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Biomimetic bone regeneration methods which demonstrate both clinical and manufacturing
feasibility, as alternatives to autogenic or allogenic bone grafting, remain a challenge to the field of
tissue engineering. Here, we report the pro-osteogenic capacity of exosomes derived from human
dental pulp stem cells (hDPSCs) to facilitate bone marrow stromal cell (BMSC) differentiation and
mineralization. To support their delivery, we engineered a biodegradable polymer delivery
platform to improve the encapsulation and the controlled release of exosomes on a tunable time
scale from poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG) triblock
copolymer microspheres. Our delivery platform integrates within three-dimensional tissue
engineering scaffolds to enable a straightforward surgical insertion into a mouse calvarial defect.
We demonstrate the osteogenic potential of these functional constructs /n vitroand in vivo.
Controlled release of osteogenic hDPSC-derived exosomes facilitates osteogenic differentiation of
BMSCs, leading to mineralization to a degree which is comparable to exogenous administration of
the same exosomes in human and mouse BMSCs. By recruiting endogenous cells to the defects
and facilitating their differentiation, the controlled release of osteogenic exosomes from a tissue
engineering scaffold demonstrates accelerated bone healing /n vivo at 8 weeks. Exosomes
recapitulate the advantageous properties of mesenchymal stem/progenitor cells, without
manufacturing or immunogenic concerns associated with transplantation of exogenous cells. This
biomaterial platform enables exosome-mediated bone regeneration in an efficacious and clinically
relevant way.
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1. Introduction

Annually, over $21 billion is spent on the treatment of bone fractures in the United States,
impacting about one million patients annually, where over half experience delayed healing
or nonunion [1]. Physical impairments resulting from bone injury can lead to significant
morbidity and socio-economic cost. Critical sized bone defects which do not heal
spontaneously require surgical intervention to prevent potentially debilitating implications.
In these critical-sized defects endogenous cells require exogenous guidance to bridge a
defect and replace substantial bone loss, in the forms of biologic cues and an artificial matrix
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[2]. The goal of bone tissue engineering is to design a trajectory by which these large defects
heal to restore the tissue’s function [3, 4]. Bone grafting is considered the current clinical
standard for treating large defects, with limitations [5]. Autografts struggle to provide
adequate amounts of bone which can be harvested and lead to donor site discomfort and
morbidity. Allografts have pathogenic concerns, reduced structural integrity from
commercial processing, and ethical concerns with cadaver bone use [6]. Significant progress
in the field of bone tissue engineering has been made in recent years to design bone-grafting
alternatives. Transplantation of mesenchymal stem/progenitor cells has been demonstrated to
enhance bone formation [7]. However, the rate of clinical translation of these therapies is
low due to manufacturing and regulatory concerns, scalability, immunogenicity of grafts and
constructs, efficacy, safety, and cost [8]. We aim to design a three-dimensional tissue
engineering construct which recapitulates the advantageous properties of transplanted stem/
progenitor cells while circumventing translational hurdles associated with cell-based
therapies, through the local, controlled release of stem/progenitor cell-derived exosomes
(EXOs) and extracellular vesicles (EVs) to guide bone regeneration.

Cell-derived EXO/EVs, as well as synthetic liposomes, have received considerable
consideration for therapeutic applications across a number of diseases and clinical
indications. Exosomes are lipid bilayer-bound vesicles with diameters in the range of 50—
150 nm and expressing a set of specific surface markers [9-11], which play important roles
in autocrine and paracrine signaling [12, 13]. Since the goal of this work was to develop
delivery systems for EXO/EVs instead of studying properties specific to pure exosomes, for
description simplicity we use the term “exosomes (EXOs)” loosely to include EXOs and
similar sized EVs throughout this manuscript. EXOs carry proteins and RNA, including
microRNAs (miRNAs), which are characteristic of their donor cell identity and culture
microenvironment [14, 15]. Similar to stem cells, EXOs have shown important therapeutic
potentials in cardiac disease, neurogenesis, osteochondral defect and tooth tissue repair [11,
16-18]. Advantageously, EXOs have a better safety profile than stem cells in terms of
tumorigenicity and immunogenicity [17, 19]. Clinically, exosome administration is limited
to intravenous infusion or direct injection. Exosomes circulate the body rapidly and
accumulate in the liver and spleen [20], requiring a high dose to reach therapeutic efficacy.
Additionally, there is risk of off-target effects and short duration of any benefits. In order to
realize the advantageous properties of stem cell-derived exosomes, a delivery platform is
required for their efficient therapeutic delivery in a clinically and biologically relevant
manner

Drug delivery systems allow for controlled release kinetics, single administration instead of
routine dosing, reduced circulating drug concentration, and improved patient compliance in
the clinical setting [21]. Poly(lactic-co-glycolic acid) (PLGA), a synthetic biodegradable
copolymer, is widely used in controlled release systems because of its tunable degradation
rate and safe degradation biproducts [22]. The double emulsion technique is the most well-
known method to encapsulate proteins and hydrophilic small molecules in polymeric
microspheres [23]. An important consideration in developing controlled release platforms
for complex biologics is maintaining their integrity and bioactivity throughout encapsulation
and release. Recent progress in the field of drug delivery has led to the development of
controlled release systems for small molecules, proteins, and plasmids [24-26]. To fill space
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in a large bony defect, a tissue engineering scaffold serves as an artificial matrix to retain
and organize cells. Previously our lab has developed nanofibrous, microporous tissue
engineering scaffolds from poly(L-lactic acid) (PLLA) [27, 28]. Nanofibers which mimic the
native extracellular matrix are fabricated by a thermally induced phase separation process;
interconnected macropores are made using a sugar sphere porogen. The high surface area
and porosity of these three-dimensional constructs are ideal for functionalizing their surface
with a delivery modality [29], yielding a three-dimensional implantable construct.

The ideal exosome-delivery solution which demonstrates a high administration efficacy
would allow for local and controlled release of exosomes, protecting their bioactivity. We
hypothesize that a scaffold with an integrated delivery system for osteogenesis-inducing
exosomes is sufficient to attract resident cells and cause their differentiation towards
endogenous bone repair, without the need for transplanted stem cells. In this study, a
biodegradable platform technology for the controlled release of stem cell-derived exosomes
is developed and validated. Stem/progenitor cells from dental and craniofacial tissue are
conveniently obtainable and have been shown to regenerate mineralized dental tissues [30-
33]. We hypothesize that exosomes derived from dental pulp stem cells are also osteogenic
and can be utilized to facilitate bone regeneration. Human dental pulp stem cell-derived
exosomes are delivered using triblock copolymer microspheres immobilized on a
nanofibrous PLLA scaffold to a critical size mouse calvarial bone defect /n vivoand result in
bone regeneration, without the need for transplantation of exogenous stem cells.

2. Materials and Methods

2.1. Materials

Polyethylene glycol (M,, = 1,000 g/mol), methyl-polyethylene glycol (Myy = 1,000 g/mol),
a-bromoisobutyryl bromide (BIBB), polyvinyl alcohol (PVA) (Aldrich); L-lactide
(Altasorb); glycolide, stannous octanoate (Sn(Oct),), 2-hydroxyethyl methacrylate (HEMA),
azobisisobutyronitrile (AIBN) triethylamine (TEA), copper (1) bromide (CuBr), N,N,N",N
” N”-pentamethyldiethylenetriamine (PMDETA), Span80, ethyl acetate, alkaline
phosphatase staining kit (Sigma); nile blue acrylamide (Polysciences); tetrahydrofuran
(THF), diethyl ether, 9-anthracecenylmethyl methacrylate, hexane, methanol, methylene
chloride, isopropanol, Dow Sylgard 184 polydimethylsiloxane, TRIzol, micro BCA protein
assay kit, Alexa-Fluor 555 phalloidin, ProLong Gold Anti-Fade, Alizarin Red S staining
solution, conjugated secondary antibody (Fisher Scientific); D-Trehalose, D-fructose
(Oakwood Chemical); mineral oil (Alfa Aesar); deuterated NMR solvents (CDCl3, D,0)
(Acros Organics); chloroform (VWR Chemical); ethanol (Decon Labs); dialysis tubing
(3,500 Myy cutoff) (Spectrum Labs); AZ1518 photoresist, SU-8 photoresist (MicroChem),
3,3,3-trifluoropropyltrichlorosilane (Sigma Aldrich); Electron-microscopy grade
paraformaldehyde, electron-microscopy grade glutaraldehyde (EMS Diasum); Methyl
cellulose (TCI America); Dulbecco’s Modified Eagle Medium, fetal bovine serum (FBS),
exosome-depleted FBS, penicillin, streptomycin, phosphate buffered saline (PBS), p-
glycerophosphate, ascorbic acid, dexamethasone (Gibco); All-In-One RT MasterMix
(Applied Biological Materials Inc.); 7500 Real Time PCR System, PowerUp Sybr Green
Master Mix (Applied Biosystems); EpiQuik Whole Cell Extraction Kit (Epigentek); 4-12%
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Bis-Tris gels (NUPAGE); PVDF membrane (BioRad); BrightStar ECL detection kit (Alkali
Scientific); Formvar-carbon coated electron microscopy grid (Ted Pella); miRNeasy Mini

Kit (Qiagen).

