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ABSTRACT: Exosomes are 30—200 nm sized extracellular
vesicles that are increasingly recognized as potential drug delivery
vehicles. However, exogenous exosomes are rapidly cleared from
the blood upon intravenous delivery, which limits their therapeutic
potential. Here, we report bioactive exosome-tethered poly-
(ethylene oxide)-based hydrogels for the localized delivery of
therapeutic exosomes. Using cholesterol-modified DNA tethers,
the lipid membrane of exosomes was functionalized with initiators
to graft polymers in the presence of additional initiators and
crosslinker using photoinduced atom transfer radical polymer-
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ization (ATRP). This strategy of tethering exosomes within the hydrogel network allowed their controlled release over a period of 1
month, which was much longer than physically entrapped exosomes. Exosome release profile was tuned by varying the crosslinking
density of the polymer network and the use of photocleavable tethers allowed stimuli-responsive release of exosomes. The
therapeutic potential of the hydrogels was assessed by evaluating the osteogenic potential of bone morphogenetic protein 2-loaded
exosomes on C2C12 and MC3T3-El cells. Thus, ATRP-based exosome-tethered hydrogels represent a tunable platform with

improved efficacy and an extended-release profile.

B INTRODUCTION

Exosomes, a subclass of cell-derived extracellular vesicles, play
a vital role in intercellular communication throughout life, both
in health and disease." Their biogenesis, small size of 30—200
nm, biocompatibility, and ability to carry biological cargos
including nucleic acids, proteins, and lipids have prompted
their exploration as drug delivery vehicles.”” Moreover,
exosomes have been increasingly seen as a replacement for
stem cell therapies owing to their endogenous cargo.”
Encapsulation of both endogenous and exogenous therapeutic
agents in the lumen of exosomes protects them from
inactivation within the extracellular environment via enzymatic
degradation and/or by their antagonists.”® Moreover,
codelivery of native cargos, such as miRNA, could possibly
augment the therapeutic efficacy of exosomes.”® While
exosomes provide several advantages over synthetic drug
delivery systems, such as liposomes, lipid nanoparticles, and
polymer micelles, their clinical success has been limited.”"
Exosomes are known to be rapidly cleared from the blood after
systemic administration in vivo."" As large-scale production of
exosomes is not easy to achieve and a matter of intense
research at present, using higher doses of exosomes to
counteract their clearance is a major bottleneck for clinical
translation of exosome-based therapeutics.'” Another alter-
native to systemic administration of exosomes, where
appropriate, is their local administration using macroscale
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delivery systems, like hydrogels. These systems facilitate higher
bioavailability of an included therapeutic at the intended site
with minimal off-target side-effects.'”"*

Hydrogels have a high water content, and their porous
nature can be further tuned through crosslinking density.
These characteristics make hydrogels biological tissue-like in
terms of their mechanical stiffness and biocompatibility.
Therefore, hydrogels have been extensively studied for the
delivery of small molecules, proteins, and cells for biomedical
applications."*™"” Some recent reports on hydrogels for
exosome delivery rely on the use of natural polymers based
on polypeptides and polysaccharides such as chitosan, silk
fibroin, alginate, hyaluronic acid, and others."®"? Although
these polymer matrices for hydrogels provide favorable
biocompatibility and biodegradation, the use of synthetic
polymers for exosome entrapment has not been well
explored.” Synthetic polymers can afford highly tunable
frameworks through monomer (+comonomer) choice, molec-
ular weights, and crosslinking density and thereby provide
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better control over physical properties like swelling, elasticity,
and porosity. These advantages of synthetic polymers led us to
explore their use as a potential local delivery system for
exosomes.

New developments in the field of reversible deactivation
radical polymerization (RDRP) further allow ambient
polymerization conditions, low radical concentration to avoid
damage of biological cargos, uniform pore size for controlled
release, and access to postsynthesis modifications.”' ~>° Atom
transfer radical polymerization (ATRP) is a powerful and
versatile RDRP process.”’ >’ It can be carried out in a variety
of solvents, at different temperatures, including under
biorelevant conditions. ATRP offers tunable polymerization
conditions and parameters that provide control over reaction
kinetics. In addition to heterogeneous and homogeneous
solution polymerization, polymers can be grown from a variety
of biomolecules, such as DNA, RNA, sugars, and proteins,
including nanoparticles. We recently reported “grafting-to” and
“grafting-from” strategies to engineer a novel class of drug
carriers called exosome-polymer hybrids.” Expanding upon the
“grafting-from” strategy, here we report engineering of
exosome-tethered hydrogels.

