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ARTICLE INFO ABSTRACT

Keywords: Extracellular vesicle (EV)-based approaches for promoting angiogenesis have shown promising results. Yet,
Extracellular VeSideS_ further development is needed in vehicles that prolong EV exposure to target organs. Here, we hypothesized that
Hydrogel encapsulation microfiber-reinforced gelatin methacryloyl (GelMA) hydrogels could serve as sustained delivery platforms for

Controlled release
Angiogenesis
Melt electrowriting

human induced pluripotent stem cell (hiPSC)-derived EV. EV with 50-200 nm size and typical morphology were
isolated from hiPSC-conditioned culture media and tested negative for common co-isolated contaminants. hiPSC-
EV were then incorporated into GelMA hydrogels with or without a melt electrowritten reinforcing mesh. EV
release was found to increase with GelMA concentration, as 12 % (w/v) GelMA hydrogels provided higher
release rate and total release over 14 days in vitro, compared to lower hydrogel concentrations. Release profile
modelling identified diffusion as a predominant release mechanism based on a Peppas-Sahlin model. To study the
effect of reinforcement-dependent hydrogel mechanics on EV release, stress relaxation was assessed. Rein-
forcement with highly porous microfiber meshes delayed EV release by prolonging hydrogel stress relaxation and
reducing the swelling ratio, thus decreasing the initial burst and overall extent of release. After release from
photocrosslinked reinforced hydrogels, EV remained internalizable by human umbilical vein endothelial cells
(HUVEC) over 14 days, and increased migration was observed in the first 4 h. EV and RNA cargo stability was
investigated at physiological temperature in vitro, showing a sharp decrease in total RNA levels, but a stable level
of endothelial migration-associated small noncoding RNAs over 14 days. Our data show that hydrogel formu-
lation and microfiber reinforcement are superimposable approaches to modulate EV release from hydrogels, thus
depicting fiber-reinforced GeIMA hydrogels as tunable hiPSC-EV vehicles for controlled release systems that
promote endothelial cell migration.

1. Introduction their capacity to reach the intended tissue. Extensive pre-clinical data
has been gathered on the pharmacokinetics and biodistribution of

Extracellular vesicle (EV)-based approaches are being studied for the exogenous EV. In mice models, following intravenous (IV) administra-
treatment of heart failure with promising results [1] (reviewed in [2]). tion, EV concentration in the bloodstream can decline up to 95 % within

However, the therapeutic potential of EV is limited by their stability and the first 5 min [3-5], with EV primarily accumulating in the liver and
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lungs, and to a lesser extent in the spleen and kidneys. Different delivery
routes can alter EV distribution patterns [6], but accumulation in the
heart, brain, and skeletal muscle tissue is minimal or absent [7].

The reticuloendothelial system (RES) plays a major role in removing
EV from circulation, which explains their rapid accumulation in specific
organs (liver, lungs, spleen) that are part of the RES tissue component.
Despite displaying some degree of tissue-homing, systemically admin-
istered native EV are in its majority incapable of escaping the RES,
resulting in off-target effects and low effective doses at the spots of
injury. Moreover, though tropism of certain EV types has been observed
towards wound sites [8,9], this has not been reported for heart injuries,
which renders IV administration inadequate for native EV treatments
targeting ischemia and myocardial infarction (MI)-associated heart
failure.

The short half-life of EV combined with their fast clearance by the
RES hinders therapeutic efficacy and tissue repair. This justifies the use
of alternative strategies to localize and/or prolong EV delivery. Ap-
proaches have been employed to achieve organ-specific targeting, such
as genetic engineering of EV-secreting cells [10-12] or direct chemical
modification [13] of the EV membrane [14-16]. Direct injection at the
site of injury [17] or incorporation into injectable or adhesive bio-
materials has also been shown to improve EV treatment outcomes
[18-20].

EV delivery systems such as patches for epicardial application [21]
or hydrogels for intramyocardial injection [18,22,23] are generally
recognized as appropriate, as they offer control of release within the
application site over time. Particularly, hydrogels have been used for
several decades in the pharmaceutical industry to prolong drug stability,
sustain release, and localize delivery, thereby improving drug
bioavailability [25]. Extending the exposure time of the injured tissue to
EV has been shown to improve therapeutic outcomes in mice MI models
[21,23], which posits hydrogels as promising for applications in delayed
release of EV.

Several synthetic or natural derived hydrogels have been tested for
EV delivery for tissue regeneration [28-34]. Biocompatible hydrogels
such as alginate, collagen, hyaluronic acid, and gelatin methacryloyl
(GelMA) were shown to prolong release for up to 21 days [21,35].
Photocrosslinkable GeIMA hydrogels have attracted particular interest
in regenerative medicine due to their high biocompatibility, degrad-
ability, and tunable properties [36]. In GelMA, amino groups on gelatin
side chains are replaced by methacryloyl groups, with the degree of
functionalization influencing its polymerization and mechanical prop-
erties. Modified gelatin can undergo photocrosslinking, while main-
taining arginine-glycine-aspartic acid (RGD) motifs and matrix
metalloproteinase (MMP) degradation sequences.

