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Background: Current drugs used for osteoporosis therapy show strong adverse effects.
Stem cell-derived extracellular vesicles (EVs) provide another choice for osteoporosis
therapy. Mouse mesenchymal stem cells (mMSCs)-derived EVs promote bone regeneration;
however, their clinical application is limited due to non-specific tissue targeting. Alendronate
specifically targets bone tissue via hydroxyapatite. Therefore, EVs were combined with
alendronate to generate Ale-EVs by “click chemistry” to facilitate EVs targeting bone via
alendronate/hydroxyapatite binding.

Methods: Ale-EVs were characterized based on size using dynamic light scattering analysis
and morphology was visualized by transmission electron microscopy. Hydroxyapatite affinity
of Ale-EVs was detected by flow cytometry. Bone targeting of Ale-EVs was tested by ex
vivo fluorescent imaging. Cell viability was assessed by using WST-8 reduction assay kit for
testing the ability of Ale-EVs to promote mMSCs proliferation. Alkaline phosphatase
experiment was used to detect ability of Ale-EVs to promote differentiation of mouse
mesenchymal stem cells in vitro. Western blotting and Q-PCR assay were used to detect
the early marker of osteogenic differentiation. Antiosteoporotic effects of Ale-EVs were
detected in ovariectomy (OVX)-induced osteoporosis rat model. The safety of the Ale-EVs
in vivo was measured by H&E staining and serum markers assay.

Results: In vitro, Ale-EVs had high affinity with hydroxyapatite. Also, ex vivo data
indicated that Ale-EVs-DiD treatment of mice induced strong fluorescece in bone tissues
compared with EVs-DiD group. Furthermore, results suggested that Ale-EVs promoted the
growth and differentiation of mouse MSCs. They also protected against osteoporosis in
ovariectomy (OVX)-induced osteoporotic rats. Ale-EVs were well tolerated and no side
effects were found, indicating that Ale-EVs specifically target bone and can be used as a new
therapeutic in osteoporosis treatment.

Conclusion: We used the Ale-N3 to modify mouse mesenchymal stem cells-derived extra-
cellular vesicles by copper-free “click chemistry” to generate a Ale-EVs system. The Ale-
EVs had a high affinity for bone and have great potential for clinical applications in
osteoporosis therapy with low systemic toxicity.

Keywords: extracellular vesicles, EVs, mesenchymal stem cells, MSCs, bone-targeting,
osteoporosis, click chemistry

Background

With the development of society and the increase of average life expectancy,
osteoporosis (OP) has become one of the most common chronic diseases in today’s
society.! Many studies have shown that OP can adversely affect the healing of
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mandible fractures and defects, and delay bone healing.”
Besides, OP is closely related to the effect of dental
implant restoration. It has been reported that the bone
resorption around implants in OP patients is significantly
higher than those with normal bone density within five
years after implantation and repair. Temmerman confirmed
that the five-year survival rate of implants in OP patients is
lower than that in the normal group.®” Therefore, effec-
tive treatment of OP can not only improve the quality and
efficiency of bone healing in OP patients, but also shorten
the time of osseointegration.

At present, the drugs of OP mainly include bone
resorption inhibitors (such as bisphosphonates, estrogen,
selective estrogen receptor modulators and calcitonin);
bone formation promoter (such as parathyroid hormone
analogs) and others (such as vitamin K, active vitamin
D and its analogs).®'® Alendronate (Ale) is the most
widely used first-line anti-OP drugs, it contains
a P-C-P group of the pyrophosphate analog, which speci-
fically binds to bone surface through a high affinity with
hydroxyapatite to inhibit bone resorption by suppressing
osteoclast function."' However, the drug has side effects
and may cause oesophagitis and gastrointestinal
discomfort.'? Therefore, it is very important to find more
safe and effective drugs for OP. With the development of
regenerative medicine, exosomes (extracellular vesicles,
EVs) provide a new choice for OP therapy.