B EXPERIMENTAL SECTION

Exosome Isolation and Characterization. Exosomes from
conditioned media were isolated by size exclusion chromatography
(SEC) using a previously described protocol.>*~** Briefly, condi-
tioned media (minimum of 48 h in cell culture) were differentially
centrifuged (2000 g for 10 min at 4 °C and 10,000 g for 30 min at 4
°C) followed by ultrafiltration (0.22 um filter; Millipore-Sigma,
Billerica, MA) and then SEC on an AS0 cm column (Bio-Rad
Laboratories, Hercules, CA, USA) packed with Sepharose 2B (Sigma-
Aldrich, St. Louis, MO, USA). Protein concentrations of exosome
fractions were determined using a BCA protein assay kit as
recommended by the manufacturer (Pierce, Thermo Fisher
Scientific). Further characterization of exosomes was done with
tunable resistive pulse sensing, western blotting, and transmission
electron microscopy. See SI Appendix for detailed procedures.**

DNA Synthesis. All DNA sequences were either synthesized using
a MerMade4 DNA synthesizer (Bioautomation, Irving, TX) using the
standard DNA phosphoramidites (ChemGenes, Wilmington, MA) or
ordered from IDT (Integrated DNA Technologies, Inc., Iowa, USA).
Commercially available phosphoramidites (Glen Research, Sterling,
VA) were used to introduce modifications on the 3’-end and §’-end
during the DNA synthesis. DNA macroinitiator sequences (DNA'-
iBBr) were synthesized by coupling a-bromoisobutyrate initiator
phosphoramidite on the S’-end as previously reported.’® See SI
Appendix for more details.

Preparation and Characterization of Bone Morphogenetic
Protein 2 (BMP2)-Loaded Exosomes. Loading of BMP2 into
exosomes was performed by adopting a previously reported
protocol.”** A mixture of 10 ug of exosomes and 1 ug of BMP2
was sonicated (Tekmar sonic disruptor) on ice using a 0.25” tip at
20% amplitude, 6 cycles of 30 s on/off for 3 min with a 2 min cooling
period between each cycle. The unloaded BMP2 was removed using a
100,000 kDa MWCO membrane filter (Vivaspin columns, Sartorius
AG, Gottingen, Germany) followed by SEC. Exosome surface-bound
BMP2 was removed by pH 3.0 acid-incubation, followed by
separation of exosomes from BMP2 using SEC. To confirm the
loading of BMP2 in exosomes, western blotting analysis was
performed.

Preparation of the Exosome Macroinitiator. Chol-dsDNA-
iBBr was prepared by annealing Chol-DNA and DNA’-iBBr strands
using sequential incubation at 37, 0 °C, and room temperature for 15,
10, and 30 min, respectively. Then, 100 yL of native exosomes or
BMP2-exosomes (0.4 ug/uL exosome concentration) was gently
vortexed with 100 uL of preannealed Chol-dsDNA-iBBr tether (2 uM
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dsDNA tether concentration, followed by three washes with Amicon
Ultra Centrifugal Filters (100 k MWCO). The filters were reverse
spun to prepare 100 uL of Exo-dsDNA-iBBr (0.4 ug/uL exosome
stock concentration, 1 M initiator concentration). A similar process
was followed to prepare photocleavable (pc) exosome macroinitiators
using Chol-pc-DNA and DNA'-iBBr as the DNA tethers.

Preparation of Hydrogels by Atom Transfer Radical
Polymerization. Plain hydrogels of a monomer-to-crosslinker ratio
of 4000 were prepared without any exosomes or DNA macro-
initiators. Molar ratios of different components were as follows:
[PEGMA 4]0/ [PEGDMA- oo/ [PEO,000-iBBr]o/[CuBr2],/
[TPMA], = 8000/2/1/1/6. Specifically, 400 uL of PEGMA,q,
monomer, 87.5 uL of PEO,y-iBBr (2 mM stock concentration),
23.6 uL of PEGDMA, (14.8 mM stock concentration), 14.6 uL of
CuBr,/TPMA (12 mM stock concentration; CuBr,/TPMA = 1:6), 20
UL of glucose oxidase (100 uM stock concentration), SO uL of
sodium pyruvate (2 M stock concentration), and 100 uL of 10X
phosphate buffer saline (PBS) buffer were thoroughly mixed with 204
uL of H,O in a 4 mL glass vial. Finally, 100 L of glucose (1 M stock
concentration) was added to the vial followed by irradiation under
blue light (450 nm, 5.4 mW/cm?) for 120 min at room temperature.

Exosome-tethered hydrogels were prepared in the presence of
exosome macroinitiators. Molar ratios of different components were
as follows: [PEGMA;o]o/[PEGDMA;,]o/[PEO,400-iBBr]o/ [Exo-
dsDNA-iBBr],/[CuBr2],/[TPMA], = 8000/2/1/0.05/1/6. Specifi-
cally, 400 uL of PEGMA,y monomer, 87.5 uL of PEO,q-iBBr (2
mM stock concentration), 23.6 uL of PEGDMA,5, (14.8 mM stock
concentration), 14.6 uL of CuBr,/TPMA (12 mM stock concen-
tration; CuBr,/TPMA = 1:6), 20 uL of glucose oxidase (100 uM
stock concentration), S0 uL of sodium pyruvate (2 M stock
concentration), and 100 yL of 10X PBS buffer were thoroughly
mixed with 104 yL of H,O in a 4 mL glass vial. Then, 100 L of Exo-
dsDNA-iBBr (0.4 ug/uL exosome stock concentration, 1 uM initiator
concentration) was added and mixed thoroughly. Finally, 100 L of
glucose (1 M stock concentration) was added to the vial, followed by
irradiation under blue light (450 nm, 5.4 mW/cm?) for 120 min at
room temperature.