Different factors, including polymer concentration, degree of func-
tionalization, photoinitiator type and concentration, light intensity, and
exposure duration can be controlled to generate GelMA hydrogels with a
wide range of crosslinking densities and stiffness [37]. Physical, chem-
ical, and/or hydrophobic interactions can be exploited to tune hydrogel
permeability and the release and transport of loaded biomolecules such
as EV. Most studies have focused on describing release profiles of EV-
loaded hydrogels [20,32], but there is still much knowledge lacking
about the mechanisms underlying EV transport and release from
hydrogel or extracellular matrix networks. Only recently, hydrogel
stiffness, viscoelastic properties, and EV-hydrogel interactions have
been shown to play a significant role in EV transport [39,40], pointing to
promising new directions in the design of EV carriers with tissue engi-
neering applications. Fiber-based reinforcements, for instance, have
been previously shown to modulate hydrogel mechanical properties,
thus representing a streamlined approach that is independent to
hydrogel chemistry and crosslinking [41]. In particular, the introduction
of microfiber meshes enables precise control over hydrogel mechanics,
including stiffness and stress relaxation [42]. Yet, the potential of this
orthogonal method to tune hydrogel mechanics has not been previously
explored for the release of cell-derived supramolecular therapeutic
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carriers such as EV.

In this study, pristine and fiber-reinforced GelMA hydrogels were
explored as efficient, tunable platforms for sustained and localized de-
livery of EV for promoting angiogenesis (Fig. 1). To investigate this, EV
derived from human induced pluripotent stem cells (hiPSC) were
selected as they have been described to promote cardiomyocyte (CM)
cell cycle activation and endothelial cell migration and proliferation at
higher rates than EV derived from other cells in the cardiac lineage, such
as cardiac progenitors and mature or immature CM [43,44]. These
initial findings suggest that hiPSC-derived EV (hiPSC-EV) trigger key
responses for cardiac regeneration such as endothelial migration and,
thus, have greater potential in EV-based therapies. Thus, after being
isolated and characterized, hiPSC-EV were labelled with PKH26 and
incorporated into GelMA hydrogels at different precursor macromer
concentrations, with or without melt-electrowritten microfiber meshes.
EV release profiles and stability were investigated in vitro over two
weeks and modelled to identify the underlying release mechanisms at
play. To study the effect of the mechanical confinement provided by the
reinforcing mesh on EV release, pristine and reinforced hydrogels were
tested for stress relaxation under compression. Finally, bioactivity
studies were assessed with human umbilical vein endothelial cells
(HUVEQC) in order to evaluate the angiogenic potential of hiPSC-EV
released for 14 days.

2. Materials and methods
2.1. hiPSC culture and medium harvest

hiPSC (IMR90-4 line) were expanded on coated plates (Matrigel®
hESC-Qualified Matrix, Corning®), in feeder-free, serum-free, and ani-
mal component-free TeSR-E8™ medium (Stemcell Technologies), in a
humidified atmosphere at 37 °C and 5 % CO,, as described previously
[43]. Cells tested negative for mycoplasma contamination. Conditioned
culture media was harvested once cells reached 100 % confluency, ac-
cording to Louro et al. [43].

2.2. EV isolation from conditioned culture medium

EV were separated from conditioned culture medium as described
elsewhere [43]. Briefly, conditioned culture medium was centrifuged at
2000g (5010R centrifuge, Eppendorf) for 10 min at room temperature,
and then filtered through 0.45 yum filter units (Nalgene™ Rapid-Flow™,
Thermo Fisher Scientific). Filtered supernatants were centrifuged in 30
mL conical open-top polypropylene tubes (Beckman Coulter) at 110,000
&max for 2h45 min at 4 °C (SW 28 rotor, Ultracentrifuge Optima™ LE-80
K, Beckman Coulter). Pellets were resuspended in DPBS and loaded on
the bottom of a bottom-up discontinuous OptiPrep™ density gradient
(40 %, 20 %, 10 %, 5 %, 0 % (w/v) iodixanol). Gradients were centri-
fuged at 110,000 gyqx for 18 h at 4 °C (SW 28.1 rotor, Ultracentrifuge
Optima™ LE-80 K, Beckman Coulter). An equal volume of medium (180
mL) was processed per isolation (each isolation corresponding to one
biological replicate).

2.3. Nanoparticle analysis

Nanoparticle Tracking Analysis (NTA) was used to measure the size,
size distribution, and concentration of EV samples. For each sample,
three videos of 60 s were acquired with screen gain 2 and camera level
14, and a syringe pump infusion speed of 40 on a Nanosight NS300
(Malvern Instruments Ltd.), equipped with a 488 nm laser (<55 mW
maximum power) and an automatic syringe pump system. Videos were
analyzed by NTA software 3.3 with screen gain 10 and detection
threshold 3. Samples were diluted with DPBS to fit the optimal range of
the NTA software (3 x 1081 x 10° particle.mL_l). Size and size dis-
tributions determined by NTA corresponded to the hydrodynamic di-
ameters of the particles in suspension.
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Fig. 1. Overview of the experimental design. (A) EV were isolated from human induced pluripotent stem cell (hiPSC) conditioned cultured medium, characterized,
and (B) stained with the lipophilic dye PKH26. (C) Labelled EV were incorporated in different gelatin methacryloyl (GelMA) + LAP formulations and cast on 6 x 2
mm (@ x h) frames. Gels were characterized in terms of their physical properties, degradation rate, and EV release profile. From the tested formulations, one was
selected for further studies. (D) 12 % GelMA hydrogels were cast into hexagonal (honeycomb) meshes produced by MEW. (E) EV release of pristine and mesh-
reinforced GelMA hydrogels was assessed. (F) EV-loaded hydrogels were incubated in medium to allow for EV release over 14 days. This hydrogel conditioned
medium was used to assess the bioactivity of released EV in human umbilical vein endothelial cells (HUVEC) by assessing EV uptake and wound healing.

2.4. Transmission electron microscopy

Samples were analyzed by TEM to confirm the presence of EV in the
isolated gradient fractions and assess EV morphology over 14 days at
37 °C. Briefly, 3 pL of sample were adhered to pre-coated formvar/
carbon/glow discharged 100 mesh copper-palladium grids for 20 min.
Grids were fixed with 2 % formaldehyde (Science Services) in 0.1 M
phosphate buffer for 20 min, washed with sterile water and stained with
2 % uranyl acetate for 5 min. Grids were examined using electron mi-
croscopy (FEI Tecnai G2 Spirit BloTWIN operating at 120 keV equipped
with an Olympus-SIS Veleta CCD Camera).

