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Abstract

Mineralized enamel and dentin provide protection to the dental pulp, which is vital tissue rich with 

cells, vasculature, and nerves in the inner tooth. Dental caries left untreated threaten exposure of 

the dental pulp, providing facile access for bacteria to cause severe infection both in the pulp and 

systemically. Dental materials which stimulate the formation of a protective dentin bridge after 

insult are necessary to seal the pulp chamber in an effort to maintain natural dentition and prevent 

pulpal infection. Dental materials to date including calcium hydroxide paste, mineral trioxide 
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aggregate, and glass ionomer resin, are used with mixed results. Herein we exploited the cell-cell 

communicative properties of exosomes, extracellular vesicles derived from both mineralizing 

primary human dental pulp stem cells (hDPSCs) and an immortalized murine odontoblast cell line 

(MDPC-23), to catalyze the formation of a reactionary dentin bridge by recruiting endogenous 

stem cells of the dental pulp, through an easy-to-handle delivery vehicle which allows for their 

therapeutic controlled delivery at the pulp interface. Exosomes derived from both hDPSCs and 

MDPCs upregulated odontogenic gene expression and increased mineralization in vitro. We 

designed an amphiphilic synthetic polymeric vehicle from a triblock copolymer which 

encapsulates exosomes by polymeric self-assembly and maintains their biologic integrity 

throughout release up to 8–12 weeks. The controlled release of odontogenic exosomes resulted in 

a reparative dentin bridge formation, superior to glass-ionomer cement alone in vivo, in a rat molar 

pulpotomy model after six weeks. We have developed a platform for the encapsulation and 

controlled, tunable release of cell-derived exosomes, which maintains their advantageous 

physiologic properties reflective of the donor cells. This platform is used to modulate downstream 

recipient cells towards a designed dentinogenic trajectory in vitro and in vivo. Additionally, we 

have demonstrated the utility of an immortalized cell line to produce a high yield of exosomes 

with cross -species efficacy.
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Introduction

Nearly two and a half billion adults and five million children worldwide suffer from dental 

caries—the most common noncommunicable disease in the world [1, 2]. Severe tooth decay 

leads to obliteration of the pulp—the teeth’s living tissue—and other comorbidities 

including periodontal disease and ultimately tooth loss. Caries left untreated provide a route 

of entry for bacteria into the body through the vasculature of the pulp. Direct and indirect 

pulp therapies induce tertiary mineralized dentin secretion to seal the vital pulp chamber 

from potential insult by the formation of a tertiary dentin bridge, a defensive reaction in the 

hard tissue of the tooth [3]. Tertiary dentin formation can be catalyzed or compensated for 

by dental materials [4]. The goal of these vital pulp therapies is to restore dynamic 

equilibrium to the dental pulp following exposure and mitigate potential for inflammatory 

response or loss of tooth vitality. Oral health is a key indicator of overall health, wellbeing, 
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and quality of life [5]. Therefore, safe and efficacious treatments to preserve dentition are 

important.

Most dental materials to date serve as substitutes to native tissue or encourage partial tissue 

formation around the material. Few are able to catalyze tissue neogenesis to restore original 

dentin integrity, providing complete defense to the pulp [6]. Dental pulp stem cells are a 

stem cell population that resides in the inner pulp chamber of teeth, proliferate rapidly, 

differentiate to secrete mineralized dentin, and are inducible by many known factors [7, 8]. 

Stem cell-based approaches to tissue engineering have been broadly explored in dental 

applications, including clinical studies. However, stem cell-based therapies, while 

efficacious, are expensive, difficult to commercially produce, and pose immunogenic 

concerns [9]. We hypothesized that a biologic which recapitulates the advantageous 

properties of stem cells, could modulate the phenotype of endogenous stem cells and guide 

their trajectories towards functional mineralized tissue regeneration in situ, when paired with 

an appropriate delivery platform, as an alternative to existing mineral-based cements. It is 

known that various biological factors are sequestered in natural tissue extracellular matrix 

(ECM) that can activate stem cells to initiate regeneration/repair programs, including 

regeneration of mineralized tissues such as bone and dentin [10–12]. It has also been 

reported that certain matrix metalloproteinases are able to digest dentin ECM and release 

matrix components to promote tertiary dentin formation [13]. Inspired by ECM, biomimetic 

nanofibrous scaffolds and growth factor release have been utilized to facilitate dentin and 

pulp tissue regeneration [14–16]. The biologic evaluation of new dental pulp capping 

materials should include consideration for pulp vitality, immune response and infection 

prevention, and the completeness of tertiary dentin bridge formation, in addition to 

traditional molecular biology approaches to gauging pro-mineralization potential.

Exosomes are lipid bi-layer bound vesicles produced through the multivesicular body 

pathway of exocytosis, sized 50–150 nm in diameter [17, 18]. Exosomes and extracellular 

vesicles are secreted by a variety of differentiated and stem cell types across physiologic 

systems, including DPSCs [19]. They are known to carry nucleotide and protein cargo, 

specifically microRNAs (miRNA) which can modulate the phenotype and activity of 

recipient cells as miRNA is transferred from the exosome to recipient cell cytoplasm by 

membrane fusion. The specific miRNA profile of exosome populations is a function of their 

donor cell identity and microenvironmental conditions. Therefore, the cargo is tunable based 

on strategic selection of cell source and culture conditions [20, 21]. The promising 

therapeutic potential of exosomes has been demonstrated across a number of diseases [22–

24].

Exosomes from DPSCs have been shown to enhance mineralization and upregulation in 

characteristic odontogenic genes in vitro via activation of the MAPK pathway, partnered 

with immunogenic properties [25, 26]. Exosomes are also implicated in tooth development 

[27, 28]. A hinderance to their therapeutic use is a platform which allows for their easy 

handling and controlled local delivery. In the context of dentin tissue engineering, a single 

administration of a biomaterial is desired to facilitate healing over the course of weeks to 

months in vivo, while maintaining an isolated, sterile environment to prevent infection of the 

vital dental pulp as the dentin bridge forms.
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Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable polymer commonly used in FDA-

approved drug delivery applications. It is a random copolymer with highly tunable 

properties; the relative hydrophilicity can be tuned by modulating the ratio of lactide (more 

hydrophobic) to glycolide (less hydrophobic) monomer to determine the rate of degradation 

and thus release profile of encapsulated cargo [29]. The double emulsion method is the most 

common method of cargo encapsulation by PLGA, demonstrated extensively with small 

molecules, protein growth factors, and plasmids [30, 31]. Sufficient stabilization of proteins 

and plasmids, for example, is required to preserve their integrity. In our efforts to 

encapsulate and deliver cell-derived exosomes locally, we hypothesized that the exosome 

lipid membrane must also be stabilized to protect its nucleotide cargo. Stabilization may be 

accomplished through external stabilizing agents added to the double emulsion, as a 

property of the polymer’s chemistry, or a combination of these two methods [32]. PLGA 

spheres can be administered efficiently as injectable suspensions or pastes; their 

poly(aliphatic ester) backbone degrades by hydrolysis on contact with water to release cargo. 

PLGA spheres have been used in the controlled release of small molecules for dental tissue 

engineering therapies previously, including at the pulp interface, demonstrating their safety 

[33, 34].

We propose an alternative to mineral cements as a pulp capping material, which relies on 

PLGA-based biodegradable microspheres for the sustained elution of pro-dentinogenic 

exosomes derived from either primary cells or cell-lines following pulp exposure. We aim to 

induce the migration and differentiation of resident DPSCs in the pulp to regenerate new 

mineralized reactionary dentin at the insult site, on a clinically relevant time scale. In this 

study we use a self-assembling synthetic PLGA based triblock copolymer vehicle with 

tunable degradation properties to encapsulate and controlled release dentinogenic exosomes, 

and evaluate their potential as a regenerative pulp capping biomaterial using in vitro and in 

vivo models.

Materials and Methods

Materials:

Polyethylene glycol (PEG, Mw = 1,000 g/mol, 2,000 g/mol, 6,000 g/mol), methyl-

polyethylene glycol (MW = 1,000 g/mol), α-bromoisobutyryl bromide (BIBB), polyvinyl 

alcohol (PVA) (Aldrich); L-lactide (Altasorb); glycolide, stannous octanoate (Sn(Oct)2), 2-

hydroxyethyl methacrylate (HEMA), azobisisobutyronitrile (AIBN), triethylamine (TEA), 

copper (I) bromide (CuBr), dissodium hydrogenphosphate (Na2HPO3), N,N,N′,N″,N″-

pentamethyldiethylenetriamine (PMDETA), Span® 80, alkaline phosphatase staining kit, 

collagenase type I, ascorbic acid, β-glycerophosphate, dexamethasone (Sigma); nile blue 

acrylamide (Polysciences); tetrahydrofuran (THF), diethyl ether, 9-anthracecenylmethyl 

methacrylate, hexane, methanol, methylene chloride, isopropanol, TRIzol, micro BCA 

protein assay kit, Alexa-Fluor 555 phalloidin, ProLong Gold Anti-Fade, Alizarin Red S 

staining solution, conjugated secondary antibody, sodium dodecyl sulfate (Fisher Scientific); 

D-Trehalose, D-fructose (Oakwood Chemical); mineral oil (Alfa Aesar); deuterated NMR 

solvents (CDCl3, D2O) (Acros Organics); chloroform (VWR Chemical); ethanol (Decon 

Labs); dialysis tubing (3,500 MW cutoff) (Spectrum Labs); Electron-microscopy grade 
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paraformaldehyde (EMS Diasum); Dulbecco’s Modified Eagle Medium, fetal bovine serum 

(FBS), exosome-depleted FBS, penicillin, streptomycin, phosphate buffered saline (PBS), 

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% 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). 