For BMP2-exosome-tethered hydrogels, BMP2-loaded Exo-
dsDNA-iBBr (40 ug of exosome, 4 pug of BMP2, 1 uM initiator
concentration) was used instead of Exo-dsDNA-iBBr. Hydrogels were
prepared using the same method as for exosome-tethered hydrogels
described above. The photocleavable exosome-tethered hydrogels
were prepared using photocleavable exosome macroinitiators (Exo-pc-
dsDNA-iBBr). Molar ratios of different components and reaction
conditions were the same as those used for exosome-tethered gels.

The respective hydrogels with monomer-to-crosslinker ratios of
400 and 8000 were prepared by varying the crosslinker amount in the
above-mentioned conditions. For a monomer-to-crosslinker ratio of
400, 236 uL of PEGDMA,, (14.8 mM stock concentration) was used
to prepare the hydrogels. For a monomer-to-crosslinker ratio of 8000,
11.8 uL of PEGDMA, (14.8 mM stock concentration), was used to
prepare the hydrogels. The same procedure was followed to prepare
BMP2-exosome-tethered hydrogels. See SI Appendix for more details.

Characterization of Hydrogels. Confocal Microscopy. Hydro-
gels were incubated for 24 h in a PBS buffer following which imaging
was performed. Imaging was performed using a Carl Zeiss LSM 880
confocal microscope with fixed settings across all of the experimental
time points, and the images were analyzed using ZEN Black software
(Carl Zeiss Microscopy, Thornwood, NY). See SI Appendix for more
details.

Polymerization Kinetics. Polymerization kinetics were studied
through the preparation of a plain hydrogel. The pregel solution was
irradiated with blue light (5.4 mW/cm?), and samples were collected
after different time points. The samples were analyzed by nuclear
magnetic resonance (NMR) for conversion (Bruker Ultrashield 500
MHz operating at 500 MHz for 'H using D,O as the solvent).

Elastic Modulus Measurements. The mechanical properties of the
hydrogels were assessed using an Anton Paar MCR-302 rheometer
fitted with a 25 mm diameter stainless-steel parallel plate tool. Disk-
shaped samples with a thickness of 6—8 mm and diameter (D) = 12.5
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Figure 1. Preparation of exosome-tethered hydrogels. (Top) Exosome macroinitiator hybrids were prepared by tethering cholesterol and ATRP
initiator-modified DNA tethers (Chol-dsDNA-iBBr) onto the exosome membrane. Hydrogels were prepared by grafting polymer chains from the
exosome surface (Exo-dsDNA-iBBr; 5%) and in situ gelation using PEO-based initiators (PEO,00-iBBr; 95%), a monomer, and a crosslinker using
O,-tolerant PhotoATRP. A p-nitrophenyl group was incorporated in DNA tethers (Chol-pc-dsDNA-iBBr; inset (bottom left)) to prepare
photocleavable (pc) exosome-tethered hydrogels. The structures of the monomer and crosslinker are shown in the inset (bottom right).

mm were subjected to a normal load increasing linearly in time
(loading rate = 0.1 N/s) from 0.1 to S N. The load vs distance curves
were converted into the stress o = F/(z X (D/2)2) and compression
strain € = (d, — d)/d,, where the initial distance between the plates, d,
(corresponding to the initial sample thickness), was determined by
the extrapolation to zero load. Young’s modulus (E) was calculated as
the slope of the initial linear region of the constructed stress—strain
curves. When testing the gel samples containing the photocleavable
linker, the lights in the room were turned off.

Cytotoxicity and Cell Proliferation Assay. Cytotoxicity was
assessed using direct CyQUANT nucleic acid-sensitive fluorescence
assay (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions as described previously.***” Briefly,
100 uL aliquots of HEK293 cell suspension containing 1 X 10° cells
were plated in wells of a 6-well tissue culture plate (Corning Inc.,
Corning, NY, USA) and allowed to adhere for 8 h. Then, 0.8 g of gels
(wet wt.) with and without 9.2 g of tethered exosomes was added to
respective treatment wells and coincubated with cells for 72 h.
Sodium azide (5%) was used as a negative control and induced cell
death. Gels with and without tethered exosomes were added to
respective treatment wells and coincubated with cells for 72 h. At
varying time points, the cells were labeled with CyQUANT Direct
and fluorescence intensities measured with a TECAN spectropho-
tometer reader (TECAN, Minnedorf, Switzerland). Cytotoxicity was
assessed by normalizing fluorescence intensities to nontreatment
control groups and plotted as percent viability.