EVs can transport proteins and nucleic acids. They
can be separated to apoptotic bodies, intermediate-sized
microvesicles, and exosomes according to sizes.
Exosomes are the most studied EVs that can be secreted
by many types of cells."*'> Exosomes participate in
a variety of physiological and pathological processes,
such as angiogenesis, tissue regeneration, and regulating
wound healing by carrying biologically active molecules
such as proteins and lipids, as well as mRNA and
microRNA.'® Hu’s team studied the effects of EVs in
umbilical cord blood (UCB) for elderly OP, the results
showed that intravenous injection of EVs from UCB
into aged male C57BL/6 mice for 2 months could
reduce bone loss. Computed tomography (CT) results
showed an increment of trabecular and cortex bone
mass. Study showed that miR-3960, highly enriched in
EVs of UCB, affects osteoblastic differentiation of bone
marrow stem cells (BMSCs)."” There are also reports
showed that mesenchymal stem cells (MSCs)-derived
EVs had good potential for the treatment of OP.'*

However, natural EVs do not specifically target bones,

which greatly limits their clinical application. So, how
to effectively use EVs to promote osteogenesis and
improve their bioavailability is an important research
direction.

Bone-targeting drug molecules target bone. However, it
is difficult to couple these bone-targeted small molecules
to the surface of drug carriers under normal conditions. As
an efficient and convenient chemoselective conjugation
method under gentle conditions, “click chemistry” can
solve this problem.'” The “click chemical“ reaction is
mild, easy to operate and easy to purify products with no
harmful by-products. It’s commonly used in synthesis of
functional polymers, cell markers, and biomedical
synthesis.?>*' Stefanucci Azzurra’s team reported a new
enkephalin analogue with great analgesic, which was con-
structed via “click chemistry”;** Lee’s team used copper-
free “click chemistry” to combine growth factors with
collagen.” “Click chemistry” is a powerful synthetic tool
in the discovery of new drugs.**

In this study, we modified the Ale molecule with an
azide group (N3), and modified the membrane surface of
EVs with an alkynyl (DBCO) group using a commercial
linker. Then, Ale-N3 and EVs-DBCO were coupled by
“click chemistry”. Finally, the Ale-EVs complex was con-
structed (Figure 1A). We then assessed the bone targeting
ability of Ale-EVs. Results showed that Ale-EVs pro-
moted growth and differentiation of mouse MSCs
in vitro and protected against osteoporosis in vivo, sug-
gesting that Ale-EVs could be a new therapeutic for

0steoporosis.

Materials and Methods

Materials

Dynabeads® was obtained from Life Technologies;
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-
ulfophenyl)-2H-tetrazolium, monosodium salt (WST-8)
reduction assay kit was purchased from Dojindo
Molecular Technologies; Anti-Coll Al (sc-293182), Anti-
RUNX-2 (sc-10758) were from Santa-Cruz; Alendronic
acid (CAS: 66376-36—-1) was purchased from Aladdin
(China); NaOH was from Sigma Aldrich (USA);
Acetonitrile (ACN, HPLC grade) was purchased from
Tianjin Concord Technology Co., Ltd; azidobutyric acid
NHS ester was purchased from Lumiprobe Corporation;
DBCO-PEG4-NHS ester was from Click Chemistry
Tools (USA);
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Figure | Ale-EVs generation and characterization. (A) Synthesis of Ale-EVs. (B) Analysis of the N3-Cy5.5 conjugation with EVs. EVs were conjugation with N3-Cy5.5 via
“Click Chemistry”. Cy5.5-EVs were captured by Dynabeads and fluorescence was analyzed. (C) TEM observation of Ale-EVs showed intact (30-200 nm) (Arrows: Ale-EVS).
(D) Size distribution of Ale-EVs analyzed by DLS. The peak diameter was at 53.7nm.
Abbreviations: Ale, alendronate; EVs, extracellular vesicles; DLS, dynamic light scattering.

Cells

Mouse MCSs (mMSCs) were obtained from ATCC, and
cultured in RPMI 1640 (Invitrogen, CA) with 10% fetal
bovine serum (FBS) (Invitrogen, CA) and Pen/strep at 37°C.

Synthesis of Azido-Ale

Alendronate disodium salt (293mg) was dissolved with
PBS (15 mL). The aqueous solution was then cooled in
an ice water bath, and mixed with a solution of azidobu-
tyric acid NHS ester (226.2 MW) in acetonitrile (ACN)
(14 mL, 0.267 mol). The mixture was kept at 25°C with
stirring for 2 hours and directly purified with reversed-
phase high performance liquid chromatography (RP-
HPLC) (Waters XTERRA Prep MS C8 OBD column, 5
pm, 19x150 mm), flow rate 10 mL/min, 214 nm UV.