Molar defects were made with a diamond bur (6878K series, Nobel Biocare, Sweden) and 

hand-filed with an endodontic K-file (size 15, Kerr). Defects were sealed with glass ionomer 

GC Fuji IX GP 1–1 (GC Corporation).

Diblock and Triblock PEG and PLGA Copolymer Synthesis:

We designed two copolymers: triblock PLGA-PEG-PLGA, and diblock PEG-PLGA, which 

were synthesized from HO-PEG-OH and H3C-PEG-OH initiators, respectively. In a round 

bottom flask, stoichiometric amounts of L-lactide and glycolide monomers, PEG, and 

SnOct2 catalyst (monomer/Sn(Oct)2 = 100) were combined. The system was held under 

positive nitrogen pressure for 30 minutes, and heated to 120°C, where the reaction 

proceeded by stannous-catalyzed ring opening polymerization for 120 minutes under inert 

conditions. Polymers are abbreviated as PLXGYA-PEG-PLXGYA where X and Y represent 

percentages of lactide and glycolide. A typical procedure is as follows (PL70G30-PEG-

PL70G30A): 1.25g HO-PEG-OH (MW=1,000 g/mol), 3.00 g L-lactide, 2.00 g glycolide and 

112 uL Sn(Oct)2 were added to a round bottom flask with stirring and nitrogen purging for 

30 minutes, then heated to 120°C to melt, and the reaction was carried out for 120 minutes 

as the molten reaction mixture became solid. The crude product was dissolved in a minimum 

amount of chloroform, precipitated into 5-times excess volume of cold methanol, and 

collected by vacuum filtration, twice to purify. 1H NMR (400 MHz, CDCl3): δ 1.5 ppm, s, 

sp3 CH3; 3.6 ppm, m, sp3 CH2; 4.8 ppm, m, glycolide sp3 CH2; 5.2 ppm, m, lactide sp3 CH.

Fluorescent Polymer Synthesis:

Following methods developed by our group [35], fluorophores were used to label end-

groups of polymer blocks in the block copolymers described above to probe at their self-

assembling nature in exosome-containing microsphere (EXO-MS) fabrication. The details 

are described in the following 3 subsections.

Synthesis of HEMA-PLLA: Acrylic-end functionalized PLLA was synthesized from 

(hydroxyethyl)methacrylate (HEMA) initiator (0.8 mmol, 86 μL) and L-lactide monomer 

(40 mmol, 5.760 g), catalyzed by Sn(Oct)2 (112 μL) in a ring opening polymerization at 

120°C, in an inert N2 environment [36, 37]. At completion, the polymer was dissolved in 20 

mL chloroform, and precipitated in 100 mL cold methanol (5x volume), where the product 

was collected by vacuum filtration, twice to remove unpolymerized monomer. 1H NMR (400 

MHz, CDCl3): δ 1.6 ppm, s, sp3 CH3; 5.1 ppm, q, sp3 CH; 5.8 ppm, dt, sp2 CH; 6.1 ppm, 

dd, sp2 CH; 6.4 ppm, dd, sp2 CH.

Synthesis of Nile Blue-PLLA: HEMA-PLLA (1.40 g), nile blue acrylamide (0.012 

mmol, 0.005 g), and freshly recrystallized azobisisobutyronitrile (AIBN, 0.06 mmol, 0.0098 
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g) were dissolved in 10 mL dioxane; the reaction was heated to 70°C where it was allowed 

to proceed for 24 hours. Solvent was removed by rotary evaporation, the product was 

redissolved in a minimum amount of CHCl3 and precipitated into cold methanol, then 

collected by suction filtration. This purification step was repeated approximately four times, 

until the methanol is no longer visibly colored by unreacted dye. 1H NMR (400 MHz, 

CDCl3): δ 1.5 ppm, s, sp3 CH3; 5.1 ppm, q, sp3 CH; 7.5–8.5 ppm, m, sp2 CH.

9-Anthracenylmethyl methacrylate-PEG: Br-PEG-OH was synthesized from HO-

PEG-OH (10 g, Mw = 1,000 g/mol) dissolved with triethylamine (TEA, 2.2 mL) in 

anhydrous tetrahydrofuran (THF, 50 mL) and purged under nitrogen for 30 minutes. The 

reaction was submerged in an ice bath and α-Bromoisobutyryl bromide (BIBB, 1.2 mL) was 

added dropwise with a syringe over the course of one hour. The solution stirred for 24 hours 

and warmed to room temperature gradually as the ice melted. After 24 hours, solvent was 

removed by rotary evaporation. The residue was redissolved in a minimum amount of 

dichloromethane (DCM), precipitated into cold diethyl ether (5x excess volume), and 

collected by vacuum filtration, twice. The resulting Br-PEG-OH was frozen at −80°C and 

lyophilized for 48 hours to remove residual water. 1H NMR (400 MHz, D2O): δ 3.07 ppm, 

q, -CH2-Br; 3.5–3.6 ppm, m, -CH2CH2O-.

To make Br-PEG-PLLA, Br-PEG-OH (1.24 g) was mixed with L-lactide (5 g) and Sn(Oct)2 

(112 μL) in a round bottom flask, purged with nitrogen for 30 minutes, with stirring. After 

30 minutes, the mixture was heated to 120°C for 120 minutes, to carry out ring opening 

polymerization in bulk. At completion, the residue was redissolved in a minimum amount of 

CHCl3, precipitated into cold methanol (5x excess), and collected by vacuum filtration 

twice. 1H NMR (400 MHz, CDCl3): δ 1.56 ppm, sp3 CH3; 3.1 ppm, q, -CH2-Br; 3.6–3.65 

ppm, m, -CH2CH2O-; 4.7–4.8 ppm, m, glycolide sp3 CH2; 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 g), 9-anthracenylmethyl 

methacrylate (0.1 g), and CuBr (0.04 g) was added to a round bottom flak and purged with 

nitrogen for 40 minutes. Separately PMDETA (200 μL) was dissolved in deionized H2O (40 

mL), also purged with nitrogen. After 40 minutes, the PMDETA-water solution was added 

via a syringe 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, CDCl3): δ 1.56 ppm, sp3 CH3; 3.6–

3.65 ppm, m, -CH2CH2O-; 4.7–4.8 ppm, m, glycolide sp3 CH2; 5.1–5.2 ppm, m, lactide, sp3 

CH, 5.6 ppm, d, sp3 CH2; 6.1–6.2 ppm, m, sp2 CH; 6.5, d, sp2 CH; 7.5–7.7 ppm, dq, sp2 

CH2; 8.2 ppm, d, sp2 CH.

Gel Permeation Chromatography:

Polymer samples were dissolved in THF at a concentration of 5 mg/mL and filtered using a 

200-μm syringe filter. The GPC analysis was performed on a Shimadzu GPC system 

containing three columns in series with a refractive index detector and a diode array UV-Vis 
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detector. The GPC was calibrated with narrow polydispersity polystyrene standards and the 

molecular weights are reported as polystyrene equivalents.

Nuclear Magnetic Spectroscopy:
1H spectra of the polymers were recorded with an Inova 400 NMR instrument (Varian), 

operating at 400 MHz at room temperature, using CDCl3 or D2O as solvent.

Exosome Containing Microsphere (EXO-MS) Fabrication:

PEG-PLGA copolymer (diblock or triblock) microspheres containing exosomes were 

fabricated using a mechanical water-in-oil-in-water (w/o/w) double emulsion method. 

Exosomes were concentrated to at least 2,000 μg/mL in PBS, to which D-Trehalose was 

added stoichiometrically to make a 2 mM solution. PEG-PLGA copolymer was dissolved in 

dichloromethane (DCM, 5% w/v). 300 μL of the exosome-trehalose solution was aliquoted 

into 2 mL of the PEG-PLGA/DCM solution and stirred quickly for 10 minutes to cause an 

emulsion (Level 10, Corning Magnetic Stir Plate). The primary w/o emulsion was 

emulsified into 20 mL polyvinyl alcohol (PVA, 1% w/v) solution to form the w/o/w double 

emulsion, under mechanical stirring (Level 8, Corning Magnetic Stir Plate). The resulting 

w/o/w double emulsion was left to stir at room temperature in a fume hood for 12 hours to 

evaporate the organic solvent, leaving behind solid polymer spheres which contained 

exosomes, dispersed in water. To slow the rate of evaporation, the w/o/w emulsion vessel 

was covered with foil with a few small holes. EXO-MS were collected by centrifugation 

(3,500 g, 8 minutes) and washed four times with fresh deionized water, then frozen and 

lyophilized. An exosome encapsulation efficiency of approximately 80% was achieved in 

the biodegradable PLGA-PEG-PLGA microspheres, which varied slightly with the polymer 

composition though. Morphology and size were evaluated as described below.