Release Kinetic Studies. BMP2 was iodinated via a chloramine T
method.® BMP2 (10 ug) was reacted with 500 uCi '*I-Na at 25 °C
with a stepwise addition of 3 aliquots of dilute chloramine T solution
(100 pg/mL). Resulting ">I-BMP2 was >97% trichloroacetic acid
perceptible with minimal protein aggregate formation. The specific
activity of '*I-BMP2 was in the range of 55—80 uCi/ug. Exosomes
were loaded with '>’I-BMP2 as described above. To label exosomes, a
modified chloramine T method was employed.*® Hydrogels were
prepared as described above incorporating 10 ug of exosomes with or
without '*I-BMP2. Release kinetics were assessed in simulated body
fluid (SBF; 10% FBS, 0.02% sodium azide, 25 mM HEPES in
DMEM). Briefly, the hydrogels were put in 12 X 75 mm
polypropylene tubes containing a total volume of 1 mL of SBF.
The tubes were incubated at 37 °C, and at indicated time points, SFB
was replaced and the retained 1251 BMP2/'*]-exosomes were
detected using a Wizard2 2-Detector Gamma Counter (PerkinElmer,
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Waltham, MA). On the 25th day, the hydrogels with photocleavable
tethers were irradiated using 365 nm LEDs (50 mW/cm?) for 2 min.
Exosome Membrane Integrity Experiments. The effect of
hydrogel entrapment on exosome membrane integrity was assessed
using a previously established technique that relies on intraluminal
esterase activity in exosomes.”*” Calcein Deep Red (AAT Bioquest
Inc., Sunnyvale, CA) was solubilized in DMSO and diluted with 1x
PBS to a final concentration of 10 uM. Exosomes were isolated and
labeled with calcein prior to incorporating them in the gels. To assess
the membrane integrity of exosomes in the gels, fluorescence from
calcein-labeled exosomes was measured using a TECAN spectropho-
tometer post hydrogel synthesis. To assess the membrane integrity of
exosomes released from the gels, hydrogels were synthesized using
Calcein Deep Red-labeled exosomes. Post synthesis, the gels were
rinsed overnight in PBS and kept in 1 mL of PBS at 37 °C for 10 days.
Post incubation, the collected PBS was concentrated down to 250 uL
using 100 kDa M.W.C.O. filter, and fluorescence from calcein dye was
assessed using on-bead flow cytometry using anti-CD63 conjugated
magnetic beads as previously described.*” CD63-conjugated magnetic
beads (ExoCap, MBL International, Woburn, MA) were prepared as
previously described.”” Briefly, monoclonal anti-CD63 antibody
(MAS—24169, Invitrogen, Carlsbad, CA) was biotinylated using a
one-step antibody biotinylation kit purchased from Miltenyi Biotec
(Auburn, CA) as recommended by the manufacturer. Biotinylated
CD63 antibody (S pg) was incubated with thoroughly washed 0.5 mL
of streptavidin-coated magnetic beads (1 X 10° beads/mL) for 1 h at
25 °C under constant agitation. Then, 1 ug of nonprinted exosomes,
bioprinted exosomes, and sonicated exosomes were each incubated
with 100 uL of CD63-conjugated magnetic beads for 16 h at 4 °C
under constant agitation. To assess membrane integrity, exosomes
were captured on CD63 magnetic beads and washed three times with
PBS, and 100,000 events/treatment were analyzed on an Accuri C6
flow cytometer (BD Biosciences, San Jose, CA) connected to an
Intellicyt HyperCyt autosampler (IntelliCyt Corp., Albuquerque,
NM) using a CyS channel (649 nm). Data were processed and
interpreted using FlowJo software (FlowJo LLC, Ashland, Oregon).
Osteogenic Differentiation Studies. Alkaline Phosphatase
Assay. Circular Exo-tethered hydrogels containing a total of 40 ug of
exosomes were cut into four quadrants and rinsed thoroughly (four
times) with 0.02% EDTA in PBS, the first wash being immediate,
followed by three more rinses (4 h each). To treat the cells with the
gel, the cells were plated in a 12-well plate and allowed to adhere
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Figure 2. Characterization of exosome-tethered hydrogels. (A) Membrane integrity assessment of exosomes tethered/trapped in hydrogels with
different monomer-to-crosslinker ratios. Bars indicate mean + SEM (n = 4). (B) Effect of hydrogels with different monomer-to-crosslinker ratios
on the cell viability and proliferation rate of HEK293 cells. (C) Exosome release kinetics (tethered/trapped) from different types of hydrogels
measured using radiolabeled exosomes '**I-exosomes. Points indicate mean + SEM (1 = 3 gels, two biological replicates). (D) Young’s modulus of
gels with different monomer/crosslinker ratios. Bars indicate mean + SEM (n = 4).