Buffer A: 0.1% trifluoroacetic acid (TFA)/H20. Buffer
B: 0.1% TFA/ACN. Gradient: 100% buffer A, run 6 min;
100% buffer B, 1 min; 100% buffer B, 5 min. 100% buffer
A, 1 min. 100% buffer A, 5 min. Then the collected eluent
was lyophilized to obtain a colorless (or off-white) solid
product. The identity of the product was verified by Orbi-
trap ESI MS (negative mode): Found 359.05 (M-H)-.
Calculated: 359.05 (M-H)-.

Isolation and Purification of EVs

The mMSCs were cultured in RPMI1640 with 10% FBS.
FBS was centrifuged at 120,000g for 2 hours to remove
the EVs. Cell culture medium was collected and spun at
300 g for 15min to discard the dead cells, impurities and
other pellet. The mMSCs supernatant was centrifuged at
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2000g for 15 min. The supernatant was collected and
centrifuged at 10,000g for 2 hours. The supernatant was
centrifuged at 100000 g for 70 min again. The superna-
tants were removed and EVs pellets were re-suspended
in PBS.

Synthesis and Characterization of Ale-EVs
Ale-EVs were synthesized through conjugation of Ale-N3
and EVs-DBCO via copper catalyzed acetylene-azide
cycloaddition reaction. First, DBCO-PEG4-NHS ester
was used to add DBCO functional group to EVs’ surface
through a reaction of NHS ester with amine group (NH2)
of EVs membrane protein. Freshly prepared alkaline PBS
(pH 8.8), and appropriate amount of DBCO-PEG4-NHS
ester solution and EVs solution (molar ratio = 10:1) were
incubated overnight at room temperature (RT) in the dark
with rotation to form an EVs-DBCO compound. The EVs-
DBCO was placed in a 50KD ultrafiltration tube and
centrifuged at 10000g for 30 minutes. After centrifugation,
-DBCO compounds were collected and diluted with PBS.
Ale-N3 solution was added at a molar ratio of 10:1 to EVs,
incubated overnight at RT in the dark with rotation. The
solution was removed into the S0KD ultrafiltration tube
and centrifuged at 10000 g for 30 minutes to remove the
uncoupled small molecules and to obtain the Ale-EVs
compounds.

Transmission Electron Microscopy

Ale-EVs (15 pg) were fixed with 4% PFA for 30min at RT,
dispersed using ultrasonic bath for 2 min, vortexed, dried
on UV-treated grids, stained with uranyl acetate (2%) for
15min, and observed by TEM (Philips Tecani 10,
Netherlands).

In vitro Bone Targeting of Ale-EVs
Fluorescence staining was performed in Ale-EVs and EVs
at RT in the dark. The two kinds of particles were mixed
with DiD dye for 20 minutes. After incubation, the super-
natant was placed in a S0KD ultrafiltration tube and cen-
trifuged at 10000 g for 30 min to get Ale-EVs-DiD and
EVs-DiD. Equal amount of Ale-EVs or EVs was com-
bined with appropriate amount of hydroxyapatite beads for
2 hours. Then, these mixtures were centrifuged at 1500
g for 5 min. Particles were re-suspended in PBS, centri-
fuged again at 1500 g for 5 min, and re-suspended in 300
uL of PBS flow cytometry analysis.

In vivo Bone Targeting of Ale-EVs
Ale-EVs-DiD (150 pg of EVs) was given to nude mice by
tail vein injection. After 6 hours, DiD fluorescence was
analyzed using In-Vivo Xtreme (Bruker, Germany) six
hours later. DiD fluorescence in heart, liver, lung, spleen,
kidney, intestine and bone tissues were also measured and
analyzed using MI SE software (Bruker).

ALP Staining Experiment

Alkaline phosphatase (ALP) is an important indicator for
detecting osteogenic differentiation of mMSCs. In this
study, different types of mixtures were used to treat
mMSCs plated on cell culture plates. The ALP staining
was used to test whether different groups of Ale-EVs had
the ability to induce osteogenic differentiation. mMSCs
were lysed and centrifuged at 12,000 g for 10 min, fol-
lowed by ALP activity assay (Beyotime, shanghai, China).
After incubation at 37°C for 30 minutes, termination solu-
tion was added and the activity of ALP was measured at
405nm.