2.2. Poly(ethylene glycol) and poly(L-lactic-co-glycolic acid) Block Copolymer Synthesis

Triblock PLGA-PEG-PLGA and diblock PEG-PLGA were synthesized from HO-PEG-OH
and H3C-PEG-OH initiators, respectively. Stoichiometric amounts of the monomers: ¢-
lactide and glycolide were added to a round-bottom flask with commercial PEG (M,,=1,000
g/mol), and Sn(Oct), (monomer/SnOct, = 100). The system was purged with positive
nitrogen pressure for 30 minutes, then heated to 120°C, where the reaction proceeded by
stannous-catalyzed ring opening polymerization (ROP) for two hours [34].

Polymers are abbreviated as PLxGyA-PEG-PLxGyA where X and Y represent percentage
of lactide and glycolide, respectively. In the case of PLg5G15-PEG-PLgsG15A: 1.25 g HO-
PEG-OH, 4.25 g L-lactide, 0.75 g glycolide and 112 uL Sn(Oct), were added to a round
bottom flask with magnetic stirring and positive nitrogen inflow, then heated to 120°C to
melt. The reaction proceeded for two hours then was quenched by opening to air and
cooling. The crude product was dissolved in a minimum amount of chloroform, precipitated
into 5-times excess volume of cold methanol, and collected by suction filtration, twice. H
NMR (400 MHz, CDCl3): §1.5 ppm, s, sp3 CHs; 3.6 ppm, m, sp3 CH,; 4.8 ppm, m,
glycolide sp3 CHy; 5.2 ppm, m, lactide sp3 CH.

2.3. Nile Blue-PLLA Synthesis

Acrylic-end functionalized PLLA was synthesized from hydroxyethyl methacrylate
(HEMA) initiator (0.8 mmol, 86 uL) and L-lactide (40 mmol, 5.760 g), with Sn(Oct), (112
uL) in a ring opening polymerization reaction (ROP) at 120°C, in an inert nitrogen
environment [35]. After two hours, the resulting HEMA-PLLA polymer was exposed to ai,
cooled, then dissolved in 20 mL chloroform and precipitated in 100 mL cold methanol and
the product was collected, repeated twice. 1H NMR (400 MHz, CDCl3): 61.6 ppm, s, sp3
CHs; 5.1 ppm, q, sp® CH; 5.8 ppm, dt, sp2 CH; 6.1 ppm, dd, sp? CH; 6.4 ppm, dd, sp? CH.

HEMA-PLLA (1.40 g), nile blue acrylamide (0.012 mmol, 0.005 g), and freshly
recrystallized AIBN (0.06 mmol, 0.0098 g, recrystallized from methanol) were dissolved in
10 mL dioxane at 70°C and allowed to react overnight. Solvent was removed by rotary
evaporation, the resulting residue was dissolved in a minimum amount of chloroform and
precipitated into cold methanol, then collected by suction filtration. This purification step
was repeated until the methanol is no longer visibly colored by unreacted dye
(approximately four times). 1H NMR (400 MHz, CDCls3): §1.5 ppm, s, sp3 CHg; 5.1 ppm,
g, sp3 CH; 7.5-8.5 ppm, m, sp? CH.

2.4. 9-Anthracenylmethyl methacrylate-PEG-PLLA Synthesis

Br-PEG-OH was synthesized from HO-PEG-OH (10 g Mw = 1,000 g/mol) dissolved with
TEA (2.2 mL) in anhydrous THF (50 mL), purged under nitrogen for 30 minutes to remove
residual oxygen. The reaction was submerged in an ice bath and a-bromoisobutyryl bromide
(1.20 mL) was slowly added dropwise with a syringe. The solution was stirred for 24 hours
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and warmed to room temperature gradually as the ice melted. After 24 hours, solvent was
removed by rotary evaporation. The resulting residue was dissolved in a minimum amount
of dichloromethane (DCM), precipitated into cold diethyl ether (5x excess volume), and
collected by suction filtration. The resulting Br-PEG-OH was lyophilized to a white powder.
1H NMR (400 MHz, D,0): 63.07 ppm, q, -CH»-Br; 3.5-3.6 ppm, m, -CH,CH,0-.

To make Br-PEG-PLLA, Br-PEG-OH (1.24 g) was combined with L-lactide monomer (5 g)
and Sn(Oct), (112 pL) in a round bottom flask, purged with nitrogen for 30 minutes, with
stirring. After 30 minutes, the mixture was heated to 120°C for two hours, to carry out ring
opening polymerization of PLLA from the terminal hydroxyl group of the PEG
macroinitiator. The solid residue was dissolved in a minimum amount of chloroform,
precipitated into cold methanol (5x volume excess), and collected by suction filtration to be
dried in a vacuum chamber. 'H NMR (400 MHz, CDCls): 61.56 ppm, sp3 CHs3; 3.1 ppm, q,
-CH,-Br; 3.6-3.65 ppm, m, -CH,CH,0-; 4.7-4.8 ppm, m, glycolide sp3 CHy; 5.1-5.2 ppm,
m, lactide, sp3 CH.

9-anthracecenylmethyl methacrylate was polymerized from the terminal bromide via atom
transfer radical polymerization (ATRP). Br-PEG-PLLA (2.0 g), 9-anthracenylmethyl
methacrylate (0.1 g), and CuBr (0.04 g) was added to a round bottom flak and purged with
nitrogen for one hour. Separately N,N,N",N"",N"’-pentamethyldiethylenetriamine
(PMDETA) initiator (200 uL) was dissolved in deionized water (40 mL) and purged with
nitrogen to remove residual oxygen. The PMDETA-water solution was added via a syringe,
through a rubber septum, to the round bottom flask containing the polymer and stirred for 24
hours at room temperature. The resulting solution was dialyzed against deionized water
using 3,500 Mw cutoff dialysis tubing, changing the water daily for three days, then the
solution was frozen to —80°C and lyophilized. 1H NMR (400 MHz, CDCls): 61.56 ppm, sp3
CHs; 3.6-3.65 ppm, m, -CH,CH,0-; 4.7-4.8 ppm, m, glycolide sp3 CH,; 5.1-5.2 ppm, m,
lactide, sp3 CH, 5.6 ppm, d, sp® CHy ; 6.1-6.2 ppm, m, sp? CH; 6.5, d, sp2 CH,; 7.5-7.7
ppm, dq, sp2 CH; 8.2 ppm, d, sp? CH.

2.5. Nuclear Magnetic Spectroscopy:

1H spectra were recorded with an Inova 400 (Varian), operating at 400 MHz at room
temperature, using CDCl3 or D50 as solvent.

2.6. Gel Permeation Chromatography:

Polymer samples were dissolved in tetrahydrofuran (THF, 5 mg/mL) and filtered using a
200-um syringe filter. GPC analysis was performed on a Shimadzu GPC system containing
three columns in series with refractive index and diode array detectors. The GPC was
calibrated with narrow polydispersity polystyrene standards and the molecular weights are
reported as polystyrene equivalents.

2.7. Polydimethylsiloxane Microfluidic Device Design and Fabrication:

The microfluidic device was drawn to scale using computer aided design software
(AutoCAD 2017, Autodesk). These geometries consist of two inline flow focusing junctions
fed by inlets for one oil and two aqueous phases. Following each junction is a straight
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channel to allow for droplet stabilization. Droplets were collected through a single outlet
into an external reservoir.

Designs were converted to single polygons using K-Layout (0.25.3). Masks were fabricated
on a soda lime glass (90 mm thick) with low reflective chrome, using AZ1518 photoresist on
a Heidelberg uPG 501 Mask Maker by direct writing.

Master molds were fabricated by traditional photolithography. SU-8 2050 photoresist was
spin-coated onto a 4” silicon wafer on an interlocked spinner (Solitec) for 60 seconds, to a
thickness of 26 pm. Following a soft bake, the photoresist was exposed through the mask
described above, using a MJB45 aligner. The SU-8 was baked post-exposure, then developed
using SU-8 developer, and finally rinsed with isopropyl alcohol and dried with N,. The
height and profile of the resulting photoresist was validated using a profilometer (Dektak)
and differential interference contrast microscope (Olympus BX51). Finally, the SU-8 was
hard-baked for 15 minutes at 150°C to further crosslink the polymer.

The surface of the master mold was coated with a releasing agent (0.5 mL, 3,3,3-
trifluoropropyltrichlorosilane), then held under vacuum. PDMS (Sylgard 184 kit) was
prepared at a crosslinking density of 17.5% (40.0 g elastomer, 7.0 g curing agent) and mixed
well. Prior to casting, the PDMS was degassed in a benchtop desiccator for 15-30 minutes,
until bubbles were gone. The PDMS mixture was poured onto the coated master mold to
desired thickness and degassed again after casting. PDMS was cured overnight on a hot plate
at 100°C.