Polymer Particle Size Characterization:

The size of polymer spheres was determined by laser diffraction using a particle analyzer, 

carried out using a Malvern Mastersizer 2000 with Hydro 2000S wet dispersion unit. 

Samples were prepared in a suspension in deionized water (5 mg/mL) and added to the 

sample reservoir with stirring and sonication. Measurements assumed a default refractive 

index of 1.590 and solvent refractive index of 1.330.

SEM Characterization:

Particles were drop-cast onto carbon tape fixed to a specimen mount. Samples were 

sputtercoated with gold for 120 s (DeskII, Denton Vacuum, Inc.) and observed under a 

scanning electron microscope (Philips XL30 FEG) at 10 kV. Released exosomes, fixed in 

EM-grade PFA (10 %) overnight, were drop-cast onto carbon tape and coated for 90 s, 

observed at 5 kV.

Cell Isolation and Culture Conditions:

Fresh pulp tissue from sound human third molars (< 24 years old; n = 4, University of 

Michigan School of Dentistry Oral Surgery Clinic) was collected and subjected to enzymatic 

digestion by collagenase type 1 (3 mg/mL; Sigma-Aldrich). The resulting cells were re-
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suspended in complete α-MEM (Minimum Essential Medium Eagle Alpha, supplemented 

with 10% fetal bovine serum (FBS), L- glutamine and 1% penicillin-streptomycin; GIBCO), 

and incubated for 3 hours in culture plates at 37°C and 5% CO2 in a humidified 

environment. The adherent cells were then cultured in complete α-MEM. Cells at passage 3 

to 6 were used in this study. Cell isolation from human specimens was in accordance with a 

protocol approved by the Institutional Review Board at the University of Michigan. 

MDPC-23 cells were a gift from Dr. Helena Ritchie (Department of Cariology, Restorative 

Sciences, and Endodontics, School of Dentistry, University of Michigan). MDPC-23 were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 g/L glucose, 

10% fetal bovine serum, and supplemented with an antibiotic solution (100 U/mL penicillin-

G and 100 ug/mL streptomycin) at 37°C in a humidified atmosphere (5% CO2). Primary 

DPSCs were isolated from mice for subcutaneous implantation experiments; maxillary and 

mandibular first molars were extracted from 6–8-week-old male mice and extracted in the 

same way as human DPSCs.

Isolation of Exosomes:

Cells were seeded to confluence in 100-mm cell culture dishes and cultured in odontogenic 

differentiation media (containing 50 μg/mL ascorbic acid, 5 mM β-glycerophosphate, and 10 

nM dexamethasone; Sigma-Aldrich) for a period of 2 weeks. The status of mineralization 

was confirmed by Alizarin Red. Exosomes were isolated by differential centrifugation as 

previously published [38]. Briefly, one day prior to isolation, the cell cultures were washed 

in serum free odontogenic media and cultured for 24 hours. The conditioned media (CM) 

was centrifuged at 300×g for 10 minutes and 2000×g for 10 minutes to remove dead cells 

and debris. Then the supernatant was filtered through a 0.22-μm filter (GVS North America) 

to remove residual debris. The supernatant was centrifuged at 4000×g to about 200 μL in a 

15 mL Amicon Ultra-15 Centrifugal Filter Unit (Millipore) for 10 minutes. The ultra-

filtrated liquid was washed twice and centrifuged at 100,000×g for 70 minutes. Then the 

pellet was re-suspended and centrifuged at 100,000×g for another 70 minutes. The pellet 

was re-suspended with 200 μL phosphate buffered saline (PBS) and stored at −80°C until 

use. Exosomes were measured for their protein content, as a measure of sample 

concentration, using a BCA Protein Assay Kit (Pierce).

Fluorescent Labelling and Cellular Uptake of Exosomes:

Exosomes were labeled by carbocyanine dye DiO (Thermo Fisher Scientific) following a 

previously reported protocol [39]. Briefly, 10 μg/mL exosomes were incubated with DiO for 

20 min at 37°C followed by PBS washing three times. 50,000 DPSCs were seeded on glass 

cover slides and cultured in 24-well-plates. Labeled exosomes were added to the culture 

media of cells and incubated for 30 minutes. Cells were washed with PBS and fixed with 4% 

paraformaldehyde (PFA). Immunofluorescence and confocal microscopy are described in 

detail below. To evaluate the uptake of exosomes released from EXO-MS polymer spheres, 

DiO labelled exosomes were used in the fabrication of EXO-MS, following the described 

particle fabrication protocol presented herein. Following lyophilization and sterilization, 

particles were incubated in PBS for two weeks, changing PBS every 48 hours, then with cell 

culture media for two hours on a shaker at 37°C. Particles were allowed to settle to the 

bottom of a 15-mL conical tube (Falcon), and supernatant conditioned media, containing 
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released fluorescently labelled exosomes, was collected and incubated with cells in the same 

method described above, for 30 minutes. Their uptake is visualized by confocal microscopy.

Western Blot for Exosome Surface Markers:

Total protein of exosomes was extracted with the EpiQuik Whole Cell Extraction Kit 

(Epigentek, Farmingdale, NY, USA). A total of 20 μg protein was run through 12% 

NuPAGE 4–12% Bis-Tris gel electrophoresis (Bio-Rad, Hercules, CA, USA) and transferred 

to a PVDF membrane (Bio-Rad). The blots were washed with 1x TBS (Bio-Rad) and with 

0.05% Tween 20 (Sigma-Aldrich), blocked in 5% BSA (Santa Cruz) and incubated 

overnight at 4°C with primary antibodies for CD9, CD63, and CD81 (1:1000; Santa Cruz). 

Next, the blots were washed in TBST and incubated for 1 hour with goat anti-mouse 

horseradish peroxidase-conjugated secondary antibody (1:10000; Santa Cruz) followed by 

treatment with chemiluminescence reagent (BrightStar™ Femto HRP Chemiluminescent 

Substrate Kit). β-Actin is used as a control.

Erk Signaling Inhibition:

U0126, a highly selective inhibitor of MEK1/2 was purchased from Cell Signaling and 

dissolved in dimethylsulfoxide (DMSO) at a stock concentration of 10 mM, according to the 

manufacturer’s protocol. To confirm the involvement of MEK signaling in exosome-

mediated effects on hDPSCs, cells were pre-treated with the indicated concentration (10 

uM) of U0126 or an equal volume of DMSO for 30 minutes. Subsequently, 5 μg/mL MDPC-

EXO or an equal volume of PBS was added to the culture medium of hDPSCs, and cultured 

for 15 minutes. Western blotting was then performed as described above.

Nanoparticle Tracking Analysis (NTA):

The average hydrodynamic diameter and concentration of exosomes were characterized by 

NTA using a Nanosight NS3000 (Malvern) using the properties of light scattering and 

Brownian motion to obtain particle size distributions of samples in liquid suspension. 

Samples were agitated briefly in a sonic bath to break up aggregates, then exosomes 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 flow. Five 60-

second videos were recorded at a concentration sufficient to obtain a minimum of 200 tracks 

per video. Analysis was carried out using Malvern NanoSight NTA software v3.2.

Gene Expression Analysis:

Total RNA was isolated using Trizol Reagent (Thermo Fisher Scientific) according to the 

manufacturer’s protocol [40]. The RNA was reverse transcribed using 5X All-In-One RT 

MasterMix (Applied Biological Materials Inc.) and subsequently amplified with PowerUp 

SYBR Green Master Mix (Thermo Fisher Scientific) using a 7500 Real-Time PCR System. 

Primers are shown in Table 1. Results were calculated by using the 2ΔΔCT method [41]. 

GAPDH was used as an internal control to normalize the variability in expression levels.
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Mineralization Assay (Alizarin Red Stain):

Calcium depositions in the extracellular matrix were observed using Alizarin Red staining 

after DPSCs were cultured for 14 days in odontogenic media, and for MDPCs after 1 week. 

The cells were then washed with PBS and fixed in 70% ethanol for 10 minutes at 4°C. 

DPSCs were stained with a solution of 1% alizarin red S (Sigma-Aldrich, St. Louis, MO, 

USA) for 5 mins at room temperature and washed with distilled water. The calcium content 

was also determined at day 14 using a colorimetric calcium assay kit (Calcium Reagent Set, 

Pointe Scientific, MI, USA), after disruption and incubation of samples overnight at 4°C 

with 1 N HCl.