overnight. For the treatments involving gels, 0.8 g of gel (wet wt.) was
added to each well of a 12-well plate containing 5 X 10° cells per well.
For every 0.8 g of gels, 9.2 ug of exosomes loaded with or without 190
ng of BMP2 was tethered. As controls, liquid-phase 100 ng/mL
BMP2, 9.2 ug of native exosomes, and 9.2 ug of BMP2-exosomes
were used. C2C12 cells were incubated with indicated treatments,
washed with PBS to remove the culture medium, and fixed for 20 min
with 10% neutral buffered formalin (Millipore-Sigma, St. Louis, MO).
Alkaline phosphatase activity was detected using a leukocyte alkaline
phosphatase assay kit according to the manufacturer’s instructions
(Millipore-Sigma, St. Louis, MO) as previously described.**' Where
required, alkaline phosphatase (ALP)-stained images were converted
to the CMYK format since this color format is representative of
reflected light colors as opposed to emitted light colors (RGB). Since
the combination of cyan and magenta forms the color blue, these
channels were added together and inverted. The average pixel
intensity was determined using the image histogram tool in Adobe
Photoshop 7.0 (Adobe Systems, San Jose, CA).

Mineralization. Exo-tethered hydrogels were cut like the ones used
for the ALP assay. MC3T3-E1 (subclone 4) cells were seeded in
growth media (ascorbic acid-free @-MEM, 10% FBS, 1% PS). For the
treatment with hydrogels, the hydrogels were placed on the plated
cells and the growth media supplemented with 50 pg/mL ascorbic
acid and 10 mM p-glycerophosphate changed every 72 hrs. As a
positive control, 100 ng/mL of BMP2 was added along with every
change in media. On day 28, the cells were fixed in 10% neutral
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buffered formalin and washed with distilled water three times, and
alizarin red stain (Millipore-Sigma, St. Louis, MO) was added to the
wells and incubated for 1 h at room temperature. After imaging the
cells, quantification of mineralization was performed using an
osteogenesis quantitation kit (Millipore-Sigma, St. Louis, MO)
according to the manufacturer’s instructions. Briefly, alizarin red
stained cells were treated with 10% acetic acid solution for 30 min
with shaking, the cells were scraped and centrifuged, and the dissolved
alizarin stain was quantified by measuring the OD at 405 nm
(TECAN plate reader, Mannedorf, Switzerland) using alizarin red
reference standards.

B RESULTS AND DISCUSSION

We previously reported that cholesterol-modified DNA tethers
(Chol-DNA) can be used to rapidly functionalize exosomes
with different functional moieties and polymers.”® The
negative charge of the DNA tether assists in outward
orientation of the tethers. Further, the functionalization of
the exosome surface through ATRP initiator-modified DNA
tethers allows polymer chains to be directly grafted from the
exosome by the “grafting-from” strategy.” Here, we combined
the “grafting-from” strategy with “in situ gelation” to generate a
polymer network that includes exosomes tethered through
noncovalent interactions (Figure 1). Two short synthetic DNA
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strands, one with a §’-a-bromoisobutyrate group (DNA’-
iBBr)** and another with a cholesterol (Chol-DNA), were
annealed to prepare the ATRP initiator-functionalized double-
stranded (ds) DNA tethers (Chol-dsDNA-iBBr) (Figure SI;
Table S1). Exosomes were isolated from nonactivated
macrophages J774A.1 and characterized with transmission
electron microscopy, western blotting for protein markers, and
the size distribution profile (Figure S2). As a comparison, we
also isolated exosomes from THP1 cells (human leukemia
monocytic cell line), which are our lab’s gold standard for
exosome isolation and characterization. The DNA tethers were
gently vortexed with exosomes for S min at room temperature
to generate exosome macroinitiator hybrids (Exo-dsDNA-
iBBr) (Figure 1). Next, hydrogels were prepared using a 1:0.05
molar ratio of PEO,y,-iBBr and Exo-dsDNA-iBBr as initiators
to allow a polymer framework based predominantly on
PEO,00-iBBr (95%), with the fewer polymer chains from
Exo-dsDNA-iBBr (5%) acting as tethers for exosome entrap-
ment. We selected poly(ethylene glycol) methacrylate
(PEGMA, M, = 300) as the monomer, poly(ethylene glycol)
dimethacrylate (PEGDMA, M, = 750) as the crosslinker, and
CuBr,/TPMA (TPMA = tris(2-pyridylmethyl)amine) as the
catalyst. Hydro§els were prepared using photoinduced ATRP
(PhotoATRP).” In PhotoATRP, upon light exposure, the
Cu(II)/TPMA complex is reduced to a Cu(I)/TPMA
activator when excess ligand is used. This photoreduction
triggers polymerization. Hence, we chose blue LEDs (450 nm;
5.4 mW/cm?) as the light source to avoid any damage to
exosomes and the endogenous cargo.”” Deoxygenation by
physical degassing of the polymerization solution could
damage the exosomes; hence, we used glucose oxidase
(GOx), glucose, and sodium pyruvate as adjutants to convert
dissolved oxygen to carbon dioxide during the polymerization
reaction.”* Further, a large monomer-to-crosslinker ratio
(molar ratio) of 4000 (approximately 1 um in length) was
targeted to facilitate entrapment of exosomes. These polymer-
izations were performed in PBS (pH 7.4), and gelation was
observed visually around 110 min of blue light exposure
(Figures S3 and S4). To achieve temporal control over release
of the exosomes tethered inside the polymer network, a
photocleavable DNA tether (Chol-pc-DNA) was used; this
incorporates a p-nitrophenyl group between the DNA and the
cholesterol moiety (Figure 1, Figure S1, and Table S1). The
photocleavable linker can be cleaved by a short (2 min)
illumination with a UV (365 nm) light and is not affected by
the blue (450 nm) light used for the polymerization
process.%45