Q-PCR Assay

RNAs were extracted using Trizol (Invitrogen) and quanti-
fied using NanoDrop-2000 (Thermo, USA). cDNA was
synthesized by SuperScript II kit (Invitrogen). SYBR Green
Mastermix (ABI, USA) was used for Q-PCR. Primers were:
18s rRNA-Forward: GTAACCCGTTGAACCCCATT, and
18s-Reverse: CCATCCAATCGGTAGTAGCG,” COLI-
Al-Forward: ACATGTTCAGCTTTGTGGACC, and
COL1-Al-Reverse: AGGTTTCCACGTCTCACCAT,
RUNX-2-Forward: CCGAGCTACGAAATGCCTCT, and
RUNX-2-Reverse: GGACCGTCCACTGTCACTTT."®
Each experiment was repeated 3 times. Fold change was
calculated using Ct (2—AACt).%°

Western Blot Analysis

Proteins of treated cells were extracted using RIPA buffer
and quantified by a BCA kit (Promega). Same amounts of
denatured proteins were separated by SDS-PAGE and
transferred to PVDF membranes. Membranes were
blocked with 6% non-fat milk and incubated with primary
antibodies (anti-RUNX-2,anti-Coll A1 or anti-GAPDH)
for 12 hours at 4°C, followed by incubation with HRP
conjugated secondary antibodies for 1 hour and visualiza-
tion with an ECL kit. Image-Pro 6.0 was used for image

analysis (Media Cybernetics, USA)
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Cell Viability Assay Using WST-8
Reduction Assay Kit

mMSCs were cultured in a 96-well plate (1.5 x 10° cells/
well) for 24 hours. Culture medium was replaced with
reagents and incubated for 2 days. WST-8 was loaded
and incubated for 2 hours before measuring optical density
at 450nm by a microplate reader.

Construction and ldentification of Rat

Model of Osteoporosis

Fifty 6-month-old female Sprague Dawley (SD) rats
(body weight: 300-350 grams) were used for this
study. All rats were randomly divided into five groups
(n = 10): PBS, Ale, EVs, Ale-EVs and Control groups.
Before surgery, all rats were fasted for 8 hours and
anesthetized by intraperitoneal (IP) injection of sodium
pentobarbital (50 mg/kg). The skin around the midline
of the abdomen was shaved and disinfected. Linear
incisions were made on bilateral skin of lumbar verteb-
rae. Bluntly dissecting the muscles and the peritoneum
were bluntly dissected to expose the ovary. Then, bilat-
eral ovaries together with some fat tissue were gently
removed from rats in PBS group, Ale group, EVs group
and Ale-EVs groups to establish the osteoporosis model,
while the rats in the Control group only removed some
adipose tissue around the ovary as controls. Finally, the
tissue was repositioned, the abdominal muscle tissue and
skin were sutured carefully, and penicillin was injected
(40,000 IU/mL,
Twelve weeks after surgery, 3 rats were selected from

1 mL/kg) for 3 consecutive days.

each group to evaluated the establishment of osteoporo-
sis model by micro-CT analysis of distal femur and
detection of serum estrogen concentration.

Micro-CT Analysis

A micro-CT (uCT50; Scanco Medical, Briittisellen,
Switzerland) was used for this study. Briefly, 100 slices
with a voxel size of 10 pm were scanned in the region of
the distal femur, beginning at the growth plate and extend-
ing proximally along the femur diaphysis. Eighty contin-
uous slices beginning at 0.1 mm from the most proximal
aspect of the growth plate in which both condyles were no
longer visible were selected for analysis. After 3D recon-
struction, bone mineral density (BMD), bone volume frac-
tion (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th) and trabecular separation (Tb.Sp) were
automatically determined to confirm the osteoporotic

model, while the BMD and BV/TV values in the defect
regions were used to evaluate new bone formation using
the auxiliary software (Scanco).

Statistics

Data are presented as Mean + SD. All statistical analyses
were performed using GraphPad Prism 8.0.2 (GraphPad
Software, San Diego, CA, USA). Statistical differences
between two groups were analyzed using Student’s ¢-test.
Differences among multiple groups were analyzed using
ANOVA. A P value less than 0.05 was defined as statisti-
cally significance.