Transwell Migration Assay:

Transwell migration assay was performed using a Transwell insert that contains a 

polycarbonate filter with 8 μm pore size (Corning Costar) DPSC cells were serum-starved 

for 24 h in DMEM prior to initiation of the experiment. 10×104 DPSCs suspended in 100uL 

serum-free DMEM were added to the 24-well upper chamber. The chambers were placed in 

24-well plates, and either: 500 μL medium that contains carrier control (PBS), 1 μg/mL, 5 

μg/mL or 10 μg/mL exosomes, was added to the bottom wells of the multi-well insert 

assembly. Cells were incubated at 37°C for 1 hour to allow cell migration through the 

membrane. Migrated cells were fixed in 95% ethanol and stained with crystal violet. The 

images were captured and analyzed with Image J software (NIH).

Immunofluorescence and Confocal Microscopy:

Cells cultured in monolayer were fixed in formaldehyde (4%) for 1 hour, then cell 

membranes were permeabilized with Triton-X (0.1%) for 5 minutes. After washing with 

PBS, the cytoskeleton was stained using Alexa-Fluor 555 phalloidin (F-actin, 1:35) in BSA 

(1%), per the manufacturer’s guidelines. Mounting media containing DAPI was used to stain 

nuclei (ProLong Gold Anti-Fade). Constructs were observed using a laser confocal 

microscope (Nikon Eclipse C1).

Particle Sterilization:

For release tests, cell culture studies, and in vivo assessment, exosome-containing particles 

were sterilized by ethylene oxide.

Evaluation of Exosome Release from Particles:

The release profiles of exosome-loaded microspheres (EXO-MS) were evaluated in PBS (pH 

7.4, 0.1 M). A known mass of particles was incubated in 1.0 mL PBS and shaken at 50 rpm 

at 37°C. At designated time points, the conditioned PBS was withdrawn and frozen at −80°C 

and replaced with fresh PBS. Nanoparticle Tracking Analysis was used to determine the 

concentration of exosomes in each aliquot, which can be plotted as a cumulative function of 

time to describe exosome release from polymer spheres.

Evaluation of Particle Degradation:

At prescribed time points, particles which had been incubated in PBS for release tests 

(described above) were removed and frozen, then lyophilized, to examine partic le 
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morphology as a function of degradation. Particles were gold coated and observed by SEM 

as described.

RNA Isolation from Released Exosomes:

Conditioned PBS from release profile experiments was centrifuged at 12,000 g for 90 

minutes at 4°C to recover exosomes from release test aliquots. RNA contained within 

exosomes was extracted using a phenol-based extraction method similar to extracting RNA 

from cells [42]. Total RNA extraction was performed using TRIzol reagent (Invitrogen) 

according to the manufacturer’s protocol. 750 μL TRIzol was added to each concentrated 

sample and mixed well to resuspend exosomes and incubated at room temperature. Protein 

was denatured by addition of chloroform, then RNA was precipitated using isopropanol, and 

dried with 70% ethanol, before being reconstituted in water. The concentration of RNA was 

assessed by absorbance at 260 nm using a Beckman DU640 Spectrophotometer.

In Vitro Efficacy of Controlled Release to Enhance Mineralization:

EXO-MS were incubated in media at a concentration of 0.25 mg/mL at 37°C. DPSCs were 

plated in triplicate (50,000 cells/well) into 24-well plates and cultured to confluence. Cells 

were treated with EXO-MS eluent for two weeks, changing the conditioned media every two 

days with media conditioned by the EXO-MS.

Subcutaneous Implantation in Mice:

EXO-MS were immobilized onto poly(L-lactic acid) (PLLA) nanofibrous (NF) scaffolds, 

which serve as a 3D matrix for cells. PLLA NF scaffolds were fabricated by a combination 

of thermally induced phase separation and sugar porogen leaching techniques, described by 

our group previously [43]. Briefly D-fructose was emulsified in hot mineral oil containing 

Span80, a surfactant, and cooled quickly to produce sugar spheres. Spheres were collected, 

washed with hexane to remove mineral oil, and sorted by size using molecular sieves. 

Spheres of size 250–425 μm, a size range shown to be advantageous for mineralized tissue 

formation [44], were assembled into a template and annealed at 37°C. Hexane was removed 

with a vacuum, and poly(L-lactic acid) (10% w/v in THF) was cast into the template and 

frozen at −80°C to induce thermally induced phase separation, resulting in nanofibers. After 

48 hours, THF was exchanged with hexane, and sugar spheres were leached from the 

scaffold using water. Scaffolds were cut to 5 mm diameter and 2 mm thickness. 600 μg 

exosomes were incorporated into 1.0 mg polymer microspheres (PLGA(85/15)-PEG-

PLGA(85/15), 5k). Approximately 1.25 mg exosome-containing microspheres were used for 

each scaffold to achieve approximately 1.0 mg microspheres immobilization on each 

scaffold (considering microsphere loss in the process) using a modified post-seeding method 

[45, 46]. Briefly, particles were suspended in hexane with 0.1% Span80, then dried in a 

vacuum. Once dry, particles were resuspended in a THF-hexane solution (3% v/v THF). 12 

μL of EXO-MS solution was aliquoted dropwise onto scaffolds, and scaffolds were placed 

on a rocker for 30 minutes at a low speed. This was repeated multiple times on each side, 

allowing the solvent to evaporate and particles to attach between aliquots such that a total of 

1.25 mg of particles were used for each scaffold, sufficient for 250,000 cells. Scaffolds were 

left to dry in a vacuum chamber until a constant mass was reached (4 days).
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After the controlled release system was validated in vitro, constructs containing EXO-MS 

were seeded with 2.50 × 105 primary mouse DPSCs and implanted in subcutaneous pockets 

on the back of mice, four constructs per mouse, for six weeks (n=4 per group). 8- to 10-

week-old male C57BL6 mice (Jackson Laboratory) were anesthetized by inhalation of 

isoflurane (3–5% induction, 0.5–2% maintenance). A 2-inch dorsal incision was made on 

the disinfected back, where four pockets were made using blunt dissection, two on each side 

of the incision. One construct was placed in each pocket, randomly for each group (n=4/

group). Pain was managed by subcutaneous injection of carprofen (5 mg/kg) for 48 hours 

post-surgery.

Samples were harvested at 6 weeks for histologic and gene expression analyses. Samples 

were fixed in 4% paraformaldehyde (PFA) for three days and embedded in paraffin for 

histological sectioning (5 μm). This animal procedure was approved by the Institutional 

Animal Care & Use Committee (IACUC) at the University of Michigan.

Rat Pulpotomy Model:

Male Sprague Dawley rats (Charles River, 225–250 g, 8 weeks old) were subjected to a 

bilateral first maxillary molar pulpotomy to assess the ability of EXO-MS to cause tertiary 

dentin formation after insult [47]. Rats were anesthetized by inhalation of isoflurane gas (3–

5% induction, 1–2% maintenance), and immobilized in a custom-built rat dental bed, 

inspired by previous literature in mice [48] which allowed for restraint, proper head 

positioning, and maintained isoflurane flow to the animal throughout the procedure. The 

mouth was held open by surgical retractor, and both maxillary first molars were disinfected 

with povidone-iodine. A 1/4C FG round diamond bur (Nobel Biocare) and dental handpiece 

was used to make a 0.5 mm class I defect in the occlusal surface of the tooth. Sterile saline 

(0.9%) was used for cooling and removal of debris. A size 15 endodontic K-File (Kerr) was 

used to expose the dental pulp. Hemostasis was controlled with a sterile cotton pellet.

To assess the ability of the controlled release of exosomes to induce tertiary dentin 

formation, rats were treated with either no particles, blank MS (polymer only, no exosomes), 

DPSC-EXO-loaded EXO-MS, or MDPC-EXO-loaded EXO-MS (n=4/group). 600 μg 

exosomes were incorporated into 1.0 mg polymer microspheres (PLGA(85/15)-PEG-

PLGA(85/15), 5k). To cap one tooth, 1.0 mg polymer exosome-loaded microspheres were 

constituted in 100 μL ethanol, agitated on a shaker at room temperature for 30 minutes, then 

centrifuged and ethanol replaced, three times, to increase the hydrophilicity of the surface. 

On the final wash, particles were constituted in 50 μL PBS (5% PEG-2000, 0.1M PBS, pH 

7.4, 1% Na2HPO3) and allowed to swell into a paste which was placed in the defect using a 

dental excavator and dried gently with air. Defects were closed with glass-ionomer cement 

(Fuji GC). Maxillary first molars capped with GI cement only were used as a negative 

control. Opposing cusp tips of mandibular first molars were removed with the 1/4C bur to 

relieve occlusion. Animals were given carprofen to manage pain (5 mg/kg) for 48 hours 

following surgery. This animal procedure was approved by the IACUC at the University of 

Michigan.

Animals were sacrificed at 6-weeks post-surgery; both maxillary first molars and 

surrounding alveolar bone was surgically dissected. Samples were fixed in 4% PFA for one 
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week then demineralized in 4% ethylenediaminetetraacetic acid (EDTA) for 8 weeks at 

room temperature, prior to paraffin embedding for histological sectioning.

Histological Analysis:

Samples were fixed in 4% PFA and demineralized (rat molars only). After dehydration, the 

samples were embedded in paraffin. Serial sections (5 μm) were cut and stained according to 

standard protocols for: hematoxylin and eosin (H&E) and Masson’s trichrome staining. 