The crosslinking density and resulting monomer-to-cross-
linker ratio of the hydrogels can affect the membrane integrity
of tethered exosomes due to physical crowding inside the
polymer network. To assess this effect, we used Calcein Deep
Red , an exosome-permeant dye that relies on intraluminal
esterase activity and allows differentiation between intact
exosomes and debris.”” Calcein-labeled exosomes prepared
using a previously described protocol’ were used to make
exosome-tethered hydrogels with three different monomer-to-
crosslinker ratios of 400, 4000, and 8000. Hydrogels with
monomer-to-crosslinker ratios of 4000 and 8000 showed a
comparable fluorescence intensity at 650 nm (Figure 2A).
However, the monomer-to-crosslinker ratio of 400 (approx-
imately 100 nm in length) resulted in a very low exosome
stability, and only 26% of the initial dye signal was observed.
This decrease in calcein dye signal highlights that the
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membrane integrity of exosomes can get compromised in
highly dense polymer networks.

The cytotoxicity of the exosome-tethered hydrogels was
determined in HEK293 cells using the CyQuant assay. The
hydrogels were prewashed (four times) with a PBS buffer
containing 0.02% EDTA at 25 °C to remove the residual
monomer before incubating with the cells for 72 h. The gels
were made such that every 1 g of gel (wet wt.) contained 11.5
ug of exosomes. All exosome-tethered hydrogels with
monomer-to-crosslinker ratios of 400, 4000, and 8000 showed
no cytotoxic effects as shown in Figure 2B.

In addition to the crosslinking density of the polymer
networks, entrapment strategies can play an important role in
the release profile of cargos from the hydrogels. The release
kinetics of tethered exosomes and physically entrapped
(trapped) exosomes without any DNA-based tethers were
compared using hydrogels of varying monomer-to-crosslinker
ratios of 400, 4000, and 8000. To enable detection, exosomes
were radiolabeled using '>I, as described in the Experimental
Section. The release kinetics were monitored over a period of
10 days (Figure 2C), and the retained radioactivity in the
hydrogel was quantified at specific time points. For hydrogels
with monomer-to-crosslinker ratios of 4000 and 400, we
observed a clear difference between the release profile of
tethered and trapped exosomes. We observed that tethered
exosomes released relatively slower with more than 80% of the
exosomes being retained even after 10 days. In contrast, almost
all of the trapped exosomes were released from the hydrogels
within 10 days. While a similar difference in the release
behavior was observed for hydrogels with the monomer-to-
crosslinker ratio of 8000, the tethered exosome released
relatively faster due to low crosslinking density and only
approximately 30% exosomes were retained after the 10-day
period. This fast release of exosomes in low crosslinked
hydrogels could be attributed to the larger mesh sizes that
enable rapid diffusion and release of the entrapped cargo.
These results highlight that the crosslinking density of the
hydrogels can be tuned to ensure slower release kinetics for
tethered exosomes.

Next, the elastic properties of exosome-tethered hydrogels
were assessed. The elastic modulus of hydrogels in the
biologically relevant stiffness range offers compliant interfaces
with biological tissues. Young’s modulus of exosome-tethered
hydrogels with monomer-to-crosslinker ratios of 400, 4000,
and 8000 was observed to be in the range of 2—8 kPa (Figure
2D). The original stress/strain curves are shown in Figure SS.

We also validated the membrane integrity of released
exosomes from the Exo-tethered hydrogels of varying
monomer-to-crosslinker ratios. The hydrogels were synthe-
sized using calcein-labeled exosomes, and released exosomes
were collected in a PBS buffer at 37 °C for 10 days.
Fluorescence from calcein dye was analyzed using on-bead
flow cytometry. The presence of an exosomal surface marker
protein, CD63, allows the binding of exosomes onto anti-
CD63 magnetic beads that can be analyzed using flow
cytometry. Compared to the negative control of sonicated
exosomes, calcein fluorescence signal in the released exosomes
confirmed the integrity of released exosomes (Figures S7 and
S8). Released exosomes from hydrogels of the monomer-to-
crosslinker ratio of 8000 showed the highest fluorescence,
while the lowest signal was observed for the monomer-to-
crosslinker ratio of 400. It must be noted that due to the
protein shedding of CD63 from the exosome membrane with
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Figure 3. Characterization of exosome-tethered hydrogels with a monomer-to-crosslinker ratio (molar ratio of monomer to crosslinker) of 4000.
(A) Confocal microscopy images showing exosomes tethered to the hydrogel. DNA tethers are in pseudo-green (Cy S label, Ex/Em: 650/670), and
EVs, pseudo-red (PKH26 membrane label, Ex/Em:550/570). (B) Confocal image 3D reconstruction using Imaris (Oxford Instruments) software.

