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Abstract

Cell therapy to restore cardiac function in chronic heart failure has been extensively studied.
However, its therapeutic value is limited due to poor cell engraftment and survival and the
therapeutic outcomes have been attributed to paracrine secretions such as extracellular
vesicles (EV). The direct use of EV is an attractive therapeutic strategy and it has been
shown that the kinetics of delivery of the EV to the targeted tissue may impact the outcomes.
However, there are currently no technologies to deliver EV to the heart in a controlled and
tunable manner. The objective of this study was to design a controlled release system, based
on a photocurable adhesive polymer, to locally deliver EV to the cardiac tissue. We have first
demonstrated that the adhesive polymer, PGSA-g-EG, did not impact the EV bioactivity in
vitro and was biocompatible in vivo when tested in a rat model. Importantly, the polymer
remained attached to the heart surface for at least 1 month. We have then evaluated and
optimized the in vitro release kinetics of the EV from the PGSA-g-EG polymer. Freeze-dried
EV formulations were developed to tune the release kinetics and maximize the loading in the
polymeric material. Moreover, despite the instability of the EV in aqueous medium at 37°C,
the PGSA-g-EG polymer was able to release bioactive EV for at least 14 days. Overall, these
results suggest that the PGSA-g-EG is a suitable material to promote the controlled delivery

of bioactive EV over an extended period of time.
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1. Introduction

Cardiovascular diseases are a leading cause of death worldwide [1]. Only in the United
States, 1.5 million of cases of myocardial infarction (MI) occur every year [2]. During a MI,
the sudden blockade and reduced blood flow in the coronary arteries [1] often lead to the
irreversible necrosis of the heart muscle, which due to its poor regenerative capacity can
result in chronic heart failure and patient’s death [3,4]. The current standard of care aims to
prevent/limit ischemic attacks, or to support function through mechanical assist devices [1].
However, these procedures are not consistently able to restore and repair the function of the

cardiac tissue [5].

In recent years, stem or progenitor cells have gained considerable interest for the treatment
of heart failure [6] because of their alleged potential to improve cardiac function through the
regeneration of the cardiac tissue [7]. However, improvements, if any, reported by clinical
trials have usually been modest [7—11]. Recent studies demonstrated that these cells tend to
die quickly [12,13], suggesting that their benefits, if any, are more likely mediated by a
paracrine activation of endogenous repair pathways by cell-released cytokines, growth
factors and extracellular vesicles (EV) [14—16]. These EV are small bilipid membrane-bound
particles with a heterogeneous and dynamic content [17—19] which can be isolated from all

cells and biological fluids [20].

Several pre-clinical studies have been conducted to evaluate the therapeutic effect of EV
derived from non-differentiated cells on heart function [21,22]. For example, recent studies
showed, both in vitro and in vivo in different animal models, that human mesenchymal stem
cells (hMSC)-derived EV are able to reduce myocardial ischemic injury through angiogenic
and cardioprotective mechanisms [23-25]. Human induced pluripotent cardiac progenitors
(iPSC-Pg) have also been shown to be effective [26—28]. The major mechanisms whereby
EV are hypothesized to contribute to cardiac repair include mitigation of inflammation,

apoptosis and fibrosis as well as stimulation of angiogenesis whereas induction of



proliferation of resident cardiomyocytes to increase the contractile pool remains more

controversial [29].

Current EV delivery techniques are limited to systemic or local injections. However, even
upon local injection, EV tend to diffuse quickly around the infarcted zone [30], thereby limiting
the dose able to reach the diseased tissue. The need for regular injections to maximize
treatment effects is a major challenge for the translation of these therapies [31]. For example,
a recent investigation demonstrated the effect of weekly intra-articular injections of human
MSC-derived EV to repair osteochondral defects in rat. After twelve weeks, new hyaline
cartilage and subchondral bone, structurally similar to the original one, was observed [31].
Another study demonstrated the benefits of a hydrogel glue-based patch loaded with EV
compared to short-term repeated injections in cartilage regeneration [32]. Thus, to improve
the therapeutic potential of EV, local EV delivery devices may be required to maximize the
EV concentration and long-term bioavailability in the targeted tissue [30,32,33]. Recently, a
rat collagen patch within a GELFOAM™ mesh loaded with EV derived from iPSC-derived
cardiomyocytes was developed. This device was able to promote tissue regeneration and
improve cardiac function [34]. Another study demonstrated that an injectable hyaluronic acid
hydrogel loaded with EV derived from endothelial progenitor cells improved heart function
recovery in a rat Ml model [35]. No significant difference was reported compared to the same

hydrogel loaded with endothelial progenitor cells.