The cured PDMS was carefully removed from the master mold and cut to individual
microfluidic chips using a razor blade. 1/32” inlet and outlet holes were made using a biopsy
punch. PDMS devices were covalently bound to glass microscope slides by plasma bonding.
The PDMS surface was cleaned with Scotch tape and isopropyl alcohol; glass slides were
rinsed with isopropyl alcohol and dried with No. A Glen Plasma Cleaner was used to
activate PDMS and glass surfaces using a prescribed recipe (Glen recipe 20). After the
process was completed, PDMS devices were immediately aligned and pressed into the glass
microscope slides. Completed devices were cured at 50°C on a hotplate overnight before
use.

2.8. Computational Modeling of Microfluidic Device

Simulations of fluid flow in our microfluidic devices were carried out with COMSOL
Multiphysics (5.3a, University of Michigan CAEN license) using a Two-Phase Flow Phase
Field Model. AutoCAD designs of microfluidic devices were imported as dxf files. The
single flow functioning junction model contains three inlets for two solvent phases (discreet
aqueous and oil) and one outlet; the dual flow focusing model of the complete device
contained five inlets for three solvent inlets (discrete water, oil, continuous aqueous).
Immiscible fluids were injected into the channels through their respective inlets, and their
flows at the inlet were assumed as fully developed laminar flow. Solvent parameters were
defined based on PubChem physical characteristics: viscosity, density, and surface tension;
liquid-liquid surface tension coefficients were from experimental evidence in the literature
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[36]. Droplet formation was a function of the interface surface tension coefficient and flow
rate ratio.

2.9. Primary Cells and Culture Conditions

Primary human dental pulp stem cells (hDPSCs) were isolated from healthy human third
molars, extracted from patients 16—20 years of age at the University of Michigan School of
Dentistry following literature and our own prior publications [30-33, 37, 38]. The protocol
for isolating hDPSCs was performed according to a protocol approved by the Institutional
Review Board at the University of Michigan, and protocol reported previously[30, 37]. After
the first passage, cells were cultured in maintenance media (Dulbecco’s Modified Eagle
Medium (a-MEM) containing 10% fetal bovine serum (FBS) and antibiotics (100U/mL
penicillin G; 0.1mg/mL streptomycin, GIBCO)). Mouse bone marrow stromal cells
(mBMSCs) were obtained from wild-type male C57BL/6 mice, 6-8 weeks old, by aspiration
of the femoral and tibia bone marrow using a 26-gauge syringe needle [39]. mBMSCs were
cultured with maintenance media (a-MEM containing 20% FBS and antibiotics (100U/ml
penicillin G; 0.1mg/ml streptomycin)). All cells were cultured at 37° under 5% CO> in a
humidified environment. Media was changed every two days and cells were used at passages
2-5. For three-dimensional cell culture experiments, the poly(L-lactic acid) nanofibrous
scaffolds were sterilized and wet by 70% ethanol for 10 minutes under weak vacuum, and
subsequently for 30 mins under ambient pressure. Then the scaffolds were washed with
phosphate buffered saline (PBS) three times and twice with maintenance media.

2.10. Osteoinductive Culture and Exosome Isolation by Ultracentrifugation

Human DPSCs were cultured in osteoinductive media (OM) for 14 days. OM consists of a-
MEM media with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, and
osteoinductive supplements (100 nM dexamethasone, 10 mM B-glycerophosphate, and 50
ug/mL ascorbic acid). Their mineralization status was confirmed by Alizarin Red staining.
One million DPSCs were initially seeded in a 200mm Petri dish with 10 ml media and
grown to about 3—4 million cells when reaching confluency. The culture media was changed
every other day. More exosomes were produced at the mineralizing stage. From the 15th
day, the media was changed to exosome-free osteogenic media (EXO-free OM, OM with
exosome-depleted FBS (Gibco)). The conditioned media (CM) was collected every two days
until the 28" day.

hDPSC-derived osteoinductive exosomes (OS-EXOs) were isolated from CM by differential
centrifugation as reported in the literature [40]. Briefly, the CM was centrifuged at 300 g for
10 minutes, 2,000 g for 10 minutes, then 10,000 g for 30 minutes to remove cells and large
debris. Then the CM was filtered through a 0.22-um filter (GVS North America) to remove
smaller residual debris. The supernatant was concentrated at 4,000 g in a 15 mL Amicon
Ultra-15 Centrifugal Filter Unit with a molecular weight cut off (MWCO) of 100kD
(Millipore Sigma) for 10 minutes. Subsequently the CM was ultra-centrifuged at 100,000 g
for 70 minutes. Finally, the pellet was resuspended and centrifuged at 100,000 g for another
70 minutes. The pellet was resuspended with 200 pL PBS and the concentration of
exosomes was determined by microBCA protein assay kit (Thermo Fisher Scientific) before
storage at —80°C until use. About 300 g exosomes were obtained at the end from the initial
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one million hDPSCs, where the osteoinductive supplements were depleted during the
repeated centrifuging and washing with PBS.

2.11. Exosome Physical Characterization by Nanoparticle Tracking Analysis

Average hydrodynamic diameter and concentration of exosomes in solution was
characterized by nanoparticle tracking analysis (NTA) using a NanoSight NS3000
(Malvern). Samples were agitated briefly in a gentle sonic bath to break up aggregates, were
diluted in particle-free PBS and immediately analyzed. NTA was carried out using a 488 nm
laser in scatter mode, using a syringe pump (Harvard Apparatus) to control fluid flow
through the manufacturer’s flow plate. Five, 60-second videos were recorded at a
concentration sufficient to obtain a minimum of 200 tracks per video and averaged for each
sample analyzed. Analysis was carried out using Malvern NanoSight NTA software v3.2.
Four independent samples from each time point were measured.

2.12. Fluorescent Labelling and Visualization of Cellular Uptake of Exosomes

Exosomes were labelled with DiO Green (Thermo Fisher Scientific) using a modified
membrane-labelling method reported in the literature [41]. Briefly, 10 pg/mL OS-EXOs
were incubated with DiO reagent for 20 minutes, condensed using Amicon 100kD filter,
washed with PBS and ultracentrifuged three times. 50,000 mBMSCs were seeded on a glass
cover slide and cultured in a 24-well-plate. An aliquot of 8 g labeled OS-EXOs was added
to 800 pl culture media and incubated for 30 minutes. After washing with PBS, Alexa-Fluor
555 phalloidin was used to stain the cytoskeleton (F-actin, 1:35; 1% BSA), per the
manufacturer’s guidelines. Mounting media containing DAPI was used to stain nuclei
(ProLong Gold Anti-Fade). Constructs were observed using confocal microscopy (Nikon
Eclipse C1).

2.13. Alkaline Phosphatase Assay

The alkaline phosphatase assay was conducted with a staining kit (Sigma-Aldrich) according
to manufacturer’s instructions. Briefly, the cells were washed with PBS three times before
staining. Cells were fixed by alkaline phosphatase fixative (66% acetone, 25.6% citrate
buffer, 8.4% formaldehyde) for 30 seconds, and the fixative was decanted. Cells were then
washed twice by deionized water and incubated with staining solution for 15 minutes in the
dark. Finally, cells were washed by deionized water twice and imaged using an Olympus
light microscope with digital camera.

2.14. Alizarin Red Assay

The cells were washed by PBS 3 times before staining, fixed with 10% formalin for ten
minutes, and washed by deionized water three times. Cells were stained with Alizarin Red S
staining solution (20 g/L, pH 4.2) for 15 minutes. After staining the cells were washed by
deionized water three times and imaged using an Olympus light microscope with digital
camera.
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2.15. Gene Expression Analysis by Polymerase Chain Reaction

Total RNA was isolated using Trizol Reagent (Thermo Fisher Scientific), following a
standard protocol [42]. The RNA was reverse transcribed using 5X All-In-One RT
MasterMix (Applied Biological Materials Inc.) and subsequently amplified using 7500 Real
Time PCR System (Applied Biosystems) with PowerUp Sybr Green Master Mix (Applied
Biosystems), and primers as shown in Table 1. Relative mMRNA expression levels were
normalized with respect to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA,
and expression is calculated according to AACt method [43].

2.16. Western Blot Analysis

Western blot analysis was performed according to standard protocol [44]. Briefly, exosomes
and cells were lysed, and proteins were extracted by EpiQuik Whole Cell Extraction Kit
(Epigentek) following manufacturer’s instruction, and the protein concentration was
determined by micro BCA protein assay kit (Thermo Fisher Scientific). 30 ug total protein
was denatured and then separated on 4-12% Bis-Tris gels (NUPAGE). Then the proteins
were transferred from gel to a polyvinylidene difluoride (PVVDF) membrane and blocked by
5% BSA solution. After that membrane was incubated with primary antibody in 5% BSA
solution at 4°C overnight and washed with Tris-buffered saline with 0.1% Tween 20 (TBST)
three times, 5 minutes each. Then the membrane was incubated with a conjugated secondary
antibody in 5% BSA solution at room temperature for one hour, and washed by TBST for
three times, five minutes per wash. The signal development was done with BrightStar ECL
detection kit (Alkali Scientific) and images were acquired after developing in a darkroom.