Results
Synthesis and Characterization of
ALE-EVs

EVs were isolated from culture supernatants of BM-
MSCs. N3-Ale and EVs were coupled using copper-
free “click chemistry” approach (Figure 1A). First, in
order to let EVs have a DBCO functional group, the
compound DBCO-PEG-NHS was decorated on the sur-
face of EVs through reaction of NHS ester functional
group with amine group (NH2) of EVs membrane
protein. Then, N3-Ale (Supplementary Figures S1 and

S2) reacted with the DBCO group via copper-free
“click chemistry”. To confirm the successful conjuga-
tion of the N3 with the DBCO, Cy5.5-N3 was used.
Next, we captured the Cy5.5-conjugated EVs by
Dynabeads® with CD63 antibody and measured fluor-
escence signal of the beads by confocal fluorescence
microscopy. Results showed that the beads with Cy5.5-
EVs had strong red fluorescence signal, but the beads
with DBCO-EVs has no fluorescence signal (Figure
1B). This indicated that Cy5.5-N3 successfully bound
to EVs membrane. N3-Ale was bound to EVs mem-
brane using the same method. Ale-EVs were spherical
and intact under TEM (Figure 1C). Dynamic light
scattering (DLS) showed that the average diameter of
Ale-EVs was 53.7nm (Figure 1D).

Bone Targeting of Ale-EVs

Ale has a high affinity with hydroxyapatite (HA), which is the
main component of bone matrix. To determine whether Ale-
EVs binds HA beads, Ale-EVs stained with DiD (red fluores-
cence) were incubated with the hydroxyapatite beads. EVs
stained with DiD was used as a control. As expected, flow
cytometry results showed that the HA beads with Ale-EVs
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Figure 2 Bone targeting of Ale-EVs. (A) Binding of Ale-EVs-DiD with HA beads detected by flow cytometry. Ale-EVs or EVs were loaded with DiD and then incubated with
the HA beads at RT for 30 minutes. The result showed that the fluorescent signal was relatively stronger in HA beads incubated with Ale-EVs-DiD. (B) Ex vivo fluorescent
images of major mouse organs at 6 hour after injection with 150 pg of Ale-EVs-DiD, EVs-DiD or PBS. In Ale-EVs-DiD group, bone tissues had stronger fluorescence signals.
In EVs-DiD group, bone tissues had relatively weaker fluorescence signal. (C) Fluorescence quantification. All data presented as means * SE, n=3 per group.
Abbreviations: Ale, alendronate; EVs, extracellular vesicles; HA, hydroxyapatite; DiD, |,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate; RT, room
temperature.

-DiD had a much stronger fluorescent signal than the HA Safety of Ale-EVs

beads with EVs-DiD (Figure 2A). To measure bone- Possible heart, liver and kidney damages by Ale-EVs were
targeting ability of Ale-EVs, the Ale-EVs and EVs stained  monitored. BALB/c mice received PBS or Ale-EVs (150-
by DiD were injected (iv) into nude mice (2 months old). PBS Mg EVs per dose, iv) every other day for 2 weeks.

was used as control. Ale-EVs-DiD and EVs-DiD were tracked ~ Hematoxylin and eosin staining were used to monitor
tissue damage. No obvious tissue damage was found

(Figure 3A).

Serum levels of creatine kinase MB isoenzyme (CK-
MB) and blood urea nitrogen (BUN) were also tested
for heart toxicity and kidney toxicity. No significant

by in vivo imaging at 6 hours after injection. Ex vivo fluor-
escent imaging results showed that bones from Ale-EVs-DiD
group had stronger fluorescent signals than that of EVs-DiD
group (Figure 2B and C).
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Figure 3 Safety test of Ale-EVs. (A) H&E staining (Scale bar = 100 um). (B) Levels of CK-MB and BUN. (C) Levels of TNF-a and INF-o. All data presented as means # SE,
n=6 per group.

Abbreviations: Ale, alendronate; EVs, extracellular vesicles; CK-MB, creatine kinase-MB isoenzyme; BUN, blood urea nitrogen; NS, no significant. Difference noted
between the 2 treatment groups.
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difference was found between Ale-EVs group and PBS
group (Figure 3B).

To assess possible immuno-responses caused by Ale-
EVs, levels of INF-a and TNF-a were measured. Ale-EVs
did not affect INF-a levels (Figure 3C), indicating that
Ale-EVs are not toxic for in vivo therapy.