In this study, we evaluated the potential of a new adhesive and photocurable polymeric
material, based on poly(glycerol sebacate) acrylate polymer (PGSA) [36,37], to be used as a
vehicle to deliver EV to the heart. Initially synthesized and characterized by Nijst et al. in
2007 [36], PGSA has been studied for multiple biomedical applications, including surgical
glues [37,38] and scaffolding for tissue regeneration [39]. This polymer with tunable
mechanical properties has been previously shown to be biocompatible and biodegradable.
Furthermore, when delivered to tissue, it presents a minimum washout due to its hydrophobic

and viscous nature and enables on-demand adhesion to biological tissues using light. We



hypothesize that these are core design criteria to maximize the delivery of EV to a dynamic
tissue like the heart. In the present study, we selected a derivative of PGSA, Poly(glycerol-
co-sebacate) acrylate ethylene glycol (PGSA-g-EG), which differs from previous hydrogels
tested for the release of EV, and after having assessed in vitro its capacity to release
bioactive EV in a controlled manner, we evaluated the biocompatibility and adhesion

performance of the material in a rodent model.

2. Materials and Methods

2.1.  Ethics section
All procedures were approved by our PARCC institutional ethics committee and complied
with European legislation (European Commission Directive 86/609/ EEC) on animal care. All
in vitro tests using human cells were carried out with the agreement of the donors who

signed an informed consent.

2.2.  Synthesis of PGSA-g-EG
Polyglycerol-co-sebacate (PGS) was synthesized through the polycondensation of glycerol
and sebacic acid, as previously described [36]. Poly(glycerol-co-sebacate) acrylate ethylene
glycol (PGSA-g-EG) was synthesized according to a protocol previously described with some
modifications [40]. PGS (18.75 mmol) was solubilized in dichloromethane (300 mL) for 15
min under stirring and nitrogen atmosphere. Triethylamine (0.36 mmol), acetyl-chloride (0.15
mmol) and 2-methoxyethyl chloroformate (0.21 mmol) were added dropwise into the solution
which was stirred overnight at room temperature in the dark. Ethanol (132 mL) was added
into the flask and the mixture stirred for 24h at 40°C in the dark under nitrogen. The following
day, the solvent was evaporated at 40°C using rotavapor (pressure 100 mbar, 25°C). The
mixture was resuspended in ethyl acetate (300 mL) and washed three times with brine
solution (3 x 100 mL). The organic phase was dried with magnesium sulfate and filtered.
Ethyl acetate was evaporated using rotavapor (10 mbar, 40°C). The polymer was
resuspended into dichloromethane to reach 50% (w/w) solution. The Irgacure TPO-loaded

polymer was purified by supercritical carbon dioxide (by StaniNov® Technology) in aseptic



conditions. After purification, the polymer was characterized by 'H-NMR, NMR DOSY
(Diffusion Ordered Spectroscopy), gel permeation chromatography (GPC), Gas

Chromatography - Flame lonization Detector (GC-FID), and HPLC.

2.3.  Production of EV from human iPS progenitor cells (iPSC-Pg)
The EV were produced as previously described [27].The cryo-conserved iPSC-Pg were
thawed and seeded at a density of 78,000 cells/cm? on fibronectin-coated cell culture flasks
according to the supplier information (Cellular Dynamics International, Madison, WI, USA).
The cells were cultured for 4 days at 7% CO- and 37°C in William’s E medium supplemented
with B cocktail, gentamicin (25 pug/mL), human FGF-2 (1 pug/mL) and purified Bovine Serum
Albumin (5% v/v). No Fetal Bovine Serum (FBS) was used in the cell culture medium. The
major reason for discarding FBS and using BSA is that in contrast to the former (even if it is
credited to be exosome-free), the latter does not yield particles which could be misinterpreted

as extracellular vesicles by Nanoparticle Tracking Analysis (NTA).