2.17. EXO-MS Fabrication by a Microfluidic Device

Fluids were injected from reservoirs using three Fluigent Flow EZ pressure-driven flow
controllers (2,000 mbar). Reservoirs were connected to the microfluidic chip using 1/32”
FEP (fluorinated ethylene-propylene copolymer) solvent-resistant tubing (Cole Parmer). The
PDMS device was mounted on a binocular microscope (AmScope) to visualize droplet
formation. Videos and photos were recorded using a 5-megapixel USB camera (AmScope).

Exosomes isolated from DPSC conditioned media were isolated as described and
concentrated to at least 2,000 ug/mL in PBS. The amount of OS-EXO solution was
calculated assuming 85% encapsulation efficiency based on experience, and dose to match 1
pg/mL treatment regimen when matched for cell number. D-Trehalose, a hydrophilic sugar
which acts as a stabilizer, was added to make a 2 mM solution and was the discrete aqueous
phase. PLGA-b-PEG-b-PLGA copolymer was dissolved in ethyl acetate (2% wt/v) as the
discrete oil phase. 0.01% (wt/wt) polyvinyl alcohol (PVA) in MilliQ water was the
continuous aqueous phase. Solutions were flowed into the PDMS microfluidic device as
described above, with precise control of their pressures (Fluigent FlowEZ). FEP tubing from
the outlet flew into a 25 mL round bottom flask which contains 0.01% (w/w) PVA, resulting
droplets were collected and stirred with a magnetic stir bar. After 10 mg particles were
collected (determined by amount of discrete polymer phase consumed), particles were
transferred to a beaker in a fume hood, with stirring, where organic solvent was allowed to
slowly evaporate. Particles were collected by centrifugation (15,000 rpm, 12 minutes) and
washed with MilliQ water five times before being frozen at —80°C and lyophilized.
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2.18. Scanning Electron Microscopy Characterization

Particles and scaffolds were fixed to specimen mounts by carbon tape. In preparation for
observation by scanning electron microscopy (SEM), samples were sputter-coated with gold
(120s, Deskll, Denton Vacuum) and observed at 5 kV and a working distance of 10 mm.

2.19. Polymer Sphere Size Characterization

EXO-MS particles fabricated via our microfluidic device were measured by laser diffraction
using a particle analyzer (Malvern Mastersizer 2000 with Hydro 2000S wet dispersion unit).
Particles were suspended in MilliQ water (2-5 mg/mL) and added to the sample reservoir,
with stirring and sonication. Standard refractive indices of 1.590 and 1.330 were used for
PLGA (particles) and water, respectively. Samples were measured in triplicate.

2.20. Fabrication of Nanofibrous Tissue Engineering Scaffold

Nanofibrous, microporous three-dimensional tissue engineering scaffolds made of poly(L-
lactic acid) (PLLA) were fabricated as previously described [27]. Briefly, a sugar sphere
template was prepared by emulsifying molten D-fructose in hot mineral oil, with Span80
surfactant. After emulsifying, the mixture was quenched and mineral oil was exchanged for
hexane, sugar spheres were collected. Spheres were separated by size using sieves, packed
into Teflon molds and heat treated at 37°C for 10 minutes to anneal the spheres. Hexane was
removed under vacuum, and polymer solution (PLLA, 10% wt/v in THF, 60°C) was cast
into the mold. The cast polymer scaffolds were immediately frozen at —80°C for a minimum
of 48 hours to induce phase separation, responsible for nanofiber formation. After 48 hours,
THF was exchanged for hexane at room temperature overnight, then scaffolds were removed
from molds and sugar was leached in deionized water. Scaffolds were cut to size (8 mm
diameter x 1.5 mm height for subcutaneous implantation, 2.7 mm diameter x 1 mm height
for calvarial defect), lyophilized, and sterilized with ethylene oxide gas prior to /in vitroand
in vivo experiments.

2.21. Solvent-wetting Method of Attaching EXO-MS to Nanofibrous Scaffolds

Exosome-releasing spheres (EXO-MS) were physically attached to the surface of
nanofibrous, microporous tissue engineering scaffolds by a post-seeding method [45].
Scaffolds and particles were fabricated separately by the protocols described above. 1.2 mg
particles were suspended in 500 uL hexane with 0.1% Span80, kept in suspension on a
rocker for 30 minutes, then dried in a vacuum chamber. Particles were resuspended in 150
uL a 97:3 hexane: THF mixture which facilitates physical attachment between the PLGA
particles and PLLA scaffold, both of which are soluble in THF, but not hexane. A low
amount of THF was used to prevent loss of the nanofibrous surface structure of the scaffold
or disrupt the particle morphology. 15 uL of suspended particles were seeded to the scaffold,
rocked for 30 minutes at a low speed, at room temperature. This seeding procedure was
repeated until a total of 1.0 mg particles were suspended evenly on both sides of the
scaffold. Scaffolds were kept in a vacuum chamber to dry until a consistent mass was
achieved.
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2.22. Sterilization of Biomaterial Constructs

Prior to further /n vitro or in vivotesting, all biomaterial constructs were sterilized using
ethylene oxide (Andersen).

2.23. Evaluation of Controlled Release of Exosomes

The controlled release of exosomes from biomaterial constructs was evaluated in phosphate
buffered saline (PBS, 0.1 M, pH 7.4). 1.0 mg of EXO-MS, or a scaffold seeded with 1.0 mg
of EXO-MS, were incubated in 1.0 mL PBS and shaken at 10 rpm in a 37°C incubator. At
designated time points (2 h, 4h,8h, 12 h, 24 h,48h,72h,96 h,7d,10d, 14d,3w, 4w, 5
w, 6w, 7w, 8w, 9w, 10w, 11w, 12 w) the PBS was collected, frozen at —80°C until
subsequent analysis by NTA, and replaced with fresh PBS. EXO release was plotted as
cumulative release as a function of time (n=4 per time point).

2.24. Transmission Electron Microscopy

Whole-mount exosome morphology and membrane integrity was evaluated by transmission
electron microscopy. Exosome samples were prepared according to a published protocol [46,
47]. Briefly, EXO-MS eluent containing OS-EXOs were mixed with an equal volume of 4%
electron microscopy-grade paraformaldehyde and 8 L was incubated on a Formvar-carbon
coated grid for 20 minutes. Grids were washed with PBS and transferred to a clean surface,
then fixed with 50 pL of 1% EM-grade glutaraldehyde. Grids were washed eight times in
fresh deionized water and stained with 1% uranyl acetate solution (pH 3.5) for 3 minutes and
stained with 2% wt/v methyl cellulose for 5 minutes. Excess solution was removed with a
piece of filter paper. Grids were imaged within 24 hours of staining. Samples were observed
on aJEOL JEM 1400 TEM at 80.0 kV and 20,000x magnification.

2.25. RNA Isolation from Released Exosomes

EXO-MS eluent from release profile experiments was concentrated at 12,000 g for 90
minutes and 4°C. RNA was extracted from released exosomes using a phenol-based method
[48]. TRIzol was used to extract total RNA, in accordance with the manufacturers protocol.
RNA concentration was measured by absorbance at 260 nm using a Beckman DU640
spectrophotometer.

2.26. |Infrared Spectroscopy of 3D Constructs

Three dimensional nanofibrous PLLA scaffolds were functionalized with EXO-MS, cultured
with mBMSC:s for up to three weeks, and fixed with 4% PFA. Fourier-transformed mid-
infrared (FTIR) spectra were acquired using a Perkin-Elmer Spectrum GX, with microscope
accessory, using a KBr beam-splitter and liquid nitrogen-cooled MCT-B detector, which
covers the range from 4,000 cm~1 to 700 cm™1. The following parameters were used for
each acquisition--resolution: 4 cm™1, J-step: 4 cm™1, interval: 1.00 cm™1, 50 scans per site.
Spectra were collected from ten representative 625 pm? areas of the construct surface and
averaged for each sample.
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2.27. Colorimetric Mineralization Assay

The colorimetric mineralization assay was conducted by the modified o-cresolphthalein
complexone method. Briefly, the cell/scaffold constructs were washed by PBS three times
for 5 minutes each, then homogenized in 250 pL 0.5 N Hydrochloric acid. The calcium
extraction was performed by shaking overnight at 4 °C. The total calcium content was
determined by calcium assay kit (Pointe Scientific Inc) following the manufactures’
instructions.

2.28. Energy-dispersive X-ray Spectroscopy (EDX) of 3D Constructs

Three dimensional constructs cultured for up to three weeks were fixed with 4% PFA and
sputter-coated with gold (120s, Deskll, Denton Vacuum). Samples were observed using a
JEOL JSM-7800FLYV scanning electron microscope equipped with an Oxford XMaxN 80
mm? silicon-drift energy-dispersive X-ray spectrometer. Ten spectra were acquired from
representative locations in each sample using Oxford Aztec v3.3 EDS acquisition and
processing software and averaged. The same samples were used for FTIR and EDX analysis.

2.29. Subcutaneous Implantation in Mice

200,000 primary mBMSCs were seeded on nanofibrous scaffolds functionalized with OS-
EXO loaded EXO-MS, blank EXO-MS, or left virgin. Constructs were cultured in
maintenance media for 24 hours before subcutaneous implantation in 8- to 10-week-old
C57BL/6 mice (Charles River) following a protocol approved by the University of Michigan
Institutional Animal Care and Use Committee (IACUC). Briefly, the mice were randomly
divided into three groups.