Stained sections were evaluated with a light microscope equipped with a camera (Olympus 

BX51).

Statistical Methods:

All data are reported in the form: mean ± standard deviation. The Student’s t-test was used 

to determine statistical significance of observed differences between experimental groups, 

where p < 0.05 is used to determine significance. Statistical analysis was carried out in 

GraphPad Prism v8 and IBM SPSS v23.0.

Results

Isolation of Exosomes from Dental Pulp Stem Cells (DPSCs) and Immortalized Murine 
Odontoblasts (MDPC-23):

Primary human dental pulp stem cells (hDPSCs) were isolated from adult human teeth and 

cultured under odontogenic conditions for two weeks; immortalized murine odontoblasts 

from the MDPC-23 cell line were likewise cultured under odontogenic conditions. The 

mineralization status of both cell types was confirmed by positive Alizarin Red staining. 

Following positive Alizarin Red staining, conditioned media (CM) was collected every two 

days and their exosomes were isolated according to a standard protocol (hDPSC-derived 

exosomes = DPSC-EXO; MDPC-23-derived exosomes = MDPC-EXO) [38]. The exosome 

fractions were physically and molecularly analyzed to determine the content and purity of 

the isolate according to standard methods [49]. Nanoparticle tracking analysis (NTA) results 

show that the samples are relatively monodisperse with an average hydrodynamic diameter 

of 135 nm (Sup Fig 1A, B). Exosome-specific surface markers are significantly enriched in 

the isolated exosome fraction compared to the total cell lysate, whereas β-actin is enriched 

in the cell lysate but not significantly enriched in the exosome fraction (Sup Fig 1C, D). 

Freshly isolated DPSC-EXO and MDPC-EXO were fluorescently labelled with a lipophilic 

fluorophore (DiO, green) and incubated with hDPSCs for 30 minutes, separately. 

Visualization by confocal microscopy shows that exosomes are rapidly up-taken into the 

cytoplasm of cells based on colocalization with cell bodies (Sup Fig 1E, F).

Characterizing the Therapeutic Properties of Dentinogenic Exosomes

DPSC-EXO were previously demonstrated to induce odontogenic differentiation of DPSCs 

in vitro [25, 26]; we confirmed that exosomes derived from primary human DPSCs cultured 

in odontogenic media indeed induced the differentiation of DPSCs towards an odontogenic 

phenotype (Fig 1A, B). After 7 days, treatment by DPSC-EXO (5 μg/mL) induced 

significant upregulation of characteristic dentinogenic genes: BSP, DSPP, VEGF—compared 

to culture in odontogenic media alone (Fig 1A). DPSC-EXO treatment also significantly 
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increased mineralization after 14 days, compared to odontogenic and growth media controls, 

determined by colorimetric assay (Fig 1B). Doses greater than 5 μg/mL showed little 

difference from a 5 μg/mL dose, indicating saturation. MDPC-derived exosomes have not 

previously been studied; we demonstrate that they too upregulate characteristic odontogenic 

gene expression of DPSCs (Fig 1C). DPSC-EXO and MDPC-EXO both induce significant 

increases in mineralization (5 μg/mL) over odontogenic media alone after two weeks, with 

MDPC-EXO inducing the most mineralization as demonstrated by colorimetric assay (Fig 

1D) and Alizarin Red staining (Fig 1E).

It is known that DPSC-EXO induce mineralization by upregulation of MAPK signaling [25]. 

Western blot analysis demonstrated that MDPC-EXO also upregulate Erk1/2 

phosphorylation (5 μg/mL) in as little as 5 minutes in vitro (Fig 1F). Furthermore, MDPC-

EXO upregulated phosphorylation of Erk1/2 and downstream RUNX2 protein expression, in 

a dose-dependent manner as assessed at 15 minutes (Fig 1G). U0126 was used to inhibit 

MAPK signaling in order to confirm its involvement in MDPC-EXO-mediated odontogenic 

differentiation. U0126 decreased levels of p-Erk1/2 and RUNX2 in hDPSCs; MDPC-EXO 

rescued this decrease to some extent, confirming MAPK signaling involvement (Fig 1H, I, 

J). Additionally, the normalized data of the MDPC-EXO groups (without U0126 treatment) 

in Fig 1I & J quantitatively confirm that MDPC-EXO enhance p-Erk1/2 and RUNX2 protein 

levels compared to respective DMSO control groups.

Feasibility of Sustained Exosome Delivery to Catalyze Tissue Neogenesis

We hypothesized that exosomes eluted from a synthetic delivery vehicle would induce 

migration of endogenous cells to repair breached dentin. To probe the migratory potential of 

dentinogenic exosomes, hDPSCs were seeded on the top of a trans-well insert, above 

odontogenic media supplemented with various doses of DPSC-EXO (0–10 ug/mL). hDPSCs 

migrated towards the DPSC-EXO-containing media in a dose dependent manner, in as little 

as one hour in vitro (Fig 2A, B), demonstrating the migratory potential of DPSC-EXO.

Typical in vitro experiments are performed where fresh exosomes are supplemented in the 

culture media constantly throughout the duration of the experiment. We were interested in 

the effect of a single dose versus sustained exposure to DPSC-EXO on the pro-odontogenic 

mineralization capacity of hDPSCs, which could be achieved in vivo through a sustained 

release delivery platform. hDPSCs were exposed to DPSC-EXO for a prescribed time 

period, then switched to odontogenic media alone, as shown schematically in Fig 2C; 

odontogenic and growth media are positive and negative controls, respectively. Even a single 

dose of DPSC-EXO (72 hours culture then odontogenic media alone) resulted in a greater 

degree of mineralization compared to cells cultured in odontogenic media alone. The 

sustained exposure to DPSC-EXO increased mineralization by almost two-times (Grp 4), 

compared to odontogenic media alone, in a time-dependent manner (Fig 2D).

Polymeric Encapsulation of DPSC-EXO by a Self-Assembling Triblock Copolymer

We designed a novel platform for the encapsulation of dentinogenic exosomes into 

biodegradable polymeric microspheres, using a modified double emulsion method [30]. The 

double emulsion consists of three phases: an inner water phase which contains exosome 
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cargo (DPSC-EXO), a middle organic solvent phase containing a biodegradable polymer 

dissolved in dichloromethane (DCM), and an outer continuous phase of polyvinyl alcohol 

(PVA) surfactant dissolved in water (1% w/v), shown schematically in Fig 2E. Poly(lactic-

co-glycolic acid)-block-poly(ethylene glycol)-block-poly(lactic-co-glycolic acid) (PLGA-

PEG-PLGA), an amphiphilic triblock copolymer (Fig 2F), was synthesized and its 

composition was confirmed by nuclear magnetic resonance spectroscopy and molecular 

weight by gel permeation chromatography (Sup Fig 2). Mechanical emulsion facilitated the 

formation of exosome-loaded microspheres (EXO-MS) in situ – first, the exosome solution 

was emulsified in PLGA-PEG-PLGA/DCM solution (5% w/v) for a prescribed time period. 

Then this water-oil (w/o) emulsion was emulsified in 1% w/v PVA. DCM was evaporated to 

yield solid polymeric spheres. Laser diffraction (Mastersizer 2000) measurements of EXO-

MS size show a broad distribution of particles ranging from 25–75 μm in diameter (dav g = 

42 μm, Fig 2G). Scanning electron microscopy (SEM) visualization of EXO-MS shows 

consistent spherical microparticles with a smooth surface texture (Fig 2H). The internal 

morphology of EXO-MS shows a “sphere-in-sphere” morphology (Fig 2H) when the 

PEG:PLGA ratio is 1:4. At a PEG:PLGA ratio of 1:10, resulting particles form uniform, 

large spheres with smooth surfaces, however no internal pockets characteristic of the 

“sphere-in-sphere” morphology result. At a ratio of 2:3, resulting polymer disks are flat, 

non-uniformly shaped and their size is broadly distributed, lacking an internal architecture 

(Sup Fig 3). The duration of the first w/o emulsion is important in achieving a smooth 

surface texture; particle dispersity changes with emulsion time (Sup Fig 4A). PVA surfactant 

results in smoother particle morphology, likely due to its nonionic nature (Sup Fig 4B). As 

anticipated, increasing the concentration of PVA decreases particle dispersity (Sup Fig 4C). 

However, PVA is known to be cytotoxic at high concentrations.