time,** quantitative comparison of exosomal membrane
integrity is not possible. Going forward, we selected the
monomer-to-crosslinker ratio of 4000 to ensure slower release
kinetics for tethered exosomes without compromising the
membrane integrity of the exosome membrane during
polymerization. All the subsequent experiments were made
such that 11.5 ug of exosomes was present in every 1 g of gel
(wet wt.).

We then confirmed the tethering of exosomes inside the
hydrogels using confocal microscopy. Exosomes were labeled
with a lipophilic dye (PKH26), and a Cyanine S (CyS) label
was included in the tethered DNA macroinitiator species
(Chol-dsDNA-CyS-iBBr). The pregel solution was irradiated
using blue light for up to 120 min to form the exosome-
tethered hydrogels. Confocal images of the hydrogels post
swelling (24 h incubation in PBS) showed the presence of both
PKH26 and CyS dyes in the hydrogel (Figure 3A). We also
observed smaller red dots upon 63X zoom that did not
colocalize with the green signal (DNA tethers) and could be
exosomes that are diffusing out. Using the confocal images, a
3D reconstruction was performed using Imaris software
(Oxford Instruments) to assess the porosity of wet gels,
which was determined to be 11.5 + 6.5 ym using manual
analysis of 20 random confocal images (Figure 3B). The
pictures of the gels pre/postswelling and their swelling ratio are
shown in Figure S9. DNA-tethered hydrogels prepared using
PEO,40-iBBr (95%) and Chol-dsDNA-CyS-iBBr (5%) with-
out exosomes served as the negative control and showed signal
only for CyS. After the entrapment of exosomes was
confirmed, the monomer conversion was estimated using 'H
NMR spectroscopy. Hydrogels were prepared without
exosomes or DNA, and the conversion of PEGMA,,, was
measured over time. Gelation was observed at 110 min, and
polymerization was continued for additional 10 min (Figure
S3). We also verified the gel point using rheological assessment
(Figure S6). However, please note that due to different
apparatus utilized for rheological assessment, the gel point does
not agree with the visual assessment. For subsequent studies,
all hydrogels were prepared by exposure to blue light for 120
min to target approximately 60% monomer conversion.
Prolonged polymerization time was avoided to minimize the
exposure of exosomes to PEGMA;y, as methacrylate
monomers can potentially be cytotoxic at higher concen-
trations.”” To ensure that free copper ions were thoroughly
removed, prior to cell-based studies, we performed a total of 4
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washes with 0.02% EDTA in PBS, the first wash being
immediate and followed by three more rinses.

Next, we assessed the efficacy of exosomes to effectively
deliver a growth factor protein BMP2 using Exo-tethered
hydrogels. Radiolabeled 'I-BMP2 was loaded inside the
lumen of exosomes as previously reported,’ and the
corresponding '>’I-Exo-tethered hydrogels were synthesized
with a monomer-to-crosslinker ratio of 4000. Exosomes were
radiolabeled as previously described.”® The release kinetics of
exosomes or free BMP2 were monitored over a period of 30
days (Figure 4), and the retained radioactivity in the gel was
quantified at specific time points. Approximately, 98% of
BMP2 protein and 57% of trapped BMP2-exosomes were
released after 24 h (Figure 4; open symbols). In contrast,
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Figure 4. Release kinetics of radiolabeled exosomes from hydrogels
with a monomer-to-crosslinker ratio of 4000. '**I-exosomes or '*’I-
BMP2 was utilized to study the release kinetics from PEO hydrogels
over a period of 30 days. The gels were made such that every 1 g of
gel contained 11.5 pg of exosome protein. The plot shows the release
profile of physically entrapped and tethered exosomes from the
hydrogels. Photocleavable hydrogels were irradiated with UV light for
2 min to cleave the DNA tether on day 25. Data were normalized to
time 0 (% retained). Points indicate mean + SEM (n = 3 replicates).
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Figure 5. Osteogenic differentiation of C2C12 and MC3T3 cells using exosome-tethered hydrogels. (A) Photographs of C2C12 cells stained for
ALP after 72 h and MC3T?3 cells stained for mineralization after 28 days. C2C12 or MC3T3 cells were treated with the respective treatments either
by directly adding them to the media every 72 h (solution-phase) or delivered via hydrogels added once on day 1. Scale bar = S0 ym. (B,C)
Quantification of ALP expression and alizarin red staining. Bars indicate mean + SEM (n = 3 independent experiments).