The medium was removed after 2 days and replaced with fresh medium. The conditioned
medium after 2 and 4 days of culture (loaded with the secreted EV) was collected. The
medium was centrifuged for 10 min at room temperature (RT) at 300g to remove the cell
debris and dead cells. The supernatant was collected and transferred in 50-mL centrifugal
tubes and centrifuged again for 10 min at 400g at RT. The supernatant was collected, and a
third step of centrifugation was performed for 30 min at 2,000g at RT. Collected media at day
2 and 4 were stored at -80°C until EV isolation by ultracentrifugation. The content of the
iPSC-Pg-EV, as well as their biological mode of action, have previously been previously

characterized and described by our group [27].

2.4. Isolation of EV
After thawing, the collected medium was transferred to ultracentrifugation tubes. For
trehalose (TRE)-containing EV, filtered PBS supplemented with 80% (w/v) TRE was added
to the collected medium. An ultracentrifugation at 100,000g for 16h at 4°C was carried out,

after which the viscous pellet was collected. PBS or PBS supplemented with 2.5% or 10%



(w/v) TRE (100 pL) was used to rinse the ultracentrifugation tube. The solution was aliquoted

and stored at -80°C until further use.

2.5.  Invitro cytotoxicity of PGSA-g-EG
H9c2 rat cardiac myoblasts were seeded at 25,000 cells/cm? on 0.2% gelatin-coated plates.
The medium used was DMEM + glutamax supplemented with 10% (v/v) FBS and 1% (v/v)
PSA at 37°C and 5% CO,. After 24h of cell culture (considered as T0), the cell culture
medium was replaced by Fetal Bovine Serum-containing (DMEM 10%FBS, positive control),
serum-free DMEM (negative control) or test items prepared as described in sections 2.5.1

and 2.5.2.

For the different conditions, after 27-h incubation, the number of cells was determined using
cell counting Muse™ (0500-3115, Merck Millipore, Guyancourt, France) coupled with a
viability kit (MCH100102, Merck Millipore). The number of cells was normalized against the
cell number in serum-free DMEM. Each condition was evaluated in biological duplicates or

triplicates and the experiments were performed at least 2 times.

2.5.1. In vitro cytotoxicity of PGSA-g-EG extracts.
Uncured PGSA-g-EG (15 mg) was incubated for two hours at RT in filtered PBS (80 pL).
Polymer extracts were diluted at a concentration of 1% (v/v) in DMEM 10%FBS. After 24h of
culture, H9c2 rat cardiac myoblasts were incubated with polymer extracts (considered as
TO). After a 27-h incubation, the number of cells was determined using the protocol

described above.

2.5.2. Impact of PGSA-g-EG on EV bioactivity
Uncured PGSA-g-EG (15 mg) was incubated for 2h at RT with EV solution (80 uL). After
incubation, the solution of EV was diluted in serum free DMEM to reach 5x10° EV/well. To
determine the toxicity of PGSA-g-EG on EV, we evaluated their effect on H9c2 rat cardiac
myoblast viability after serum deprivation. After 27h of incubation, the number of cells was

counted using the protocol described above.



2.6.  Invivo experiment to evaluate the PGSA-g-EG biocompatibility
Male Wistar rats (250 g) were anesthetized with 2%-3% isoflurane. Anesthesia level and
temperature were monitored during the procedure. The rats were randomly assigned to
implantation with in situ cured PGSA-g-EG while a second group served as sham-operated
controls (no polymer implantation). After tracheal intubation, mechanical ventilation was set
at a rate of 70 mL/min with a 2 mL average insufflation volume. The animals were kept on a
heating pad and eye gel was added to prevent drying. The heart was exposed through a left
thoracotomy. Warm (37°C) polymer was applied on the left ventricle using a 1mL syringe and
16 G catheter cut at 1cm-length, covering an area of 0.5cm x 1cm [27] and was cured using
a LED 405 nm light source for 30 seconds at 130 mW/cm?. The total surface area of the

implant represented approximately 0.5 cm2.

After the implantation and chest closure, the scar area was sprayed with a solution of
xylocaine (10% v/v) in addition to buprenorphine injection (0.1 mg/kg). Following the surgery,

animals were evaluated for weight loss, pain, prostration and wound healing.

Animals were sacrificed after 1 week and 1 month. Collected hearts were thoroughly cleaned
with PBS to avoid blood clot formation. After removal of the atria, hearts were embedded in

OCT medium and frozen in liquid nitrogen until histological analysis.