2.5. Western blotting

Western blot was performed on EV samples for EV specific markers
(CD63 (1:1000, ab59479, Abcam) Flotillin-2 (1:1000, 610838, BD,
CD81 (1:1000, EXOAb-CD81A-1, System Biosciences)) and common co-
isolated contaminant GM130 (1:250, 610822, BD Pharmingen). Whole
cell lysates were analyzed in parallel with EV samples. EV samples were
normalized by volume (20 pL of sample per lane), while whole cell ly-
sates were normalized by protein amount (10 pg of protein per lane).
Protein concentration of cell lysates was determined by microBCA
(ThermoFisher Scientific) according to the manufacturer’s instructions.

Western blot protocol was performed as previously described [43].

2.6. EV labelling

EV labelling was performed using the PKH26 Red Fluorescent Cell
Linker Mini Kit for General Cell Membrane Labelling (Sigma Aldrich).
Briefly, each 100 pL of sample were diluted in 100 pL of diluent C, added
to 1.5 pL of PKH26 in 100 pL of diluent C, and incubated for 3 min at
room temperature. The labelling reaction was stopped by the addition of
100 pL of 0.1 % bovine serum albumin. Labelled vesicles were separated
from unbound dye using Exosome Spin Columns (MW 3000, Invi-
trogen™), as specified by the manufacturer.

2.7. EV stability at 37 °C
Isolated EV samples were resuspended in PBS, aliquoted, and
analyzed fresh or stored in a humidified atmosphere at 37 °C, 5 % COa.

At selected time points (1, 2, 5, 7, and 14 days), an EV aliquot was used
for NTA and RNA analysis.

2.8. EV RNA analysis and small RNA relative quantification by RT-qPCR

The decay in EV’s bioactive cargo over 14 days was assessed by RT-
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gPCR (Real Time quantitative Polymerase Chain Reaction) quantifica-
tion of small non-coding RNAs formerly identified in hiPSC-EV [43,44].
Briefly, total RNA was isolated from EV samples (N = 3 independent EV
preparations) using Norgen Biotek Exosomal RNA Isolation kit (Cat.
58,000), according to the manufacturer’s instructions. Total RNA was
quantified using a Nanodrop-2000c (ThermoFisher Scientific). Small
RNA and miRNA were quantified by capillary electrophoresis (Agilent
2100 Bioanalyzer, Agilent Technologies) using the Agilent Small RNA
chip, according to the manufacturer’s instructions. Reverse transcription
of RNA samples was performed with TagMan™ MicroRNA Reverse
Transcription Kit (Applied Biosystems™, Thermo Fisher Scientific) and
Custom Tagman™ Small RNA Assays (Applied Biosystems™, Thermo-
Fisher Scientific), according to the manufacturer’s protocol. RT-qPCR
was performed using the TagMan™ Fast Advanced Master Mix
(Applied Biosystems™, ThermoFisher Scientific) on a LightCycler 480
Instrument II 384-well block (Roche) as previously described [44]. The
Cycle threshold (Ct) was determined using the LightCycler 480 software
(Roche). Hsa-miR-103a-3p and U6 were selected as endogenous controls
based on prior data [44]. Relative changes were analyzed using the
AACt method [45]. Stem-loop primers used for cDNA synthesis and RT-
gPCR are available in Table S1 (Supplementary information).

2.9. GelMA synthesis

Gelatin methacryloyl (GelMA) was synthesized as reported previ-
ously [46]. Briefly, type-A gelatin from porcine skin (gel strength ~ 300
bloom, 10 % (w/v) in PBS) was reacted with 0.6 g of methacrylic an-
hydride (92 % purity) per gram of gelatin. The reaction was carried out
at 50 °C for 1 h, followed by centrifugation for removal of excess an-
hydride and dialysis (cellulose membrane, 12-14 kDa cut-off) at 40 °C
for 24 h against demineralized water (refreshed twice). The product was
freeze-dried and stored at —20 °C. A degree of substitution superior to
80 % was achieved and used for all experiments. All materials for GelMA
synthesis were obtained from Sigma Aldrich and used as received.

2.10. EV-loaded and control GelMA hydrogel preparation and casting

hiPSC-EV were incorporated at a concentration of 1.5 x 10'° parti-
cleemL™! (based on NTA) into GelMA + 0.1 % (w/v) Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, TCI Europe N.V.) photo-
initiator solutions to generate 3, 6 and 12 % (w/v) hydrogels. Control
hydrogels were prepared with an equal volume of PBS instead of EV
sample. The mixtures were pipetted into Teflon molds (@ =6 mm x h =
2 mm) and crosslinked under UV light (A = 365 nm, VL-4.LC, Vilber
Lourmat) for 7 min.