Mice were anaesthetized by inhalation of isoflurane (1-5%). One midsagittal incision was
made on the dorsa of each mouse. Two subcutaneous pockets were made by blunt dissection,
one on each side. In total four cell-scaffold constructs were implanted into one mouse with
two cell-scaffold constructs placed cephalad and caudad in each pocket. The incisions were
closed with surgical staples and animals were given carprofen to manage pain. The mice
were euthanized by CO» asphyxiation followed by bilateral pneumothorax 8-weeks post
operation. The implants were dissected and prepared for analysis. For histology, samples
were fixed in 4% PFA prior to paraffin embedding and serial sectioning. For gene expression
analysis, samples were subjected to total RNA extraction in TRIzol.

2.30. Calvarial Defect in Mice

All procedures were approved by University of Michigan IACUC. Briefly, 8- to 10-week-old
C57BL/6 mice (Charles River) were allocated into 3 groups randomly. The mice were
anaesthetized by inhalation of isoflurane (1-5%), and a midsagittal incision was made on the
scalp, followed by blunt dissection to expose the parietal calvarial bone. A 2.7 mm
craniotomy was performed using a trephine burr centered on the parietal calvarial bone and
suture. A sterilized three-dimensional construct, without cells, was placed to fill the defect,
and the incision was then closed with 4-0 sutures (Ethilon) and animals were given
carprofen to manage pain. The mice were euthanized by CO, asphyxiation followed by
bilateral pneumothorax 8-weeks post operation; calvaria were harvested for further micro-
CT and histological studies.
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2.31. Microcomputed Tomography Analysis of Bone Formation

For the analysis of calvarial bone, a fixed global threshold of 180 was applied to the
microcomputed tomography (UCT) scan. 3D reconstruction of the skull and quantification of
the newly formed bone was performed. A 2.7 mm round region centered on the defect was
determined and the bone volume (BV) and bone mineral density (BMD) in the area were
measured using Scanco software (Scanco UCT 100).

2.32. Histological Analyses

Samples were fixed in 4% PFA and demineralized (calvaria only). After dehydration step,
samples were embedded in paraffin and serial sections of 5 pm thickness were cut. Sections
were prepared according to standard protocols for: hematoxylin and eosin (H&E), Masson’s
trichrome, and von Kossa staining. All sections were evaluated using a light microscope and
camera.

2.33. Statistical Methods

All data are reported as mean = standard deviation. To determine statistical significance of
observed differences between experimental groups, the Student’s t-test was used. p < 0.05 is
used to determine significance. All analysis was carried out in IBM SPSS v23.0 and
GraphPad Prism v8.

3. Results

3.1. lIsolation of Exosomes from Human Dental Pulp Stem Cells

Human dental pulp stem cells (nDPSCs) are multipotent and can be differentiated towards
adipogenic, osteogenic, and chondrogenic fates [30, 33, 38, 49]. Primary hDPSCs were
cultured under osteogenic conditions for two weeks, then their osteogenic exosomes (OS-
EXOs) were isolated by ultracentrifugation following literature [11, 40]. The physical and
molecular identity of these exosomes was assessed to determine the purity of the exosome
isolate following literature and our previous publication [11, 46, 50]. Based on nanoparticle
tracking analysis (NTA), particles in the exosome fraction had an average hydrodynamic
diameter of about 135 nm (Fig 1A, B) with a few minor shoulders reflecting extracellular
vesicles outside the size range of the exosomes. Western blot analysis demonstrated that the
OS-EXO fraction was highly enriched for characteristic CD9, Alix, and Tsg101 proteins
(Fig 1C), which were much less enriched in the total cell lysate. Such EXOs were also
shown to strongly express CD63 and CD81 [11]. B-actin was highly enriched in the cell
lysate, but not the exosome lysate (Fig 1C). Freshly isolated OS-EXOs were labelled using a
lipophilic dye (DiO) for 30 minutes and shown to be rapidly up taken by recipient primary
mouse bone marrow stem cells (MBMSCs) using confocal microscopy (Fig 1D). OS-EXOs
were up taken and localized with the recipient cell cytoplasm.

3.2. Characterization of the Osteogenic Potential of hDPSC-derived OS-EXOs

We hypothesized that exosomes derived from primary hDPSCs under osteogenic, or
mineralization conditions would be a potent tool to modulate the mineralization and
osteogenic differentiation of recipient primary mBMSCs. Primary mBMSCs were treated
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with 1 pg/mL and 5 pg/mL OS-EXOs, compared to osteogenic and growth media alone for
up to two weeks. As early as three days in culture, treatment with OS-EXOs increased ALP
activity compared to osteogenic and growth media (Fig 2A, 2B); ALP activity was
consistently higher in OS-EXO treated cells during the seven-day culture. At 14 and 21 days
in culture, exogenous administration of OS-EXOs increased mBMSC mineralization; an
increased dose of OS-EXOs resulted in higher mineralization, particularly at 14 days (Fig
2C, 2D). Our data suggests that OS-EXOs may accelerate /n vivo bone healing in a dose-
dependent manner. The similar therapeutic benefit of OS-EXOs was shown in primary
human BMSCs in vitroat 14 and 21 days (Sup Fig 1).

Increases in mineralization were accompanied by upregulation in the expression of
osteogenic markers including osteocalcin (OCN), bone sialoprotein (BSP) and RUNX
Family Transcription Factor 2 (RUNX2) (Fig 2E), and increased protein secretion of the
same gene products (Fig 2F, 2G, 2H).

Treatment with exogenous OS-EXOs increased phosphorylation of Erk in a dose-dependent
manner and upregulated Runx2 after 30 minutes (Fig 3A&B). mBMSCs were treated with
U1026, an inhibitor of Erk phosphorylation to probe the involvement of Erk phosphorylation
in OS-EXOs mediated Runx2 upregulation [51]. In control experiments, without treatment
by OS-EXOs, U1026 treatment suppressed p-Erk and Runx2 compared with untreated
control. Treatment by 5 ug/mL OS-EXOs upregulated p-Erk and Runx2 protein levels; when
treated with U1026 expression of p-Erk and Runx2 decreased simultaneously (Fig 3A&C).
In contrast, OS-EXO treatment did not alter Smadl phosphorylation (Sup Fig 2). Based on
observed changes in Runx2 and p-Erk translation upon treatment with OS-EXOs alone or in
combination with U1026, our results implicate that OS-EXOs induce osteogenic protein
expression through an Erk-dependent way.

3.3. Droplet-based Microfluidics Facilitating EXO-MS Formation by Self-Assembly

Previously our group and others have used double emulsion methods to encapsulate small
molecules, proteins and miRNA in poly(aliphatic ester) including poly(L-lactic-co-glycolic
acid) (PLGA) microspheres, which degrade by hydrolysis [23, 26, 39, 52]. There were
significant challenges to encapsulate large biologic species such as exosomes using such
platform, where block copolymers were needed [53]. Here, droplet-based microfluidics was
used to further facilitate EXO-MS fabrication as shown in the scheme (Fig 4A) and the
microfluidic devices were fabricated from polydimethylsiloxane (PDMS) using soft-
lithography methods. The microfluidic device was designed with three inlets, for each of the
discrete cargo-containing aqueous phase, discrete polymer-containing organic phase, and
continuous aqueous phase (Fig 4B, Sup. Fig. 3). The immiscible water and organic phases
contacted at each of two flow-focusing junctions (Fig 4C).

COMSOL fluid dynamics simulations using a phase field method demonstrated droplet
formation at each junction, controlled by the interfacial surface tension between immiscible
aqueous and organic phases at each of the two flow focusing junctions (Fig 4D). The
resulting droplets were the product of a water/organic/water (w/o/w) emulsion and were
discrete compartments where the aqueous phases were physically separated by an organic,
polymer-containing layer. Small diameter channels restricted the Reynolds number of fluids
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to cause laminar flow, and the size of droplets at each junction was controlled by the relative
flow rates of solutions at the flow focusing junction (Fig 4E, 4F).

Experimentally, fluid flow was controlled by three independent pressure-driven pumps
which interfaced with the PDMS device through small-diameter solvent-resistant tubing (Fig
4G)[54]. In agreement with computational predictions, droplet size was controlled by the
relative pressures of the interacting phases. At a constant discrete phase pressure, as the
continuous phase flow pressure was increased droplet size was decreased (Fig 4H). Droplet
formation in the device was visualized by light microscope, demonstrating the rapid
formation of discrete droplets at each flow-focusing junction (Fig 41, Sup Movie 1). At
Junction 1 (J1), OS-EXOs suspended in PBS were discretized in a matrix of PLGA-PEG-
PLGA, an amphiphilic triblock copolymer with distinct hydrophilic and hydrophobic blocks,
in ethyl acetate (2% wt/v) to form a series of water/organic (w/o) droplets (Fig 4J). At
Junction 2 (J2), the w/o droplet becomes discretized in dilute polyvinyl alcohol (PVA, 0.01%
wt/v), a non-ionic surfactant which stabilized the organic-aqueous interface during droplet
formation in the jet of newly formed w/o/w droplets (Fig 4K).