Biological Function of Ale-EVs in vitro
After observed with no toxicity of mice treated with
Ale-EVs, we assessed effects of Ale-EVs on cell growth
and differentiation. Ale-EVs, EVs, Ale and PBS were
incubated with mMSCs for 48 h followed by measure-
ment of cell growth. Ale-EVs and EVs promoted cell
growth compared with PBS (Figure 4A). Ale treatment
did not affect viability.

Next, we incubated Ale-EVs, EVs, Ale and PBS with
mMSCs for 7days and 14 days, respectively. And then the
early marker of osteogenic differentiation was measured
by ALP activity assessment. The results showed that the
OD values of Ale-EVs, EVs and Ale group were higher
than the control group (Figure 4B). We also assessed the
levels of bone-related mRNA and protein levels and
proved that levels of COL1 and RUNX-2 treated with Ale-
EVs and EVs were remarkably increased compared with
Ale and PBS groups (Figure 4C and D).

A
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[ RUNX-2
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[sy)

Antiosteoporotic Effects of Ale-EVs

in vivo

To investigate the potential application of Ale-Evs in OP
therapy, an ovariectomy (OVX)-induced osteoporosis rat
model was established. Ale-Evs were administered to OVX
rats by tail vein injection. The rats were randomly separated
to 4 groups (n = 4) to receive PBS, Ale, EVs, or Ale-EVs by
tail vein injection. Rats were treated (EVs per dose, 750 pg,
iv) twice a week for a total of 16 injections. Micro-CT results
showed that bone microarchitecture and bone mass was much
better in Ale-EVs group (Figure 5A and B). BV/TV values
were markedly higher in Ale-EVs group (Figure 5C).
Besides, trabecular thickness and trabecular number in distal
femora were increased and trabecular spacing were decreased
in Ale-EVs group (Figure 5D). These results suggested Ale-
EVs promote bone regeneration in osteoporotic conditions.

Discussion

Alendronate is a bisphosphonate that binds with hydro-
xyapatite crystals in bone to reduce osteoclast-mediated
bone resorption and reduce bone matrix destruction.'? Tt
has some side-effects such as osteonecrosis of the jaw,?’
oral mucosa ulcerations,”® synovitis,29 arthritis®® and GI
symptoms.'? Using nano-carriers as drug delivery system
(DDS) has been shown to prolong the drug cycle time and
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Figure 4 Antiosteoporosis efficacy of Ale-EVs in vitro. MMSCs were incubated with PBS, Ale, EVs and Ale-EVs (300 pg/mL, equal to free EVs). After 48 hours, Ale-EVs and
EVs promoted cells growth. (A) ALP assay on Day |4 post-treatment. Ale-EVs and EVs significantly promoted cells ALP activity. (B) RUNX-2 and COLI expression at
mRNA level (C) and protein level (D). Ale-EVs and EVs promoted expression of RUNX-2 and COLI remarkably. All data presented as means * SE, n=6 per group. *P <

0.05; **P < 0.01.

Abbreviations: Ale, alendronate; EVs, extracellular vesicles; ALP, alkaline phosphatase.
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Figure 5 Antiosteoporosis efficacy of Ale-EVs in vivo. (A) 3-D trabecular architecture (bars | mm). (B) BMD in distal femora. (C) BV/TV in distal femora. (D) Tb.Th, Tb.Sp
and Tb.N in distal femora. All data presented as means + SE, n=6 per group. *P < 0.05; **P < 0.01.
Abbreviations: BMD, bone-mineral density; BV, bone volume; TV, total volume; Tb.Th, trabecular thickness; Tb.Sp, Tb spacing; Tb.N, Tb number.

reduce the dosage and side effects of alendronate drugs.
For instance, peptide-based nanoparticles®®  and
hydrogels®” are currently being used for drug delivery
due to their ease of tunability. In this study, we used
a similar method to generate Ale-EVs nanoparticle sys-
tems. Ale was coupled to the surface of EVs to serve as
a bone-targeting ligand. Because of the low content of Ale
coupled to the surface of EVs, its side effects were greatly
reduced. The anti-osteoporosis effect of free Ale was not
obvious due to the low content (Figure 5). It could be
possible to get a better anti-osteoporosis effect of Ale-
EVs if the coupling amount of Ale was increased.