2.11. Hydrogel formation analysis

All crosslinked disks were weighed for their initial wet weight
(Myert=0) and three samples were lyophilized to obtain their initial dry
weighs (mgyy o). The remaining samples were incubated in PBS at 37 °C
for 24 h, weighed (mye,-1) freeze-dried and re-weighed (mgy—1). The
sol fraction, swelling ratio (q), and actual macromer fraction (AMF)
were determined as follows:

sol fraction (%) = (Mgpy—o — Marpe—1) ¥ 100/ My ;o
q = Myer =1/ Mdry 1=1

AMF = My =0 /mwer,t:()

2.12. Hydrogel degradation studies

Hydrogels were cast, freeze-dried and weighed to determine their
initial dry mass (mgry,—o0). The remaining hydrogels were placed in 500
pL of PBS at 37 °C. At each time point (t = x), hydrogels were removed
from PBS, blotted dry, imaged by stereomicroscopy and freeze dried
(Mgry.—x). Mass loss at each time point was calculated as:
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Mass loss (%) = (md,y,,:o - md,y.,zx) x 100 / My 1=0
2.13. EV release assay and conditioned medium collection

EV-loaded and control hydrogels were cast and incubated at 37 °C
either in 500 pL DPBS to assess release, or in 500 pL of endothelial cell
culture media for bioactivity screening (complete Endothelial Cell Basal
Medium (EBM-2, Lonza) supplemented with EGM™-2 SingleQuots Kit
for EV uptake assays or EBM-2 + 0.1 % Fetal Calf Serum (FCS) for wound
healing assays) over a 14-day timespan. At each timepoint (4 h, 1, 2, 4,
7,14 days), 250 pL of DPBS or conditioned culture media were collected
and analyzed for quantification of EV release or stored at —80 °C. The
removed volume was replenished.

2.14. EV release quantification

Release of PKH26-EV in PBS was quantified by spectrofluorometry in
a plate reader (ClarioStar Plus, BMG Labtech), by measuring PKH26
fluorescence signal (Aex = 520 nm =+ 8, ey = 567 nm + 8, dichroic filter
543.2 nm, fixed gain = 2500). The percentage of EV release was
calculated based on a calibration curve performed for each labelled
sample.

2.15. Melt electrowriting

Hexagonal-shaped microstructured fiber scaffolds were produced by
melt electrowriting (MEW) using a 3D Discovery Evolution system
(RegenHU). Granular medical-grade poly(e-caprolactone) (PCL, Pur-
asorb PC12, Corbion) was melt-extruded in a metallic cartridge at 80 °C
through a 24G stainless steel nozzle (inner diameter = 0.3 mm) assisted
by an air pressure of 100 kPa and an applied high voltage of 5-6 kV.
Hexagonal meshes with a pore side length of 400 pm were obtained after
depositing 35 layers of MEW fibers at a collector speed of 6.25 mm.s ! at
a collection distance of 2.5 mm between the extrusion nozzle and col-
lector plate. Scanning electron microscopy was performed on sputter-
coated PCL meshes (2-nm gold layer, Quorum Q150RS coater) using a
Phenom Pro desktop scanning electron microscope (ThermoFisher Sci-
entific. The average fiber diameter was determined to be of 10 pm using
ImageJ software. PCL meshes were cut with a biopsy punch (@ = 6 mm),
treated in 1 M aqueous NaOH for 20 min, washed in PBS five times, and
then sterilized by immersion in 70 % (v/v) ethanol followed by irradi-
ation in a UV chamber (CL-1000 UVP, Analytik Jena) before use.

2.16. EV-loaded GelMA hydrogel casting on MEW meshes

EV-loaded hydrogel precursor solutions were prepared by dissolving
sterile GeIMA and LAP stock solutions in sterile PBS for final concen-
trations of 12 and 0.1 % (w/v), respectively, and incorporating hiPSC-
EV at a final concentration of 1.5 x 10'° particle.mL’1 (based on
NTA). NaOH-treated MEW meshes were placed in Teflon molds (@ = 6
mm x h =2 mm), and the EV-loaded precursor solution was pipetted in
each well and crosslinked under UV light (A = 365 nm, VL-4.LC, Vilber
Lourmat) for 7 min. Control EV-loaded hydrogels were cast through the
same procedure with no MEW mesh.

2.17. Stress relaxation tests

Pristine and MEW mesh-reinforced GelMA hydrogels were tested
under uniaxial unconfined compression in a universal mechanical
testing machine (MTS Criterion) fitted with a parallel plate system and a
50-N load cell. Hydrogel samples (@ = 6 mm x h = 2 mm) were tested
while submerged in PBS (n = 6). Following a 0.1 N pre-load, hydrogel
samples were strained to 15 % at a rate of 0.5 % s~1 mm/s, followed bya
relaxation period of 15 min. Stress-strain curves were calculated from
the applied force and displacement data. Stress was defined as the



G. Cedillo-Servin et al.

applied force divided by the cylindrical sample’s unloaded cross-
sectional area and was processed using a rolling mean filter (window
size: 25). To quantify hydrogel relaxation response, a two-term expo-
nential function was fitted to the resulting stress-strain curves using
MATLAB software (MathWorks), considering two regimes of stress
relaxation: a fast decay regime shortly after peak stress, followed by a
slow decay regime that remains until the hydrogel reaches stress equi-
librium, as reported previously. The model includes a term for each
regime as follows:

t t
G:Aexp(7;> +Cexp<7;2>

where ¢ is compressive stress, t is time elapsed since the start of the
relaxation period, A and C are coefficients of the fast and slow decay
terms, respectively, and 7; and 7, are the fast and slow relaxation con-
stants, respectively.

2.18. HUVEC culture

HUVEC (#C2517A, Lonza) were cultured according to the manu-
facturer’s specifications. Cells were maintained in complete medium,
composed of Endothelial Cell Basal Medium (EBM-2, Lonza) supple-
mented with Large-vessel endothelial cell growth medium Single-
Quots™ Supplements and Growth Factors (Lonza), containing 2 % (v/v)
of Fetal Calf Serum (FCS), in a humidified atmosphere at 37 °C in 5 %
CO3, with medium changes every 48 h. HUVEC were used up to passage
6, including.