Droplets were collected from the device in a round-bottom flask and ethyl acetate was
evaporated to yield solid polymeric spheres which were uniform in size, with smooth, non-
porous surface morphology (Fig 5A). EXO-MS were fabricated with fluorescently-labelled
copolymer blocks, as described in the Methods section, and visualized by confocal
microscopy (Fig 5B). The particles consisted largely of a disperse PLGA matrix (red), the
main component of the triblock PLGA-PEG-PLGA copolymer. An inner layer of PEG
formed a thin spherical layer (blue), wherein OS-EXOs were localized in the particle
(green). EXO-MS fabricated by droplet microfluidics could yield smaller and more
uniformly sized particles than those fabricated by a standard mechanical emulsion technique
(Fig 5C&D).

3.4. Three-Dimensional Exosome-Releasing Tissue Engineering Constructs

EXO-MS are sufficiently small such that they can be physically attached to the surface of a
tissue engineering scaffold, as shown schematically in Fig 5E. Three-dimensional scaffolds
were fabricated from poly(L-lactic acid) (PLLA) (Fig 5F), which have a nanofibrous surface
texture to mimic the native collagen extracellular matrix with an average fiber diameter of
50-500 nm, the result of thermally induced phase separation of PLLA [28]. In this work, the
scaffolds were fabricated with 250-425 um sized spherical macropores using a sugar sphere
templating technique [27].

The high surface area of interconnected macropores is ideal to be functionalized with
inductive cues which guide tissue formation in an efficient way. EXO-MS were attached to
the surface of scaffold pores using a post-fabrication seeding method (Fig 5G) [24].
Observed by light microscopy, particles (colored blue for visualization) were distributed
evenly throughout the pores of the matrix. EXO-MS were sufficiently small such that they
did not occlude interconnections between pores which would otherwise limit mass transport
and cell migration throughout the construct (Fig 5SH&lI).
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3.5. Characterizing the Release of OS-EXOs from EXO-MS

OS-EXO encapsulating polymeric microspheres (EXO-MS) were fabricated with four
different formulations of triblock copolymer. PLGA-b-PEG-b-PLGA was synthesized at
lactide/glycolide percentages of 100/0, 85/15, 70/30, and 50/50, all with the same molecular
weight (5 kDa). EXO-MS were incubated in PBS and aliquots analyzed for OS-EXOs.
Cumulative release from EXO-MS in PBS showed an initial burst release followed by a
nearly linear release profile, delivering a consistent dose of exosomes for up to 10 weeks
(Fig 6A). Within the first day 18% was released from PLgsG15A EXO-MS; following this
initial burst release, the release rate became nearly constant, which is correlated to the
hydrophilicity of the PLGA copolymer segments. The burst release was more prominent in
more hydrophilic compositions compared to more hydrophobic compositions suggesting that
they were more easily hydrolyzed.

EXO-MS attached to PLLA scaffolds had a dampened release profile compared to EXO-MS
suspended freely in solution (Fig 6B). The release profiles showed a significantly decreased
initial burst release (7% release in 24 hours) and more linear, consistent controlled release
throughout the duration, again correlated with relative hydrophilicity of the PLGA
copolymer segments. Compared to free EXO-MS, we observed that EXO-MS attached to
scaffolds released for a longer period of time despite the same initial cargo loading and
polymer composition. PLgsG15A composition was chosen for subsequent /n vitroand in
vivo study because it maximized the nearly linear delivery.

3.6. OS-EXO Integrity following Encapsulation and Release

At designated time points, the conditioned OS-EXO-containing PBS was withdrawn and
frozen at —80°C for storage, and replaced with fresh PBS before analysis. Released OS-EXO
concentration was assayed using NTA (nanotracking analysis). OS-EXOs maintained their
characteristic hydrodynamic diameter throughout release (Fig 6C, Sup Fig 4). Fluorescently-
labelled OS-EXOs, eluted from EXO-MS, were readily up taken by recipient mBMSCs
within 30 minutes (Fig 6D). To visualize membrane integrity, eluted exosomes were fixed
and stained for transmission electron microscopy. Compared to virgin OS-EXOs, released
OS-EXOs maintained their spherical shape, size, and membrane integrity, attributed to the
addition of D-trehalose to the discrete exosome-containing aqueous phase. Transmission
electron microscopy analysis confirmed that exosomes maintained their morphology
throughout release (Fig 6E). A stabilized lipid membrane was important to maintain the
integrity of the biologic cargo.

miRNA and nucleotide cargo are critical to the physiologic function of exosomes in vitro
and /n vivo. Extracted miRNA from various time points was assayed for concentration. The
amount of RNA extracted from eluted OS-EXOs at each release time point matched well to
OS-EXO particle number, from NTA, for free EXO-MS and EXO-MS attached to
nanofibrous scaffolds (Fig 6F-I).

In vitro Bioactivity of Functional EXO-MS Eluent

In vitrobioactivity was investigated over the course of three weeks. mBMSCs were cultured
on nanofibrous scaffolds functionalized with EXO-MS but no exogenous OS-EXO
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treatment, blank nanofibrous scaffolds plus exogenous OS-EXO treatments of 1 pg/mL or 5
ug/mL, and blank nanofibrous scaffolds without any exosome treatment, in osteogenic and
growth media. Fourier-transformed infrared spectroscopy (FTIR) confirmed the presence of
calcium hydroxyapatite mineral (Ca;g(PO4)6(OH),) based on characteristic peaks in the
spectra [55]. Constructs exposed to EXO-MS or exogenous OS-EXOs showed strong
reflectance of PO43~ (1,185-900 cm™1, 1,035-1,025 cm™1), compared to the positive and
negative controls (Fig 7A, 7F). Carbonate can substitute for OH moieties in apatite (877 cm
1) or phosphate (871 cm™). Its bands appeared in the treated constructs, much more
intensely than in the negative control. The combination of these signals was indicative of
hydroxyapatite mineralization, which was confirmed by colorimetric calcium assay at 14
and 21 days of culture (Fig 7B, 7G). At 14 days, the EXO-MS-functionalized construct
showed significantly greater mineralization than exogenous administration, which together
were greater than the positive and negative control (Fig 7B). By 21 days, the EXO-MS-
functionalized constructs were mineralized similarly to the constructs receiving exogenous
treatment; the OS-EXO treated groups were mineralized significantly more than the positive
and negative controls (Fig 7G).

Energy dispersive X-ray spectroscopy (EDX) was used to quantitatively determine the
spatial distribution of elements in the constructs in tissue culture [56]. Compared to the
untreated controls, EXO-MS-functionalized constructs and constructs receiving exogenous
OS-EXO treatment showed increased calcium content (Fig 7C, 7H), and significantly
decreased C/P (Fig 7D, 71) and C/Ca (Fig 7E, 7J) ratios at 14 and 21 days, indicating that the
calcium phosphate (CaP) content increased, and the proportion of organic components
decreased as the mineral was deposited.

3.8. Subcutaneous Implantation of EXO-MS-functionalized Scaffolds

Constructs were seeded with primary mBMSCs and implanted subcutaneously in mice for 8
weeks. Histological analysis by Hematoxylin and Eosin staining indicated that EXO-MS
functionalized scaffolds supported cells similarly to blank nanofibrous scaffolds (Fig 8, Sup.
Fig. 5). Masson’s Trichrome staining showed increased ECM deposition in OS-EXO-loaded
EXO-MS (OS-EXO-MS) constructs compared to blank EXO-MS constructs or blank
scaffolds, attributing this difference to the controlled release of OS-EXO cargo. Here, blank
EXO-MS were polymer microspheres loaded with PBS/trehalose without exosomes to serve
as a control for EXO-MS, which were polymer microspheres loaded with exosomes in PBS/
trehalose. Von Kossa staining was more intense in OS-EXO-MS constructs, indicating early
mineralization caused by OS-EXO, not present in blank EXO-MS constructs nor blank
scaffolds. The controlled release of OS-EXO also caused upregulation of bone sialoprotein
as assessed by immunohistochemistry.

3.9. Mouse Calvarial Bone Defect Repair by EXO-MS Loaded Scaffolds

OS-EXO-MS-functionalized scaffolds were assessed as a method of cell-free bone
regeneration /n vivo in a calvarial defect model. A 2.7-mm round defect was created in the
mouse skull. OS-EXO-MS-functionalized scaffold was used to fill the defect; blank EXO-
MS scaffold, and blank scaffold were used as controls. H&E and trichrome staining showed
that the OS-EXO-MS functionalized scaffold contained cell-laden collagen-rich matrix,
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filled the defect with significant marrow-containing bone tissue, and was integrated with the
host tissue at 8 weeks (Fig 9A). Untreated controls did not show this integration; while
detectable cells migrated into the construct, they did not form robust osseous tissue.
Additionally, no signs of inflammation were noted, indicating that the constructs, made of
biodegradable and biocompatible polymers which degrade over time, were safe and did not
have harmful side effects. Three-dimensional micro-computed tomography (UCT)
reconstructions of the skulls showed that localized OS-EXO delivery by EXO-MS resulted
in the best regenerative outcome among treatment groups (Fig 9B). OS-EXO-MS-
functionalized scaffold group showed significant mineralized bone volume in the defect site
(Fig 9C), and bone mineral density in the mineralized areas was similar between the groups
(Fig 9D).