To probe at the mechanism by which PLGA-PEG-PLGA results in a “sphere-in-sphere” 

EXO-MS morphology, we synthesized copolymer blocks with fluorescent end-group probes 

(Sup Fig 5). EXO-MS were fabricated from PLGA-PEG-PLGA mixed with those 

fluorescent polymers and fluorescently labelled exosomes and visualized by confocal 

microscopy (Fig 3A). EXO-MS consist largely of PLGA (red). PEG segments (blue) form 

spherical or more complex pockets within the PLGA MS. DPSC-EXO (green) tend to co-

localize with PEG in these inner-sphere pockets. The PEG is the hydrophilic segment of the 

PLGA-PEG-PLGA copolymer, which was designed to interface with the aqueous droplets 

containing exosomes inside the hydrophobic PLGA body of a microsphere driven by 

hydrophilic/hydrophobic self-assembly. Therefore, we anticipated exosomes to overlap 

significantly with the PEG domains. Diblock monomethyl ether-poly(ethylene-glycol)-

block-poly(lactic-stat-co-glycolic acid) (H3C-PEG-PLGA) was synthesized to the same 

molecular weight and PEG-segment molecular weight as PLGA-PEG-PLGA. Triblock 

PLGA-PEG-PLGA formed uniform spheres with smooth surfaces, however H3C-PEG-b-

PLGA formed deflated spherical particles which lacked uniformity or a smooth surface 

texture (Fig 3B).

Sustained Release Kinetics of DPSC-EXO from EXO-MS in vitro

EXO-MS were fabricated from six different chemical formulations of triblock PLGA-PEG-

PLGA. The hydrophilicity of the PLGA block is modulated by the lactide/glycolide 
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composition, synthesized at: 100/0, 85/15, 70/30, and 50/50. Additionally, the molecular 

weight is varied between 5 kDa and 30 kDa. EXO-MS are incubated in phosphate buffered 

saline (PBS) at 37°C. Aliquots are removed at prescribed timepoints to analyze dentinogenic 

exosome concentration in the particle eluent and replaced with fresh PBS. Cumulative 

release from EXO-MS shows an initial burst within the first 72 hours, then the release 

becomes more linear (Fig 4A–C). Not surprisingly, higher molecular weights and higher 

lactide/glycolide ratios resulted in slower release rates and reduced burst release amounts. 

PL85G15A-PEG-PL85G15A (5 kDa) was chosen for subsequent studies because of its 

relatively longer sustained release up to 10 weeks in vitro. Initially, 27% of loaded exosomes 

were released in the initial 72 hours, then DPSC-EXO were released at a rate of 0.8% per 

day. Exosome eluent is analyzed by NTA to determine release as a function of particle 

number; the exosomes maintain their characteristic hydrodynamic diameter and 

monodispersity centered around dav g = 115 nm throughout release (Fig 4D, Sup Fig 6). 

EXO-MS were fabricated with fluorescently labelled exosomes; EXO-MS were incubated 

for two weeks in PBS, changing the PBS every two days. At day 14, PBS was changed for 

odontogenic media and EXO-MS were left to condition the media. hDPSCs were incubated 

with EXO-MS-conditioned odontogenic media for 30 minutes; the uptake of fluorescent 

dentinogenic exosomes, released from EXO-MS, was visualized by confocal microscopy 

(Fig 4E).

Scanning electron micrographs of EXO-MS are taken at various time points throughout 

degradation (Sup Fig 7). Initially, EXO-MS maintain their intact structure up to two weeks, 

as the outer shell is degraded and becomes increasingly porous. By one month, the 

microspheres have deformed from their original shape into an irregular shape with a rough 

texture and less-defined internal “sphere-in-sphere” morphology.

Prior to use in vitro and in vivo, EXO-MS were sterilized by ethylene oxide gas, then with 

70% ethanol. Neither ethanol nor methanol caused significant release of DPSC-EXO, even 

up to 4 weeks (Sup Fig 8A). After two weeks incubation in ethanol (changed every other 

day), ethanol was exchanged for water, and EXO-MS immediately began releasing DPSC-

EXO as anticipated (Sup Fig 8B).

In Vitro Integrity and Bioactivity of Exosomes Eluted from Polymer Microspheres

Exosomes are biologically derived liposomes, and known to aggregate in vitro, particularly 

in highly concentrated suspensions and during freezing. We investigated the stabilization of 

encapsulated exosomes by D-trehalose in EXO-MS fabrication, previously shown to 

stabilize exosome lyophilization [50]. Scanning electron micrographs of fixed EXO-MS 

eluent show that D-trehalose incorporated in the fabrication of EXO-MS (2 mM) helps to 

minimize the size of exosome aggregates, compared to those encapsulated without any 

stabilization, judged by morphology (Fig 5). Trehalose-stabilized exosomes maintain their 

characteristic spherical shape, size, and membrane integrity. The lipid membrane plays an 

important role in protecting the nucleic acid cargo of exosomes, largely made up of miRNA, 

responsible for their physiologic effects in vitro and in vivo. At each time point in in vitro 
release assays, RNA cargo was extracted from therapeutic dentinogenic exosomes. The 

amount of RNA extracted from exosome eluent matches well to exosome particle number, 
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from NTA, for all polymer compositions and molecular weights investigated (Fig 6, Sup Fig 

9). While both diblock and triblock copolymers could efficiently encapsulate exosomes, 

diblock copolymers released cargo much quicker than triblock copolymers (Sup Fig 10).

hDPSCs were treated with eluent from either blank (unloaded) EXO-MS or EXO-MS 

loaded with DPSC-EXO, compared to odontogenic and growth media controls for 14 days in 
vitro to determine the bioactivity of dentinogenic exosomes after release and demonstrate 

feasibility. The controlled release of dentinogenic exosomes from EXO-MS significantly 

increased hDPSC calcium mineralization compared to blank EXO-MS and positive 

(odontogenic media) and negative (growth media) controls, determined by alizarin red 

staining (Fig 7A) and colorimetric calcium assay (Fig 7B). Increases in calcium 

mineralization were accompanied by upregulation in dentin sialophosphoprotein (DSPP), 

dentin matrix phosphoprotein 1 (DMP1) and bone sialoprotein (BSP) gene expression, 

characteristic of dentinogenesis and odontogenic differentiation (Fig 7C).

Subcutaneous Implantation of EXO-MS Induces DPSC Differentiation In Vivo

Blank EXO-MS, DPSC-EXO-loaded EXO-MS or MDPC-EXO-loaded EXO-MS (called 

DPSC-EXO-MS and MDPC-EXO-MS, respectively) were attached to nanofibrous tissue 

engineering scaffolds, separately, which serve as a three-dimensional matrix, as previously 

described [45]. Constructs were seeded with freshly isolated naïve mouse DPSCs (mDPSCs) 

and implanted subcutaneously in mice for six weeks. Harvested constructs were stained with 

hematoxylin and eosin; MDPC-EXO-MS and DPSC-EXO-MS constructs showed increased 

cellularity compared to Blank EXO-MS (Blank) (Fig 8A, B, C). Additionally, Masson’s 

Trichrome staining demonstrated increased extracellular matrix production in DPSC-EXO-

MS or MDPC-EXO-MS loaded cell-scaffold constructs, compared to Blank controls (Fig 

8D, E, F). The sustained release of exosomes induced significant odontogenic differentiation 

in mDPSCs via both cargo types (MDPC-EXO and DPSC-EXO); upregulation of Runx2, 

osteocalcin (OCN), dentin sialophosphoprotein (DSPP) and collagen 1 (Col1a1) when 

compared to blank constructs (Fig 8G). No inflammation and minimal fibrous capsule 

formation were noted in histologic examinations.

Dentin Defect Repair by EXO-MS in a Rat Pulp-Capping Model

EXO-MS were further assessed for their ability to stimulate tertiary dentin formation in a 

biomimetic way through the controlled release of pro-dentinogenic exosomes without 

transplantation of exogenous cells at the dentin-pulp interface. A 0.10 mm Class II defect 

was made on the occlusal surface of bilateral maxillary molars of healthy 8- to 10-week-old 

male rats (Sprague Dawley, Charles River). DPSC-EXO-MS with glass ionomer resin, 

MDPC-EXO-MS with glass ionomer resin, blank EXO-MS with glass ionomer resin, or 

glass ionomer resin alone (clinical standard, as a control) were used to treat defects. Six 

weeks after treatment, maxillary molars were dissected en bloc and buccal-labial serial 

sections were cut for histological analyses. Some reparative tertiary dentin formation was 

noted in all treatment groups, to varying degrees. The sustained local release of DPSC-EXO 

and MDPC-EXO at the pulp interface resulted in more complete dentin healing and strong 

dentin bridge formation after six weeks in vivo (n=4 per group) (Fig 9). GI-only and blank 

EXO-MS-treated teeth show incomplete dentin bridge formation with irregular dentin 

Swanson et al. Page 17

J Control Release. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



morphology and minimal hard tissue formation. Exosome treated teeth, on the other hand, 

show characteristic dentinal-tubules and highly mineralized tissue with a rich collagen 

extracellular matrix as shown by Masson’s trichrome staining, indicating deposition of 

highly collagenous neodentin (arrows, Fig 9). Streaks in the dentin near the edges of the 

defect are characteristic of tertiary dentin which is differentiated from native secondary 

dentin (existing) tooth structure. Some nondegraded polymer particles are found in the 

remaining capping material, partially lost during histological preparation. The PLGA-PEG-

PLGA polymer itself does not have therapeutic benefit, demonstrated by blank EXO-MS 

controls. Careful examination of the histological slides did not show any sign of bacterial 

infection. The accelerated tertiary dentin bridge formation by controlled exosome release 

should be beneficial in preventing potential bacterial invasion in the long term.