2.19. EV uptake assay

HUVEC were seeded at a density of 3 x 10* cells per well onto 96-
well plates and cultured in complete medium. Twenty-four hours post-
seeding, cells were incubated either with free PKH26-EV (3000 parti-
cles per cell), or with PKH26-EV hydrogel or control hydrogel condi-
tioned medium. Following a 24 h incubation at 37 °C in 5 % COg, cells
were washed twice with complete media, to remove any labelled EV not
internalized by cells, and subsequently fixed at room temperature for 20
min with 4 % (w/v) paraformaldehyde. Nuclei were counterstained with
DAPI (4,6-Diamidino-2-Phenylindole, Dihydrochloride, ThermoFisher
Scientific) reagent. Images were acquired using an inverted fluorescence
microscope (Leica DMi8, Leica Systems). Quantification of PKH26-EV
positive cells was performed using Fiji software, and calculated as a
percentage of DAPI stained nuclei.

2.20. Wound healing assay

HUVEC were seeded at 3 x 10* cells per well onto 96-well Image-
Lock™ microplates (Essen Bioscience) and incubated for 24 h in com-
plete medium to achieve a confluent cell monolayer. Four hours prior to
performing the wound, complete medium was exchanged by starvation
medium (ECBM-2 + 0.1 % (v/v) FBS). A 96-pin mechanical wound-
making device (WoundMaker™ Essen Bioscience) was used according
to the manufacturer’s instructions to generate a straight scratch in the
confluent cell monolayer, after which cells were washed twice with
DPBS to remove cell debris. Equal volumes of EV-hydrogel conditioned
medium from each collection time-point were added to the wells, in
parallel with conditioned media from the corresponding empty hydrogel
controls. Free EV, at a dose of 3000 particles per cell, were also assessed.
Positive and negative controls consisted of complete medium and star-
vation medium, respectively. The plates were placed in an IncuCyte
Zoom® system (Essen Bioscience) for automatic monitoring of cell
migration. Wound closure was analyzed and calculated using the Incu-
Cyte Zoom® S3 software and the IncuCyte® Scratch Wound Analysis
Software Module. The wound closure of test samples was normalized to
the respective controls.
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2.21. Statistical analysis

Results are plotted as mean + SD (N = 3, except were stated). Sta-
tistical significance was tested by one-way ANOVA with Tukey’s mul-
tiple comparisons test with a single-pooled variance, two-way ANOVA
with Tukey’s multiple comparisons test, two-tailed unpaired t-test, one-
sample t-test, or one-way ANOVA with Dunnett’s multiple comparisons
test with single-pooled variance, as noted in each case. All statistical
analysis was performed with GraphPad Prism v9.

3. Results

3.1. Profiling of in vitro release of hiPSC-EV from pristine and fiber-
reinforced GelMA hydrogels

Native hiPSC-EVs, isolated from conditioned media of hiPSC culture
(Fig. 1A), had a size range of 50-200 nm, presented a typical cup-shaped
morphology, and were positive for EV-associated markers CD63, CD81,
TSG101, and Flotilin-2, and negative for common co-isolated contami-
nant GM130 (Figs. 2A-C; S1). After being labelled with PKH26, hiPSC-
EV were incorporated in pristine or fiber-reinforced GelMA hydrogels
and characterized in terms of EV release profile and bioactivity
(Fig. 1B-F).

In general, the actual macromer fraction (AMF) increased and the sol
fraction and swelling ratio decreased with higher GeIMA concentration
(Fig. S2A-C). Additionally, the degree of hydrogel degradation in an
aqueous environment was also concentration-dependent, with 3 %
GelMA hydrogels showing higher degradation rates than hydrogels with
higher GelMA concentrations (Fig. S2D and E).

GelMA hydrogels displayed a biphasic release kinetics profile with an
initial burst followed by a sustained release stage, and the release rate
was dependent on the GelMA concentration (Fig. 2D, E). The rapid
release (8-21 %) of total EV peaked at 4 h for 12 % GelMA and 24 h for 3
and 6 % GelMA (Fig. 2D and E), after which the rate was reduced but
prolonged throughout the experimental period (14 days). At this point, a
total of 4.7 x 108 particles (~60 %) had been released from the 12 %
GelMA hydrogel, in opposition to 2.7 x 10® particles (~35 %) from the
3 % GelMA hydrogel. Remarkably, 12 % GelMA hydrogels, which pre-
sent higher macromer fraction, exhibited a faster and higher release of
EV compared to 6 % and 3 % hydrogels, the latter showing the lowest
release rate.

To understand the EV transport mechanisms involved in GelMA
hydrogels and to quantitatively predict the resulting EV release kinetics,
we fitted several mathematical models of drug release on the experi-
mental data (Fig. 2F). Based on the comparison of the correlation co-
efficient (R®) and of the second-order Akaike Information Criterion
(AICg), the best fit was selected as that with a R? value closest to 1 and a
minimal AIC¢ value, and thus it was identified to be the Peppas-Sahlin
model [48,49]. Analysis of Peppas-Sahlin model parameters revealed
that the absolute value of the diffusion constant k; was greater than the
chain relaxation constant k, for all GelMA concentrations tested (Fig. 2G
and H). Moreover, the Peppas-Sahlin parameter values showed a close
linear relationship with the GelMA concentration within the 3-12 %
range studied here (Fig. 2H).

