerative effect of MAA coated disks and
macrophage-endothelial cell crosstalk. Biomaterials 2017;144:199-210.
Purushothaman A. Exosomes from cell culture-conditioned medium: iso-
lation by ultracentrifugation and characterization. Methods Mol Biol
2019;1952:233-44.

Thery C, Witwer KW, Aikawa E et al. Minimal information for studies of
extracellular vesicles 2018 (MISEV2018): a position statement of the
International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. | Extracell Vesicles 2018;7:1535750.

Degosserie J, Heymans C, Spourquet C et al. Extracellular vesicles from
endothelial progenitor cells promote thyroid follicle formation. J Extracell
Vesicles 2018;7:1487250.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive C(T) method. Nat Protoc 2008;3:1101-8.

Fu X, Liu G, Halim A et al. Mesenchymal stem cell migration and tissue
repair. Cells 2019;8:784.

LiuF,Hu S, Wang S et al. Cell and biomaterial-based approaches to uterus
regeneration. Regen Biomater 2019;6:141-8.

Kay AG, Long G, Tyler G et al. Mesenchymal stem cell-conditioned me-
dium reduces disease severity and immune responses in inflammatory ar-
thritis. Sci Rep 2017;7:18019.

Wang X, Omar O, Vazirisani F et al. Mesenchymal stem cell-derived exo-
somes have altered microRNA profiles and induce osteogenic differentia-
tion depending on the stage of differentiation. PLoS One 2018;13:
e0193059.

Liu Y, Ma Y, Zhang J et al. Exosomes: a novel therapeutic agent for carti-
lage and bone tissue Dose 2019;17:
155932581989270.

Tan SHS, Wong JRY, Sim SJY et al. Mesenchymal stem cell exosomes in
bone regenerative strategies-a systematic review of preclinical studies.
Mater Today Bio 2020;7:100067.

Samaeekia R, Rabiee B, Putra I et al. Effect of human corneal mesenchy-

regeneration. Response

mal stromal cell-derived exosomes on corneal epithelial wound healing.
Invest Ophthalmol Vis Sci 2018;59:5194-200.

Puzar Dominkus P, Stenovec M, Sitar S et al. PKH26 labeling of extracel-
lular vesicles: characterization and cellular internalization of contaminat-
ing PKH26 nanoparticles. Biochim Biophys Acta Biomembr 2018;1860:
1350-61.

Kim H, Kang JY, Mun D et al. Calcium chloride enhances the delivery of
exosomes. PLoS One 2019;14:e0220036.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

Wang H, Lin C, Zhang X et al. Mussel-inspired polydopamine coating: a
general strategy to enhance osteogenic differentiation and osseointegra-
tion for diverse implants. ACS Appl Mater Interfaces 2019;11:7615-25.
Nie BE, Long T, Li H et al. A comparative analysis of antibacterial proper-
ties and inflammatory responses for the KR-12 peptide on titanium and
PEGylated titanium surfaces. Rsc Adv 2017;7:34321-30.

Yao SL, Feng X]J, Li WH et al. Regulation of RAW 264.7 macrophages be-
havior on anodic TiO2 nanotubular arrays. Front Mater Sci 2017;11:
318-27.

Ma Y, Zhou Y, Wu F et al. The bidirectional interactions between inflam-
mation and coagulation in fracture hematoma. Tissue Eng Part B Rev
2019;25:46-54.

Xie Y, Hu C, Feng Y et al. Osteoimmunomodulatory effects of biomaterial
modification strategies on macrophage polarization and bone regenera-
tion. Regen Biomater 2020;7:233-45.

Schlundt C, Khassawna TE, Serra A et al. Macrophages in bone fracture
healing: their essential role in endochondral ossification. Bone 2018;106:
78-89.

Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and in-
flammatory conditions. Nat Rev Rheumatol 2012;8:133-43.

Wang X, Friis TE, Masci PP et al. Alteration of blood clot structures by
interleukin-1 beta in association with bone defects healing. Sci Rep 2016;
6:35645.

Liu H, Liang Z, Wang F et al. Exosomes from mesenchymal stromal cells
reduce murine colonic inflammation via a macrophage-dependent mecha-
nism. JCI Insight 2019;4.

He X, Dong Z, Cao Y et al. MSC-derived exosome promotes M2 polariza-
tion and enhances cutaneous wound healing. Stem Cells Int 2019;2019:
7132708.

Su P, Tian Y, Yang C et al. Mesenchymal stem cell migration during bone
formation and bone diseases therapy. Int | Mol Sci 2018;19:2343.
Medhat D, Rodriguez CI, Infante A. Inmunomodulatory effects of MSCs
in bone healing. Int ] Mol Sci 2019;20:5467.

Tsiridis E, Upadhyay N, Giannoudis P. Molecular aspects of fracture heal-
ing: which are the important molecules? Injury 2007;38:511-25.
Sanghani-Kerai A, Coathup M, Samazideh S et al. Osteoporosis and age-
ing affects the migration of stem cells and this is ameliorated by transfec-
tion with CXCR4. Bone Joint Res 2017;6:358-65.

Dong X, Wang X, Xing M et al. Inhibition of the negative effect of high
glucose on osteogenic differentiation of bone marrow stromal cells by sili-
con ions from calcium silicate bioceramics. Regen Biomater 2020;7:9-17.
Li R, Chen C, Zheng RQ et al. Influences of huceMSC-exosomes on VEGF
and BMP-2 expression in SNFH rats. Eur Rev Med Pharmacol Sci 2019;
23:2935-43.