Discussion

Novel methods which accelerate dentinogenesis in safe and efficacious ways to maintain the 

vitality of the dental pulp are critically important to advancing the field of restorative 

dentistry, ultimately allowing patients to preserve their natural dentition [6]. Interest in 

advanced biologic therapeutics such as exosomes requires innovative engineering strategies 

to deliver these complex drugs [51]. The objective of the present work is to develop a novel 

platform for the controlled release of dentinogenic exosomes directly at the pulp surface to 

catalyze tertiary dentin formation and accelerate dentin bridge formation in the restoration of 

carious lesions, and secondarily identify candidate exosomes to enhance reparative 

dentinogenesis. We have demonstrated for the first time that stem cell-derived exosomes can 

be efficiently encapsulated and released from biodegradable polymeric microspheres, 

allowing for their efficient therapeutic delivery, while maintaining their bioactivity. PLGA-

PEG-PLGA microspheres with a smooth surface and diameters ranging from 30 to 70 μm 

were developed to efficiently encapsulate cell-derived exosomes through self-assembly. 

Dentinogenic exosomes were released over the course of 8–12 weeks. Additionally, we 

showed cross-species efficacy of exosomes derived from both primary human cells and 

immortalized animal cell lines in considerably accelerating the formation of healthy tertiary 

dentin in a rat direct pulp capping model by 6 weeks. We believe this is a promising 

platform technology for the controlled release of stem cell-derived exosomes, adaptable to 

many therapeutic applications.

DPSC-EXO are demonstrated to be pro-dentinogenic in vitro towards hDPSCs by 

exogenous administration [52]. We additionally determined that DPSC-EXO can facilitate 

the migration of hDPSCs in a dose-dependent manner, and that DPSC-EXO induce 

mineralization in an exposure-dependent manner. These findings led us to develop a 

controlled release platform that can be implanted at a defect site without the transplantation 

of exogenous stem cells, to facilitate the migration of endogenous DPSCs from the inner 

pulp chamber and guide their differentiation fate towards a specific regenerative outcome.

Exosomes, by their biologic nature, are more delicate than small molecules and this 

consideration mus t be built into fabrication protocols for their encapsulation [53]. We 

designed an amphiphilic triblock copolymer, PLGA-PEG-PLGA, with a distinct small 

hydrophilic segment flanked by two longer hydrophobic segments. We hypothesized that its 
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hydrophobic/hydrophilic self-assembly likely facilitates the compartmentalization of 

exosome-containing water droplets within the organic-phase polymer solution, leading to the 

“sphere-in-sphere” morphology seen in SEM and confocal microscopy images of EXO-MS. 

In this way the amphiphilic triblock copolymer participates in the self-assembly, with the 

PEG block to interface between the aqueous droplets containing exosomes and the 

hydrophobic PLGA shells of the inner spheres. There are often multiple inner microspheres 

in the larger PLGA-PEG-PLGA microspheres (often from tens to greater than a hundred of 

microns). Each of the inner spheres likely contains multiple exosomes based on the size of 

the inner spheres (a few to tens of microns) and the size of the exosomes (50–150 nm). 

There also may be multilayered PLGA-PEG-PLGA microspheres, with exosomes in the 

hydrophilic cores or hydrophilic intermediate shells. In reality, the exosome-containing 

aqueous domains can take either a more defined regular morphology or more complex 

morphologies depending on the polymer composition, molecular weight, the viscosities of 

the two phases, and the fabrication parameters etc. The PEG block presumably can also 

present itself at the outer surface of inner spheres and the outer surface of the entire solid 

spheres to stabilize the system during fabrication. We attribute the sustained release 

properties of EXO-MS to this internal architecture which creates miniature reservoirs 

throughout the construct. As PLGA is hydrolyzed and EXO-MS become hydrated, PEG 

retains water within the PLGA MS to enable degradation from inside out along with 

degradation from outside in to release their exosome cargo. As the pore openings reach 

sufficient size, exosomes are able to diffuse out. Since PLLA is more hydrophobic and more 

densely packed than PLGA copolymers, water penetrates slower and PLLA spheres degrade 

slower, which reduces both the burst release and the rate of sustained exosome release.

As demonstrated in this study, the odontogenic exosomes have multiple functions including 

inducing stem cell migration, promoting odontogenic differentiation, enhancing 

mineralization, and facilitating tertiary dentin bridge formation. It often takes many weeks to 

form such mineralized tissue. Ten weeks is a reasonable duration for larger animal models or 

potential future clinical application. Importantly, the selected PLGA (85/15, 5kD) allows 

both the longer term and relatively higher exosome release rate during the sustained release 

period, which is anticipated to present high biological activities.

Herein we also demonstrated that exosomes derived from an immortalized animal cell line 

(MDPC-23 odontoblasts) are capable of inducing mineralized tissue formation by human 

cells, and in vivo in a rat model. Cell line-derived exosomes may be advantageous in the 

future development of exosome-based therapies because of their cell maturity, consistency, 

and ability to be maintained in a stable phenotype. It is well established that exosome cargo 

is reflective of the donor cell identity and status [26]. Specifically, Wei demonstrated that 

exosomes derived from mid- and late-stage differentiated osteoblasts remarkably promoted 

osteoblast differentiation of bone marrow-derived stromal cells compared to exosomes 

derived from early-stage osteoblasts [54]. The late stage and consistency of MDPC-23 

odontoblasts may be favorable towards efficient scaling of exosome-based therapies, 

compared to guided differentiation of primary cells preprequisite to exosome isolation

A key challenge in engineering drug delivery strategies is to stabilize the therapeutic agent to 

maintain its bioactivity [55]. Here we explored the potential of D-trehalose, a hydrophilic 
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disaccharide, to act as a spacer between DPSC-EXO during their confinement and polymeric 

encapsulation [50]. We hypothesized that sufficient concentration of Trehalose may limit 

aggregation, lending to a more uniform release of exosomes from EXO-MS. Trehalose is a 

cost-effective additive for preventing aggregation of exosomes in our novel delivery 

platform. It is a non-reducing disaccharide sugar which is used as a cryoprotectant 

industrially. D-Trehalose was previously used as an exosome cryopreservative at a 

concentration of 25 mM, cited to stabilize proteins, cell membranes, and liposomes by 

decreasing intracellular ice formation and prevent protein aggregation [50]. Here we 

demonstrate that D-Trehalose added to the discrete aqueous phase at a concentration as low 

as 2 mM has stabilizing effects to minimize exosome aggregation during both the 

encapsulation and release process. At such a low concentration D-trehalose does not likely 

have significant negative metabolic or therapeutic consequences.

After fabrication and lyophilization, EXO-MS are easily stored and sterilized before use. 

After mixing with Na2HPO4 and PEG to make a paste, the EXO-MS paste was easily placed 

at the pulp surface and covered with glass ionomer (GI) cement with a dental excavator. Our 

novel treatment modality is both efficacious and easy to handle, similar in texture to existing 

dental materials. Throughout the in vivo experiment, all rats remained in good health with 

no significant changes in weight or overall well-being. Molar teeth remained intact without 

signs of fracture or occlusal stress, allowing them to be retrieved complete with surrounding 

maxillary bone. EXO-MS treated teeth show formation of a tubular tertiary dentin bridge 

after only six weeks in vivo. Tubularity is a distinguishing feature between reactionary and 

reparative dentin; reactionary dentin has similar integrity to primary and secondary native 

dentins, while reparative dentin is less organized and creates less of a barrier to the pulp 

[56]. Additionally, EXO-MS does not cause dystrophic calcification in the pulp where GI-

treatment has the potential to result in small microparticles of calcium and mineral from the 

cement to be incorporated into the pulp or cause inflammation. EXO-MS treated teeth did 

not show signs of inflammation, abscess, or necrosis, likely due to the accelerated healing of 

the dentin bridge which prevented significant bacterial invasion. Sustained inflammation 

damages the pulp tissue and prevents further repair by downregulating recruitment and 

differentiation of naïve DPSCs from the inner pulp [57].

A variety of pulp capping materials have been developed to date with varied use cases and 

clinical prognoses [6]. Calcium hydroxide (Ca(OH)2) paste is the most commonly used pulp 

capping material in clinic [58]. While it is cost-effective, it leads to tunnel defects in the 

dentin bridge which increase its permeability and is known to cause severe pulp chamber 

inflammation for up to three months, which slows the healing process and does not seal well 

particularly in cases with pulpal bleeding. Additionally, it is not recommended for use in 

pediatric patients because of inflammatory concerns [58]. Mineral trioxide aggregate 

(MTA), made of natural Portland cement, is another commercially available product which 

leads to less pulp inflammation and better long-term pulp vitality than Ca(OH)2; however, it 

is difficult to handle with a long setting time, expensive, and causes coronal tooth 

discoloration. More recent advances including bioaggregate and biodentine are both 

expensive and have poor handling properties. However, their synthetic nature does not cause 

mineral leaching and tooth discoloration. Calcium and mineral-based cements degrade very 

slowly in the oral cavity, which slows the process of tissue ingrowth and replacing the 
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material with native dentin. Dentin forms around these mineral spherulites and tends to be 

irregular, as seen in GI-only and blank EXO-MS treated rats. Glass ionomer (GI) and zinc 

oxide eugenol (ZOE) resins are used to cover defects and to seal them off from the external 

environment, are easy to handle, and can be used in pediatric, adult, and geriatric patients 

without concern. However, reparative dentin forms slowly over time, the material does not 

catalyze its formation efficiently leaving a potential for bacterial infiltration and infection. 