To further modulate EV release kinetics GelMA hydrogels were
reinforced with hexagonal PCL meshes (Fig. 3A-C). Stress relaxation
analysis showed that the slow stress decay regime predominates in
pristine hydrogels with higher GelMA concentration, as observed by
significantly higher slow relaxation constants and fast-to-slow coeffi-
cient ratios in 12 % GelMA compared to 3 % GelMA (Figs. 3E; S3).
Interestingly, the introduction of mesh reinforcement prolonged the
slow decay regime in hydrogels with low and high stiffness, namely 3 %
and 12 % GelMA, as indicated by significantly higher slow relaxation
constants, but not in 6 % GelMA with intermediate stiffness (Fig. 3E).
Further, to assess the effect of mesh reinforcement on EV release, the 12
% GelMA concentration was chosen due to its overall higher release rate
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Fig. 2. Characterization of hiPSC-EV and release from GelMA hydrogels of different concentrations. (A) Representative negative staining close-up transmission
electron microscopy (TEM) image of hiPSC-EV. Scale-bar: 200 nm. (B) Size distribution profile of hiPSC-EV samples analyzed by nanoparticle tracking analysis
(NTA). Plotted lines correspond to the averaged size distribution profiles from three EV isolations. Standard deviation is shown in red. (C) Western blot analysis of EV-
associated markers CD63, TSG101, Flotillin-2, and CD81, and common co-isolated contaminant GM130. Lane 1 — hiPSC-EV, Lane 2 — whole-cell lysate. (D, E) EV
release and cumulative release from 3, 6, and 12 % GelMA hydrogels. In (D) a zoom in of the first 2 days of release is shown. Data represented as mean + SD (n = 3).
In (D) significance was tested by a one-way ANOVA with Tukey’s multiple comparisons test with a single pooled variance and is shown for GelMA 6 % and 12 %
versus 3 %. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. (p > 0.05). (F) Modelling of EV release from GelMA hydrogels, evaluated using the R? and
second-order Akaike Information Criterion (AIC:) determined for four release models. The Peppas-Sahlin model showed simultaneously the highest R* and lowest
AICc values and hence represented the best fit for the release data. (G) EV-release profiles with a Peppas-Sahlin fit. The continuous lines represent the Peppas-Sahlin
model that best fits the cumulative EV release fraction. (H) Peppas-Sahlin model parameters obtained by fitting of the experimental data. Model parameters suggest
Fickian diffusion to be the predominant release mechanism. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

in comparison with lower GelMA concentrations (Fig. 2E). The intro-
duction of the meshes resulted in a significant reduction in EV burst,
from ~20 % to 4 %, and total release, from ~60 % to 12 % (Fig. 3F).

3.2. hiPSC-EV functionality after release from GelMA hydrogels

To ensure biological activity of hiPSC-EV upon release from GelMA
hydrogels, we assessed their uptake (Figs. 4A and B, S4) and ability to
induce cell migration (Fig. 4C) in human umbilical vein endothelial cells
(HUVEC). PKH26-labelled EV were loaded into 12 % GelMA hydrogels
and placed in medium, which was collected at each time-point, and used
to supplement HUVEC’s cultures. Throughout the 14-day experiment,
PKH26-labelled EV were visible inside the cells, although the number of
cells positive for EV uptake decreased approximately 60 % over time,
correlating with the lower EV release observed for longer time-points
(Fig. 4B). Control hydrogels (without loaded EV) did not show any
positive PKH26-staining (Fig. 4A).

Further, the hiPSC-EV released from GelMA hydrogels caused a sig-
nificant increase in cell migration, as measured by the percentage of
closure of a scratch created on a HUVEC monolayer, and this effect was
only significant in the first 4 h when a burst release occurs, with a similar
degree as with free EV (Fig. 4C).

To understand the contribution of EV stability in the observed fast
decrease in bioactivity, a stability study was performed on EV at 37 °C,
the standard body temperature that EV would encounter in vivo. Results
showed a gradual reduction in particle concentration over the course of
14 days, accompanied by an increase in smaller particles (<50 nm
diameter) concentration, indicating EV degradation (Fig. 5A and B). The
notable increase in small particles, lacking signs of typical EV
morphology, observed on days 2, 7, and 14 by TEM (Fig. S5) is an
additional indicator of EV degradation at 37 °C and corroborates the
nanoparticle tracking analysis results. The total RNA content of EV
showed a sharp decrease at 24 h, while small RNA concentration
remained relatively stable over a 7-day period (Fig. 5C and D). Distinct
changes were observed in the levels of specific small RNAs (miR-302c-
3p, miR-363c-3p, miR-200c-3p, and piR-36770), which have been pre-
viously identified in hiPSC-EV and linked to a promotion of endothelial
cell migration through signaling involving PTEN and the PI3K/AKT
pathway [43,44]. In particular, piRNA displayed a significant decline in
expression, whereas expression of the microRNAs was not significantly
affected (Fig. 5D-I).

4. Discussion

The effectiveness of EV-based therapies is limited by their stability
and capacity to reach the intended tissue at a correct dose. Conventional
systemic infusion can be problematic due to rapid clearance by the RES
and low concentrations at the target site, particularly in the heart, which
is not a natural accumulation tissue [35]. Therefore, targeting strategies
such as modifying the EV surface or direct delivery to the heart are
necessary to enhance bioavailability. Additionally, the stability of EV is
crucial for developing effective delivery systems, as they can be sensitive
to changes in pH, temperature, and mechanical stress. In previous work,

we demonstrated the in vitro pro-angiogenic effect of hiPSC-EV [43].
Here, we incorporated these EV into photocrosslinkable, fiber-
reinforced GelMA hydrogels to enable sustained, localized delivery.
We investigated the effect of polymer concentration and crosslinking on
hydrogel swelling, degradation, and EV release, while maintaining other
variables (degree of polymer functionalization, photoinitiator type and
concentration, light intensity, and duration of exposure) constant. We
found that a higher macromer concentration resulted in lower hydrogel
swelling due to increased crosslinking density, which contributes to
hydrogel strength and durability [50]. However, hydrogels with a low
macromer percentage (3 % GelMA) were challenging to manipulate and
showed faster degradation compared to higher GeIMA concentrations.