approximately 85% of tethered BMP2-exosomes were still
retained inside the hydrogels after 24 h (Figure 4; closed
symbols). After 10 days, more than 90% of the trapped BMP2-
exosomes were released, while approximately only 45% release
of tethered BMP2-exosomes was observed. At the end of the
30-day period, the hydrogels still retained approximately 30%
of the tethered BMP2-exosomes. The release profile of the
photocleavable exosome-tethered hydrogels was also assessed,
and similar kinetics were observed. On day 25, these hydrogels
were irradiated with UV light (365 nm) for 2 min to cleave the
DNA tethers from the exosome surface. More than 95% of the
remaining exosomes were released in the next 8 h. These
results highlight the excellent temporal control over the release
of tethered exosomes. We observed no significant difference in
the release profile of native and BMP2-loaded exosomes during
this study.

To evaluate the bioactivity of exosome-tethered hydrogels,
BMP2-loaded exosomes were used to prepare the hydrogels.
The in vitro osteoinduction due to released BMP2-exosomes
with C2C12 cells was assessed. Two bone formation markers,
ALP and mineral deposits, were analyzed. ALP is an early bone
differentiation marker, and mineral deposits are late bone
differentiation markers. The ALP assay was concluded in 72 h
without any media change. The cells treated with BMP2 and
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BMP2-exosomes, both in the solution phase (control) and
through hydrogels, resulted in osteogenic differentiation of
C2C12 cells as evidenced by upregulation in ALP expression
(Figure SA,B). The descriptions of hydrogel treatments are
mentioned in Table S2.

The mineralization assay, using MC3T3 cells, was performed
over a period of 28 days with media changed every 72 h. Then,
100 ng/mL BMP2 was supplemented during every media
change for experiments involving solution-phase assays. In
contrast, the cells incubated with hydrogels did not receive any
additional BMP2 with the fresh media, and therefore, the bone
differentiation relied only on BMP2 being released from the
hydrogel. For mineral deposits to form, a continuous
stimulation by BMP2 is critical for the cells to differentiate
into bone-like cells. Cells that received solution-phase BMP2
every 72 h or treated with hydrogel BMP2-exosomes on day 1
(with no subsequent BMP2 supplementation) resulted in
mineral deposits. This indicates that when tethered to the
hydrogels, the BMP2-exosomes were slowly released into the
media that effect cell differentiation (Figure SA,C). However,
physically entrapped BMP2 did not result in the formation of
mineral deposits. Next, we wanted to check whether the
presence of a photocleavable (pc) group affects BMP2-
exosome activity in the gels. Hence, we prepared pc-BMP2-
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exosome-tethered and assessed their potential to induce ALP
expression in C2C12 cells after irradiating the gels at 365 nm
for 2 min. The results indicate that 2 min exposure to 365 nm
did not affect the osteogenic potential of BMP2-exosomes
(Figure S10).

The first generation of exosome gels reported here has
certain limitations that can be addressed in follow-up studies.
First, while the exosome gels can be surgically implanted, an
injectable version of the same would be more desirable for
minimally invasive therapeutics. We anticipate PEO gels to
degrade in the body by ester hydrolysis or by ROS generated
during inflammatory reaction surrounding the gel implantation
site similar to PEG gels reported in the literature.*® Second, we
have explored only one type of polymeric material, i.e., PEO
hydrogels, but other types of hydrogels such as zwitterionic
hydrogels could potentially have more clinical applications.
Third, we did not explore the full extent of crosslinking density
possible in the PEO gel system. Young’s modulus of biological
tissues ranges between 0.1 kPa and 1 MPa, and therefore,
having hydrogels within this whole spectrum could ultimately
be beneficial for tissue-specific applications.

B CONCLUSIONS

We report the development of biocompatible exosome-
tethered hydrogels by photoinduced ATRP for the controlled
release of exosomes. Blue-light-mediated photoinduced ATRP
is highly biocompatible and permits the use of synthetic
polymers for hydrogels containing exosomes. Further,
cholesterol-modified DNA tethers are shown to be advanta-
geous compared to the physical entrapment of exosomes in
these hydrogels. Hydrogels tethered with BMP2-loaded
exosomes have the potential to stimulate osteogenic differ-
entiation in vitro. Importantly, the DNA tethers can include
photocleavable linkers that are compatible with the polymer-
ization process and allow for temporal control over exosome
release. The photomediated release of exosomes from the
hydrogels serves as a proof-of-principle for the stimuli-
responsive exosome delivery strategy. We envisage the use of
other responsive cleavable linkers that may be readily
incorporated into DNA, and further tuning of the release
through stimuli-responsive crosslinkers. Other release strat-
egies that depend on small molecules or tissue-specific
physiological conditions® would further expand the utility
and applications of the DNA-tethered exosome hydrogels that
we describe here.
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