PLGA-PEG-PLGA EXO-MS which stimulate dentin repair in a biomimetic way, paired with 

a sealing agent like GI, are ideal because they are easy to handle, cost-effective, and cause 

neither inflammation nor discoloration. We did not see any bacterial infection. The 

exosome-accelerated tertiary dentin bridge formation should be beneficial in preventing 

bacterial invasion in the long term.

Exosomes recapitulate the beneficial paracrine properties of stem cells, without concerns of 

immunogenicity [59]. Additionally, there are manufacturing, and regulatory advantages 

associated with exosome-based therapies, compared to treatment with stem cells particularly 

when considering cell line-derived exosomes [60]. In this way, controlled release of 

exosomes from EXO-MS is able to stimulate the migration of endogenous DPSCs and guide 

their differentiation towards secretory odontoblasts, inducing tertiary dentin bridge 

formation in a biomimetic way.

Conclusions

In conclusion, we have demonstrated that an amphiphilic triblock copolymer is capable of 

efficiently encapsulating and subsequently releasing cell-derived exosomes in a sustained 

fashion, at a local dental pulp defect site, to enhance tissue neogenesis catalyzed by the 

nucleotide cargo of exosomes. Specifically, utilizing our novel EXO-MS delivery platform, 

exosomes derived from human dental pulp stem cells (hDPSCs) and immortalized murine 

odontoblasts (MDPC-23 cell line) were released at the exposed pulp interface in vivo and 

induced migration of resident DPSCs and their differentiation into odontoblasts to secrete a 

reactionary tertiary dentin bridge and prevent tooth necrosis. Cell-type specific exosomes 

cultured under specific conditions are an important tool for eliciting specific responses from 

endogenous stem cells. EXO-MS has the potential to be a useful delivery vehicle for cell-

derived exosomes across a number of therapeutic applications.
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• Exosomes from dental pulp stem cells and odontoblast cells upregulate 

odontogenic genes

• Triblock copolymer is able to deliver exosomes with tunable dose and 

duration

• Sustained exosome release induces dental pulp stem cell migration and dentin 

regeneration

• Exosome-loaded dental pulp capping materials facilitate dentin bridge 

formation and protect pulp tissue
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Figure 1. 
hDPSCs were treated with DPSC-EXO (5 μg/mL) for one week, in vitro. Quantitative gene 

expression analysis demonstrates upregulation of genes characteristic of odontogenic 

differentiation in DPSC-EXO-treated hDPSCs, compared to untreated hDPSCs (A). 

Upregulated odontogenic gene expression corroborates with calcium mineral ization by 

treated and untreated hDPSCs over the course of two weeks, demonstrated by colorimetric 

assay (B). In the same fashion, hDPSCs were treated with MDPC-EXO (5 μg/mL) which 

showed similar characteristic upregulation in dentinogenic gene expression after 1 week (C). 

MDPC-EXO (5 μg/mL) induced significantly more mineralization after two weeks than 

DPSC-EXO, in vitro, measured by colorimetric assay (D) and visualized by alizarin red 

staining (E). To probe the mechanism by which MDPC-EXO upregulate the dentinogenic 

differentiation trajectory, Western blot analysis demonstrates increased Erk1/2 

phosphorylation in a time-dependent (F) and dose-dependent (G) manner, which leads to 

upregulation of RUNX2 protein expression. Treatment with U0126, an inhibitor of MAPK 

signaling, was used to confirm the role of MAPK signaling in the MDPC-EXO-mediated 

upregulation of RUNX2 (H, I, J). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Swanson et al. Page 28

J Control Release. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
In a transwell migration assay, DPSC-EXOs are shown to facilitate migration of nascent 

hDPSCs in a dose-dependent manner (A, scale = 200 μm, B). Prolonged exposure to DPSC-

EXO in culture media results in increased mineralization, in a time-dependent manner where 

the duration of exposure correlates to the degree of mineralization by DPSCs, compared to 

odontogenic and growth media controls (C, D). The combination of these properties lends to 

the development of an in vivo delivery system for dentinogenic exosomes. Exosomes are 

encapsulated into polymeric microspheres by a double emulsion method (E). Exosomes, 

concentrated in PBS, are emulsified in a dichloromethane which contains PLGA-PEG-

PLGA copolymer (F). The resulting emulsion is emulsified in 1% w/v polyvinyl alcohol to 

form discrete water-oil-water (w/o/w) droplets which contain exosomes in their inner water 

compartment. After solvent evaporation, resulting particles are collected and lyophilized. 

Their size is measured by Mastersizer laser diffraction (G, dav g = 51.885 μm) and particle 

morphology is assessed by scanning electron microscopy (H – left, scale = 100 μm; middle, 

scale = 20 μm; right, scale = 20 μm). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001.
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Figure 3. 
Confocal microscopy is used to assess the self-assembling nature of PLGA-PEG-PLGA 

block copolymer in fabricating EXO-MS by fluorescently labelling copolymer segments (A, 

scale = 50 μm). PLGA (red, imaged with 561 nm laser channel) forms a uniform sphere, 

with pockets of interior PEG (blue, imaged with 405 nm laser channel) forming smaller 

spheres within the PLGA; fluorescently labelled exosomes (green, imaged with 488 nm laser 

channel) colocalize with PEG (blue) which facilitates encapsulation by self-assembly by 

forming hydrophilic pockets within the polymer MS. Compared to triblock PLGA-PEG-

PLGA, diblock H3C-PEG-PLGA results in less regularly shaped polymeric spheres. High 

magnification (B, left, scale = 20 μm) and low magnification (B, right, scale = 200 μm).
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Figure 4. 
Exosomes are released from EXO-MS when incubated in vitro. The release profile is a 

function of molecular weight and hydrophilicity of the PLGA-PEG-PLGA copolymers (A, 

B, C). Released exosomes maintain their characteristic hydrodynamic diameter and size 

distribution at 1-week time point (D), indicating that the lipid membrane remains intact and 

undisrupted throughout encapsulation and release. DiO-labelled exosomes were 

encapsulated and released from the EXO-MS, and their rapid uptake into the cytoplasm of 

recipient hDPSCs was visualized by confocal microscopy (E, 30 minutes incubation. Blue = 

DAPI, Red = F-actin, Green = DPSC-EXO, scale = 100 μm).
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Figure 5. 
D-Trehalose, a hydrophilic disaccharide, is used as a stabilizer to protect exosomes and 

prevent aggregation during encapsulation and release. Scanning electron microscopy 

evaluation of exosome morphology indicates that throughout various release time points, the 

inclusion of D-trehalose (2 mM) minimizes aggregate size of exosomes, leading to a more 

uniform release from the polymer microspheres, compared to those encapsulated without the 

addition of D-trehalose (scale = 100 nm).

Swanson et al. Page 32

J Control Release. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Quantification of the release profile of exosomes from EXO-MS polymer spheres over time. 

Particle number, assessed by nanotracking analysis (blue), corroborates well with the 

amount of RNA isolated from each release aliquot (red), indicating that exosome cargo is 

preserved throughout encapsulation and release.
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Figure 7. 
DPSC-EXO were used as cargo to validate the EXO-MS platform in vitro. Biologic activity 

of EXO-MS eluent (0.1 mg/mL EXO-MS in odontogenic media) demonstrated by 

mineralization (A, B) and odontogenic differentiation (C) of hDPSCs after two weeks of 

exposure, due to the controlled release of DPSC-EXO. Blank EXO-MS showed negligible 

therapeutic effect, while DPSC-EXO loaded EXO-MS showed significant increases in both 

mineralization and odontogenic gene expression.
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Figure 8. 
Subcutaneous implantation of EXO-MS constructs. Compared to blank EXO-MS, DPSC-

EXO-MS and MDPC-EXO-MS constructs seeded with mDPSCs showed increased 

cellularity by hematoxylin and eosin staining (A, B, C), and more intense Masson’s 

Trichrome staining indicative of increased collagen expression (D, E, F). Gene expression 

data (G) indicates that the controlled release of both DPSC-EXO and MDPC-EXO from 

EXO-MS enhances significant DPSC differentiation towards an odontogenic phenotype 

(Scale = 200 um).
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Figure 9. 
EXO-MS as a biomimetic pulp capping agent, evaluated in vivo in a rat pulp-capping model. 

Top row (H&E), Mag: 4x, Scale: 1.0 mm; Middle row (H&E), Mag: 10x, scale: 500 μm; 

Bottom row (Trichrome), Mag: 4x, scale: 2.0 mm. Arrows point to the margin of reactionary 

dentin formation.
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