4. Discussion

Traditional bone tissue engineering strategies have historically relied on the exogenous
transplantation of stem/progenitor cells with scaffold into a defect site to catalyze tissue
neogenesis. Despite the significant progress achieved, there is limited evidence to support
the long-term survival and differentiation of transplanted stem/progenitor cells in tissue
engineering constructs [57]. It is believed that transplanted stem cells have a strong paracrine
effect even if they don’t survive transplantation. Some cell-secreted components are likely
involved in signaling cascades which direct regeneration. Additionally, there are well-known
immunogenic concerns over donor cells, particularly in geriatric and pediatric patients,
associated with stem cell therapies [58, 59]. Therefore, cell-free methods of bone
regeneration which recapitulate the biologic properties of stem/progenitor cells to initiate
healing and tissue regeneration are advantageous [24, 39, 45, 52, 60]. Here, we investigated
the potential of exosomes derived from mineralizing cells as a new way to induce bone
regeneration /n vivo, without requiring the transplantation of exogenous cells. There have
been efforts to utilize EXOs derived from various cell sources either alone or in combination
with scaffolds to enhance bone and other tissue regeneration. For example, EXOs from
iPSC-derived MSCs have been combined with tricalcium phosphate to improve bone
regeneration [40]. EXOs derived from gingival or adipose-derived MSCs have been
incorporated in polymer or polymer/calcium silicates composite scaffolds to enhance bone
regeneration [61, 62]. EXOs from different sources have also been incorporated into
hydrogels or hydrogel sponges for bone regeneration [63, 64]. While positive effect of
EXO/EVs have been demonstrated, controlling the release duration and kinetics of EXO
remains a challenge [65]. Given that the kinetics of exosome delivery impacts tissue
regeneration [66], we engineered an implantable controlled release platform for their
sustained delivery to maximize their therapeutic benefit in this work.

In order to realize the biologic capabilities of cell-derived exosomes to facilitate tissue
regeneration in the clinical setting, a platform which allows for their controlled delivery and
maintains their biologic activity is needed. We report that: i) human DPSCs release
exosomes which are readily isolated, regulating phenotypic changes in recipient BMSCs by
upregulating Erk phosphorylation and enhancing mineralization in both mouse and human
BMSCs; ii) exosomes can be encapsulated in a biodegradable polymer vehicle, EXO-MS, by
utilizing block copolymer self-assembly, in a way that maintains their cargo and biologic
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potency; iii) exosomes are released from the polymeric microspheres (EXO-MS) in a
controlled fashion, and the kinetics of their release is tunable by varying the polymer
composition; and iv) the controlled delivery of OS-EXO via EXO-MS in vivo facilitates
calvarial bone regeneration by recruiting endogenous cells near the defect site and direct
their differentiation and mineralization to form new bone tissue. We believe that this
biomaterial technology, which utilizes the exosomes rather the source stem cells, may have
significant translational and clinical advantages over traditional cell-based regenerative
therapies.

A three-dimensional matrix that can support cell infiltration and vascularization is critical to
support tissue neogenesis [39, 67]. Our scaffolds have good mechanical properties,
nanofibrous surface texture, and well interconnected macropores which are shown to be
osteogenic /n vitroand in vivo, supporting cellular proliferation and protein adsorption [68—
70]. The highly porous surfaces throughout these constructs make them an ideal candidate to
be functionalized with delivery moieties, such as EXO-MS, which provide inductive cues for
regeneration. OS-EXOs are released from the three-dimensional tissue engineering
constructs with a well-controlled rate and duration; the amount of OS-EXOs delivered is
modulated by the amount of EXO-MS incorporated into the scaffold. Additionally,
mesenchymal stem/progenitor cell-derived exosomes are known to be pro-migratory [71].
The early release of OS-EXOs likely attracts endogenous cells from nearby host tissue to the
defect site to secret an early extracellular matrix within the construct which helps orchestrate
the formation of new bone tissue.

Microfluidic droplet generation and polymeric self-assembly are critical to the controlled
properties of EXO-MS, both in their size and facilitating controlled release of OS-EXOs.
The small and uniform size of EXO-MS is advantageous to subtly attach the delivery
component to the scaffold pore walls. Microfluidic droplet formation driven by periodic
accretion of pressure forms a free droplet from the dispersed phase within a continuous
phase. Under restricted fluid flow surface tension is dominant over viscous forces, and small
droplets are formed in the device channels [72]. We have also demonstrated that
concentrated surfactants used in mechanical emulsions are not necessary in microfluidic
emulsions.

A core challenge to the delivery of complex biomolecules is maintaining their bioactivity
throughout encapsulation and release [73]. The hydrophilic and hydrophobic blocks of the
triblock copolymer used to fabricate EXO-MS can associate with the aqueous and organic
phases, respectively, to form a core-shell microsphere which creates an exosome
compartment on its interior. In this way they act like a surfactant. Harsh mechanical
techniques such as probe sonication, commonly used in double emulsion methods, are
destructive to exosomes [74]. The PEG-block of the copolymer associates with the OS-EXO
containing aqueous phase to facilitate its compartmentalization and discretization from the
bulk phase. Ethyl acetate is chosen because of its low interfacial surface tension with water
(6.8 x 1073 N/m). The polymer also likely protects exosomes from oxidizing agents and
enzymes /n vivo. Combined with dilute D-trehalose stabilizer (2 mM), the physical and
molecular integrity of OS-EXOs is preserved. Finally, our results indicate that degradation
products of PLGA do not significantly impact OS-EXOs stability. In this way, OS-EXOs are
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sufficiently preserved and able to modulate downstream activity of cells in the same fashion
as exogenous administration /n7 vitro, through a single platform which is easily implanted /in
vivo and allows for local, controlled delivery.

Microfluidics also offers a high degree of batch-to-batch consistency, compared to other
mechanical emulsion techniques. Emulsions typically result in a wide distribution of droplet
sizes [75]. Particle size and more specifically surface area to volume ratio affect the release
profile [76]. A small, immediate burst provides an immediate therapeutic dose to the defect
site, likely influencing migration and differentiation of early migrant cells into the construct.
The following prolonged, nearly zero-order release provides constant exposure which
promotes gradual healing and bone tissue neogenesis, in a similar way to exogenous
administration. Cells are shown to be saturable by exosomes [77]. Therefore, a large burst
release is wasteful, and this notion of saturation provides rationale to maximize the sustained
release. Since PLGA is rather hydrophobic, large exosomes cannot diffuse through the
matrix as easily as small molecules or even macromolecules. Therefore OS-EXOs are
released as the polymer sphere is hydrolyzed and becomes porous on a larger scale,
maximizing the linear zero-order release for the majority of the EXO-MS’s functional
lifespan.

We have demonstrated that exosomes from mineralizing hDPSCs (OS-EXOs) could enhance
MSC osteogenic differentiation /n vitro and bone repair /n vivo. OS-EXQOs induce the
osteogenic activity of BMSCs as early as 3 days (increased ALP activity) and into late stages
(increased mineralization output) in both mouse and human cells. Consistently, our in vivo
models demonstrated the OS-EXOs released from scaffold share the same bioactivity by
accelerating the secretion of extracellular matrix in subcutaneously implanted constructs,
and craniofacial bone repair in a calvarial defect.

In recent years, exosomes derived from mesenchymal stem cells have shown great promise
in accelerating musculoskeletal tissue healing. Most of these reports focus on exosomes
derived from naive MSCs which facilitate tissue repair by enhancing cell migration, survival
or proliferation in a dose-dependent manner, but require relatively high concentrations /n
vitro (10-100 pg/mL) [17, 78]. Enhanced regeneration is likely to be achieved by greater
cell infiltration. The application of naive exosomes may be limited by high cost and
unknown side-effects associated with high doses required /7 vivo. Here we report a low
therapeutic dose (1-5 pg/mL) of OS-EXOs which specifically enhances new bone
regeneration by inducing osteogenic differentiation. Additionally, because hDPSCs are
isolated from extracted teeth, they are an easily accessible mesenchymal stromal cell source
compared to bone marrow or adipose tissue which require invasive biopsies.

Compared with naive exosomes, the cargo in exosomes derived from mature cells changes
as a function of differentiation [79, 80]. The osteogenic-specific gene expression and protein
synthesis in EXO-MS treated cells is superior compared to treatment by osteogenic media
alone. Runx2 is a key osteogenic differentiation regulator previously shown to be implicated
in exosome-cell interactions, and enhance the transcriptional activity and stabilization of
Runx2 in osteogenic differentiation [81-83]. We demonstrated that with OS-EXO treatment,
Runx2 was upregulated with a synchronous increase in Erk phosphorylation. The Erk
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pathway is known to be involved in cell-exosome interactions as well as the activation and
stabilization of Runx2 [83, 84]. Interestingly, the BMP related Smad1 pathway is not
involved. Since Runx2 coordinates multiple pathways which may incur complex crosstalk
during osteogenic differentiation, a more detailed mechanism of the specific signaling
pathways involved in OS-EXO-mediated osteogenesis merits further investigation to identify
OS-EXO-specific miRNA cargo. We have additionally demonstrated that exosomes derived
from human cells are able to modulate the phenotype of recipient cells similarly in both
humans and mice, which agrees with recent literature indicating cross-species efficacy of
exosomes [85].