To achieve sustained EV release, we aimed for a release time frame of
14 days, which is typically the length of an angiogenic response in vivo
[51-53]. We observed a biphasic release pattern for all the 3 formula-
tions, with an initial burst release within the first 24 h, followed by a
sustained release during the following 13 days. By focusing on the
largest release timepoint, we found that GelMA concentration had a
significant effect on the amount of EV released. Remarkably, EV release
was directly proportional to GelMA concentration, with 12 % GelMA
resulting in a greater initial and total EV release compared to lower
GelMA concentrations, despite having a lower swelling ratio and de-
gradability. To understand this behavior, we analyzed the first 60 % of
the EV release curves using the Peppas-Sahlin mathematical model
[48,49]. We found that EV release was mainly governed by Fickian
diffusion and relaxation of the hydrogel’s polymeric chains, [48] and
that diffusion played a predominant role in driving release, as indicated
by the model parameters m ~ 0.5 and |k | > |ko| [48]. Additionally, the
model parameters themselves could be fit to GelMA concentration-
dependent linear models, which presented high correlation co-
efficients with respect to experimental data. Therefore, these parameters
can be potentially used to determine the GelMA concentration needed to
achieve a desired amount of EV release within a specific period.

However, we also found that diffusion is influenced by crosslinking
density, with higher crosslinking resulting in decreased water diffusion
into and out of the hydrogel matrix, which would oppose the observed
EV release kinetics from higher concentration GelMA hydrogels. To
explain this effect, we propose two complementary explanations that
require further investigation. The first explanation is based on previous
work showing that EV transport through the confined environment of a
hydrogel matrix is facilitated by high matrix stiffness and matrix stress
relaxation, which enables EV to overcome confinement at higher rates
[39]. The second hypothesis is that EV electrostatic interactions with the
GelMA matrix may play a role, as EV carry a net negative surface charge
[56] that is expected to interact with GelMA. Charged proteins, such as
b-FGF and BMP-2, have been shown to interact with locally charged
regions of GelMA and be retained within hydrogels for sustained pe-
riods, suggesting that EV may interact with GelMA in a similar way
[57,58].

On the other hand, GelMA has a negative net charge at physiological
pH (7.4) due to the prevalence of free carboxyl groups after crosslinking,
as amine groups react preferentially in the methacrylation reaction.
When GelMA is exposed to a pH higher than its isoelectric point, the
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Fig. 3. Stress relaxation and hiPSC-EV release of pristine and MEW mesh-reinforced GelMA hydrogels. (A) Representative transmitted-light image of a hexagonal PCL
mesh. (B) Representative SEM image of a hexagonal pore in a PCL fiber mesh. (C) Representative front image of mesh-reinforced 12 % GelMA + 0.1 % LAP hydrogel.
(D) Representative stress relaxation curves and exponential fits of mesh-reinforced GeIMA hydrogels. (E) Model fit parameters of stress relaxation of pristine and
mesh-reinforced GelMA hydrogels. Data presented as mean + SD (n > 4); significance was tested by two-way ANOVA with Tukey’s multiple comparisons test. (F)
Comparison of EV release and cumulative EV release from pristine and mesh-reinforced 12 % GelMA hydrogels. Data presented as mean + SD (n = 3); significance
was tested by a two-tailed unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

proportion of deprotonated carboxyl groups increases, resulting in a
more negative net charge. While gelatin type A has an isoelectric point
of 7-9 [59], GelMA’s isoelectric point is around 5 [60], indicating that
GelMA hydrogels have a negative net charge at physiological pH.
Increasing polymer concentrations results in higher negative charges
inside the hydrogel matrix, which repel negatively charged EV, resulting
in faster release profiles.

To enhance the mechanical properties of hydrogels and further
modulate EV release, we combined GelMA with a PCL fiber scaffold. We
chose a hexagonal structure for the PCL mesh because it guides cardiac
cell alignment more effectively and undergoes reversible stretching over
larger deformation ranges [61]. Since the PCL meshes have high
porosity (>97 %), they were not expected to physically block EV
transport through GelMA, but rather modulate EV release by
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Fig. 5. Stability of EV throughout the release timeframe. EV stability at 37 °C measured by the decrease in (A) particle concentration, (B) mode particle size, and (C)
RNA content over 14 days. Fold change in (D) total Small RNA and (E) microRNA concentration in EV over 7 days at 37 °C. (F-I) Relative quantification of small-
noncoding RNAs in hiPSC-EV throughout the stability study. Data shown as average + SD (n = 3). Significance was tested by a one-way ANOVA with Dunnett’s
multiple comparisons test, with a single pooled variance. *p < 0.05; ** p < 0.01; **** p < 0.0001; n.s. p > 0.05.

constraining and changing the stress relaxation properties of GelMA
hydrogels. The mesh reinforcement prolonged the slow relaxation
regime observed in stiffer hydrogels due to mechanical constraints
imposed by the mesh. This limits the ability of hydrogel polymer chains
to re-organize and accommodate for additional water molecules, thus
reducing the swelling ratio, as reported previously [62].

Based on the extent of EV release observed for 12 % GelMA, we chose
this formulation for further testing. EV release from mesh-reinforced
hydrogels was significantly different from that of pristine hydrogels
due to the slower stress relaxation observed in reinforced GelMA. Our
findings suggest that mesh reinforcement is a straightforward way to
tune EV release independently of hydrogel formulation. Our report here
represents the first of its kind in the field of EV encapsulation, since
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reinforcement with highly porous fiber meshes is presented as an EV
release modulating approach that is fully orthogonal to hydrogel
chemistry. Additionally, our results highlight the importance of identi-
fying stress relaxation in carrier hydrogels and quantitatively assessing
degree of stress relaxation for further modulating EV transport. More
detailed investigations into relaxation phenomena like these are neces-
sary to fully leverage the wide range of approaches for tuning hydrogel
mechanics and enhancing the potential of hydrogels as EV vehicles with
precise release profiles.