It has been reported that MSC-derived exosomes and
microparticles could stimulate the repair and regeneration
of tissues such as kidney, heart, and bone.**7 Exosomes
contain functional mRNAs, IncRNA, tRNA and miRNAs,
as well as proteins. In addition, these contents play
a positive role in osteogenic differentiation and prolifera-
tion. It is reported that the osteoporotic phenotype of Fas-
deficient MRL/Ipr mice can be rescued by MSC-derived
exosomal Fas protein.*® Moreover, microRNAs in MSC-

derived exosomes have been shown to play an important

role in MSC-mediated angiogenesis.”” Data also indicated
that exosomes derived from mesenchymal stem cells can
promote cell proliferation, osteogenic differentiation and
bone formation both in vitro and in vivo.***! Our study
indicated that mMSCs-derived EVs promoted cell growth
and triggered osteogenic differentiation in vitro (Figure 4).
It indicated that the MSCs-derived EVs had the promising
applications in reducing the side effects of Ale. In our
study, alendronate was conjugated to the membrane sur-
face protein of EVs through “click chemistry” approach
(Figure 1A), and results showed that EVs bone-targeting
ability was improved (Figure 2). By this way, we success-
fully combined the advantages of MSCs-derived EVs and
alendronate for osteoporosis therapy (Figure 1A). As EVs
are widely used for drug delivery,”® it is important to
confer EVs specific tissue targeting ability. We provided
a new method to modify EVs’ surface membrane for
targeting ligand modification. The earliest targeted deliv-
ery strategies for EVs were mainly based on the fusion of
targeted ligands with EV membrane proteins such as
lamp2b.**™*° But this strategy is time-consuming and
Some Lamp2b fusion targeting ligands are easy to
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degrade, thus affecting their function.*® Along with these,
another non-covalent modification strategies are also being
studied such as multivalent electrostatic interactions,*’**
ligand-receptor interactions,*® hydrophobic interactions,>
aptamer based surface modification®' and modification by
anchoring CP05 peptide.’>® This method of non-covalent
bond modification is a challenge to the stability between
ligands and EVs in a complex environment in vivo. The
covalent binding method through click chemistry is effec-
tive and will not cause EVs membrane destruction or EVs
aggregation due to reaction conditions. Tang team also
prepared the functional EVs of RGE peptides by clicking
the chemical reaction.’* In addition, this method can also
be used to load small molecular drugs instead of the
previous inefficient methods method such as electropora-
tion, extrusion, sonication, incubation, freeze-thaw.”>>°
In addition, Ale-EVs could be used as a bone-target
delivery system. We can enrich mMSCs-derived EVs with
mRNAs or proteins to treat osteoporosis by genetic engi-

57-59

neering technology, and strengthen the anti-

osteoporosis effect of Ale-EVs. Besides, we also could

36:60 small

load other drugs such as nucleic acid drugs,
molecule drugs®' into the target-delivery system to achieve
the purpose of combined treatment of osteoporosis.
Although we successfully assessed the bone targeting
ability of Ale-EVs, there are a few issues that need to be
addressed in future studies. First, due to the complexity
of EVs and the lack of detectable markers on Ale, we
cannot directly prove that Ale is coupled to the surface
of EVs, nor can we calculate the amount of coupling.
Therefore, we used Cy5.5-N3 to couple to the surface of
EVs, it is easy to be detected because of the special
fluorescent signal of Cy5.5. It proved that the com-
pounds containing N3 groups could effectively couple
with EVs-DBCO (Figure 1A and B). This result indir-
ectly proved that Ale-N3 could couple to the surface of
EVs-DBCO. Extra experiments are needed to directly
prove the method of surface coupling between Ale-N3
and EVs-DBCO, and to quantify Ale on the EVs surface.
Second, alendronate is known to enhance bone quality
by inhibiting osteoclasts. In our study, the Ale of Ale-
EVs is used as a bone-targeting ligand to give EVs bone
targeting ability. However, whether Ale-EVs has an inhi-
bitory effect on osteoclasts needs to be further studied.

Conclusion
Taken together, Ale-N3 was used to modify mMSCs-
derived EVs to generate Ale-EVs. Ale-EVs showed

a high affinity for bone with low toxic effect. Therefore,
Ale-EVs could be used in the treatment of osteoporosis.
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