Our ability to encapsulate and deliver stem cell-derived exosomes demonstrates clear
translational potential towards exciting clinical developments in regenerative medicine.
Donor cell phenotype is carefully selected to direct recipient cells on a designated trajectory,
through their exosomal miRNA cargo. Following this rationale, we are able to hack into
endogenous repair mechanisms and potentially circumvent costly stem cell transplantation
therapies. In support of this notion, exosome-mediated cell-free therapy has a number of
manufacturing and regulatory advantages compared to stem cell therapies [19, 86, 87]. Of
importance, EXO-MS and scaffold constructs can be conveniently sterilized by ethylene
oxide gas.

5. Conclusions

Exosomes derived from hDPSCs are encapsulated in triblock PLGA-PEG-PLGA
microspheres utilizing a microfluidic device, which are subsequently incorporated into a
nanofibrous PLLA scaffold. The controlled delivery of the exosomes from the scaffold in a
critical-size bone defect recruits endogenous cells and stimulates bone tissue neogenesis /n
vivo, without the need for exogenous stem cell transplantation. This platform facilitates the
local activity of exosomes, which bear many of the favorable properties of stem cells,
without off-target effects or immunogenic and tumorigenic concerns. Exosomes could
facilitate a new wave of potential therapies in regenerative medicine; their clinical success
will be highly dependent on methods developed for their efficient delivery. Our results
provide strong evidence to suggest that exosomes derived from mineralizing hDPSCs
provide pro-mineralization cues to drive local stem/progenitor cells towards osteogenic
differentiation /n vitroand in vivo.
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Fig. 1.

Isglation and characterization of exosomes derived from dental pulp stem cells (DPSCs).
Exosomes were physically characterized by their size using nanotracking analysis,
indicating that freshly isolated exosomes are of the characteristic hydrodynamic diameter
(davg = 135 nm, A), and uniformly sized (B). Molecular profiling by Western blot indicates
that the isolated exosomes are highly enriched for characteristic exosome surface markers
not abundant in the total cell isolate (C). Freshly isolated exosomes were fluorescently
labelled, as described, and their uptake by recipient primary mouse bone marrow stromal
cells (mBMSCs) after 30 minutes incubation and visualized by confocal microscopy (D;
blue: DAPI, red: F-actin, green: membrane-fluorescent exosomes; scale: 50 pm).
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Fig. 2.

In vitro characterization of the osteogenic potential of DPSC-derived exosomes (OS-EXO)
in primary mBMSC:s. In as few as three days, OS-EXO increased alkaline phosphatase
(ALP) activity (A, B), and increased calcium deposition at 14 and 21 days, indicated by
Alizarin red staining (C, D), compared to osteogenic or growth media alone. Exogenous OS-
EXO administration /n vitro caused significant osteogenesis at the transcriptional (E) and
translational levels (F, G, H). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (n=4
for Western blotting and all other analyses, representative images presented).
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Fig. 3.
Osteogenic exosomes (OS-EXO) derived from DPSCs upregulated mBMSCs Runx2 level

through ERK signaling. (A,C): OS-EXO upregulated mBMSCs Runx2 and ERK
phosphorylation at 1 ~ 5 » 10 ug/ml concentrations; (B,D): With presence of ERK inhibitor
u1026, the ERK phosphorylation and Runx2 level were both downregulated. N=4 for
Western blotting analysis and representative images presented.
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Development of a dual flow-focusing junction microfluidic device to facilitate exosome
encapsulation. The device was designed to facilitate the formation of a water/oil/water
double emulsion (A) via two flow focusing junctions (B) where immiscible solvents
contacted and form droplets which later become particles (C). CAD drawings of the device
were used to simulate fluid flow using COMSOL, demonstrating the formation of droplets at
both junctions (D, E). Droplet size was controlled by the relative flow rates of two
immiscible solvents when they contacted at the flow focusing junction (F). PDMS devices
were interfaced with pressure-driven pumps and droplet formation was visualized under a
light microscope (G, H, I, J, K). Representative images shown. Scale = 100 pm.
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Fig 5.

Ct?aracterization of EXO-MS. Scanning electron microscopy images of EXO-MS prepared
by microfluidic double emulsion method showed smooth, uniformly sized spheres (A).
EXO-MS made from PLGA-PEG-PLGA block copolymer were mixed with fluorescently
labelled polymer blocks and visualized by confocal microscopy; PEG (blue) segments self-
assembled on the inside of the particle to form a sphere wherein OS-EXO (green) localize,
among a disperse PLGA (red) microspheres (B; scale: 15 um). The size of EXO-MS was
measured by a laser diffraction method (C, dayg = 7.70 um). Compared to self-assembling
particles from the same polymer made under mechanical emulsion conditions, particles
made by a microfluidic platform were significantly smaller and less disperse (D). EXO-MS
were attached to poly(L-lactic acid) (PLLA) tissue engineering scaffolds, as shown in the
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schematic (E; scale: 100 um). Scaffolds were a matrix of interconnected macropores with a
nanofibrous surface texture (F). EXO-MS were seeded onto the pore surface of the scaffold
using a solvent-wetting method, visualized by light microscopy (G, dyed blue for visual
contrast) and scanning electron microscopy (H, I).
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Fig. 6.
Evaluation of the controlled release of OS-EXO from EXO-MS. The release profile of OS-
EXO was modulated by the hydrophilicity of the copolymer (A). After attachment of EXO-
MS to PLLA scaffolds, the release of OS-EXO became more linear (B). OS-EXO released
from EXO-MS at 2 weeks maintained their characteristic size (dayg = 105 nm), evaluated by
nanoparticle tracking analysis (C). Primary mBMSCs were treated with EXO-MS eluent
(collected at 2 weeks) which contained fluorescently labeled OS-EXO for 30 minutes, and
the uptake of OS-EXO by recipient cells was visualized by confocal microscopy (D; green:
fluorescent-membrane of OS-EXO, red: F-actin, blue: DAPI; scale: 100 um). Aliquots of /in
vitro EXO-MS eluent were collected and subjected to transmission electron microscopy
(TEM) analysis at prescribed time points (E; scalebars: 100 nm). Aliquots of /n vitro EXO-
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MS eluent were subjected to RNA extraction at each release time point. Quantity of RNA
correlates well to particle number (using NTA) for cases of both release from EXO-MS, and
release from EXO-MS attached to PLLA scaffolds (F, G, H, I).
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Fig. 7.

M?neral characterization of cell-laden 3D constructs cultured in vitro. At 14 and 21 days of
primary mBMSC cell culture, Fourier-transformed infrared spectroscopy (FTIR) spectra
indicated that EXO-MS laden PLLA scaffolds and exogenous administration of OS-EXO
yielded calcium hydroxyapatite mineralization (A, F), confirmed my colorimetric calcium
assay (B, G). Elemental analysis by energy-dispersive x-ray spectroscopy shows increased
calcium content (C, H), decreased carbon-to-phosphorus ratio (D, 1), and decreased carbon-
to-calcium ratio (E, J) for EXO-MS functionalized scaffolds compared to unfunctionalized
nanofibrous scaffolds alone. Mineralization of functionalized scaffold constructs is
comparable to those treated by exogenous administration of OS-EXO at 1 ug/mL and 5
ug/mL over the course of three weeks. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001.
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Fig. 8.

Higi‘tology of subcutaneous implants. Functionalized scaffolds implanted subcutaneously for
eight weeks showed that cells infiltrated the construct well and occupied the interconnected
spherical macropores (Hematoxylin and Eosin) equally well among nanofibrous scaffolds,
scaffolds loaded with blank EXO-MS, and scaffolds functionalized with OS-EXO-MS.
Masson’s trichrome staining showed increased extracellular matrix deposition in OS-EXO-
MS functionalized scaffolds; von Kossa staining shows increased calcium deposition by
calcium nodule formation in the OS-EXO-MS functionalized scaffolds.
Immunohistochemical analysis for bone sialoprotein (BSP) showed increased BSP protein
level as a result of OS-EXO-MS loaded scaffolds. Scale: 100 pm.
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Fig. 9.

E)%O-MS functionalized scaffold leading to bone regeneration /n vivo 8 weeks after
implantation without the transplantation of exogenous cells. Hematoxylin & Eosin staining
and Masson’s trichrome staining indicated marrow-containing bone tissue formation as a
result of OS-EXO treatment, in contrast to minimal bone formation in untreated controls
(A). Microcomputed tomography (UCT) of calvaria at 8 weeks (B; scale: 5 um) indicated
significant bone filling in OS-EXO-MS functionalized scaffold, compared to control
scaffold and blank MS loaded scaffold (C). There was no significant difference in bone
mineral density in the mineralized areas among the groups (D). * p < 0.05, ** p < 0.01
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