We confirmed the bioactivity of hiPSC-EV by evaluating their uptake
and ability to promote wound closure in vitro. Our results indicate that
the EV remain bioactive after casting and photocrosslinking processes,
showing similar promotion of endothelial migration compared to free
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(non-encapsulated) EV. However, the dose of released EV after the
initial burst is likely too low to be effective. In previous studies, research
suggested that a dose of 3000 particles per recipient cell is required to
trigger pro-angiogenic effects [43]. Considering the total particle
payload per hydrogel (7 x 108 particles), the EV release for 12 % GelMA
after the first 24 h, and the number of endothelial cells plated per well
for the assay (~3 x 10* cells), we conclude that after 1 day the released
EV were less than half of the required amount to generate an effect
(~1430 particles/cell).

Besides dose issues, EV stability throughout the release timeframe
also contributes to the limited bioactivity observed. Changes in EV
morphology as a result of incubation at physiological temperature were
observed by TEM after 2 days at 37 °C. EV stability was further evalu-
ated at the level of particle count and RNA cargo. We employed Nano-
Drop spectrophotometry to quantify the RNA content and capillary
electrophoresis and RT-qPCR to evaluate the levels of small non-coding
RNAs previously identified in hiPSC-EV. The combination of these
methods allowed to measure the concentrations of small RNAs and
miRNAs and relative abundance of target miRNAs/piRNAs and assess
the overall RNA content within the EVs. There was a progressive decline
in particle concentration, accompanied by a severe reduction in RNA
cargo after just 1 day at 37 °C. We probed for specific small non-coding
RNAs previously identified in hiPSC-EV and linked to a promotion of
endothelial cell migration [43,44]. We observed a significant decay in
piR-36770 but not in miR-302¢-3p, miR-363-3p, and miR-200c-3p. RNA
species in EV are present in distinct relative amounts, with mRNA or
mRNA fragments being the more abundant (>50 %) [63,64]. These are
generally considered less stable in comparison to other RNA classes,
which explains the significant decline in total RNA levels but not in
small non-coding RNA levels.

Prior stability studies have evaluated the effect of storage factors
such as temperature, pH, time, and freeze-thawing on EV stability. It is
generally reported that temperatures above 4 °C cause significant loss of
EV particles, RNA, and protein content [65,66]. Although the impact of
GelMA on EV stability was not studied, it is clear that once EV are placed
at the physiological temperature, they rapidly lose bioactivity. Future
studies on EV-loaded biomaterials should take this into account by, for
instance, increasing the initial EV burst release while promoting EV
retention in situ. While literature reports suggest a timeframe varying
from 2 days to 3 weeks for EV to induce a relevant cardioprotective
effect [35], prolonged EV release may not be feasible for therapeutics
employing native vesicles with reduced stability at 37 °C.

Although hydrogel encapsulation has become a promising approach
for sustained, localized EV delivery, few studies have investigated the
factors that govern EV transport inside a hydrogel matrix (Table S2).
This is of particular importance, since EV release can considerably differ
from small molecule release due to a greater dependence on hydrogel-
associated parameters, such as hydrogel porosity and mechanical
properties, as shown here and in previous studies [39]. Overall, our
work provides relevant information for the development of biomaterial-
based carrier systems for EV therapies, as we showcase two independent
strategies to tune EV release, namely, a) hydrogel concentration to
modulate crosslink density and hydrogel stiffness, and b) microfiber
reinforcement to modulate hydrogel stress relaxation. Additional studies
should address some potential pitfalls in release quantification, as here
we used PKH26 to track EV. The half-life of lipophilic dyes has been
reported to be longer than that of EV, which raises the possibility that at
longer time points the remaining dye, and not functional EV, is being
analyzed [68]. Other EV tracking methods (e.g. ELISA for EV-associated
proteins, conjugation of CD63 with fluorescent reporter proteins) should
be explored to overcome this bias. Although we have determined
diffusion to be an important mechanism in EV release, we can only
speculate whether EV/GelMA/PCL interaction mediated by electrostatic
charges also plays a significant role in EV retention inside the matrix.
Future studies on understanding and modulating these interactions are
important to improve control over EV release profiles. Moreover, to
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confirm and validate the potential of this fiber-reinforced hydrogel-
based EV delivery system, future in vivo studies in animal models of
myocardial infarction should be conducted. These studies should assess
the ability of the hydrogel to precisely localize EV delivery within the
injured cardiac areas and to evaluate its potential in improving thera-
peutic effects when compared to conventional intravenous administra-
tion or intramyocardial injection.

5. Conclusions

We demonstrate that hiPSC-EV can be incorporated in GelMA + LAP
hydrogels without compromising key aspects of their bioactivity in
endothelial cells, to achieve a sustained release over 14 days. The release
profile can be further tailored by introducing fiber mesh reinforcements,
which constrain the hydrogel network, thus limiting stress relaxation
and EV diffusion. Mathematical modelling and stress relaxation testing
enabled further elucidation of the mechanisms of EV release in pristine
and microfiber-reinforced GelMA hydrogels. Overall, our findings
characterize hydrogel formulation and fiber reinforcement as two fully
orthogonal and superimposable approaches to modulate EV release.
This tunable, sustained-release system could contribute to enhance EV
retention and improve therapeutic efficacy upon in vivo local delivery.
Nevertheless, prolonged EV release may be hindered by the short-term
stability of native vesicles.
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