2.7. Histopathological analysis of the hearts
Histopathological analysis was performed by an independent blinded pathologist. Five-um
transverse sections were taken in the middle of the heart where the patch was applied.
Sections were stained using Masson’s Trichrome (Weigert's hematoxylin, fuchsin acid,
phosphomolybdic acid and Malachite green), and Hematoxylin Eosin Saffron (HES) staining.
The analysis of the microscopic findings was divided in (1) chronic inflammation and (2)
fibrosis and scored as following: Grade 1: Minimal /very few / very small; Grade 2: Slight /
few/small ; Grade 3: Moderate/moderate number/moderate size ; Grade 4: Marked/many/

large ; Grade 5: Massive/extensive number/extensive size.



2.8. EV Formulations

2.8.1. Freeze-drying of EV
Equal volumes of EV were aliquoted and stored at —80°C for at least 24h. After flash freezing
in liquid nitrogen for 5 min, frozen EV were freeze-dried using a CRIOS-85 (Cryotec,

Montpellier, France) for 6 hours. Freeze-dried EV (FD EV) were stored at -80°C.

2.8.2. Stability of freeze-dried EV
To assess the stability of EV after release, we incubated the freeze-dried EV from 0 to 60
days at 37°C in aseptic conditions. The EV were resolubilized in the same volume of distilled

water (100 uL) as prior to incubation. EV were then stored at -80°C until analysis.

Three different analyses were performed: bioactivity assays, structural observations

(cryoTEM) and evaluation of the microRNA concentration.

2.8.3. Mixing of the PGSA-g-EG/EV formulations and EV release studies
An amount of 4.5 10" EV was selected. To compensate for the weight differences between
EV/2.5% TRE and EV alone, the loading percentage was adapted. With freeze-dried EV,
14% or 19% (w/w) loading were tested. The release of EV/2.5% TRE was also determined
with two loading percentages: 19% and 28%. Warm PGSA-g-EG (42 to 100mg) was mixed
with freeze-dried EV or EV 2.5% (w/w) TRE (6 to 20 mg). Six mm-diameter discs (thickness:

400 pum) were cured using a LED 405 nm light source at 130 mW/cm?2,

Three discs were incubated in 0.1 um-filtrated PBS (200 uL) at 37°C and 100 rotations per
minute. At defined time points, the PBS was collected and replaced by fresh PBS. The

samples were kept at -80°C until their analysis.

2.8.4. EV release quantification
As previously described [27], the bioactivity of EV on H9c2 cells is concentration-dependent.
This dose-bioactivity correlation was used as a calibration curve to determine the release
kinetics from the different PGSA-g-EG formulations. The dose-effect can be mathematically

represented by a second-degree polynomial like y= ax‘ + aix + ap. A different calibration
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equation was then performed for each replicate of the release experiments. For each number
of cells (y) at the defined time point, the corresponding equation was solved using MATLAB®

functions. Then an approximation of the released EV was determined.

2.9. Characterization of EV formulations

2.9.1. Quantification and size distribution of EV by NTA
After isolation, the EV were characterized by NTA using a Nanosight (NTA 3.2, LM-14; laser
488nm-Malvern Instruments Ltd., Malvern, United-Kingdom) to estimate the proportions of
each EV sub-population (exosomes and microparticles) based on particle size. The analysis
was carried out using a camera level setting to 15. During the image analysis, the detection
threshold was set at 4. This threshold determined the minimal light quantity to consider a
light dot as a positive signal. Below this threshold, the particles were considered as false-
positive. For each sample, two independent dilutions in filtered PBS were performed and

analyzed 5 times.

2.9.2. In vitro bioactivity assay of EV: impact on H9c2 cells viability
H9c2 rat cardiac myoblasts were seeded at 25,000 cells/cm? on 0.2% gelatin-coated plates.
The medium used was DMEM + glutamax supplemented with 10% (v/v) FBS and 1% (v/v)
PSA at 37°C and 5% CO.. After 24h (corresponding to T0), the H9¢c2 medium was replaced
by a fresh volume of serum-free DMEM loaded with EV at different concentrations to
determine their impact on cell viability. The number of cells was determined after 27h-
incubation using the cell counting Muse™ (0500-3115, Merck Millipore, Guyancourt, France)
coupled with a viability kit (MCH100102, Merck Millipore). Serum-containing and serum-free
DMEM were used as positive and negative controls, respectively. The number of cells was
normalized against the cell number in serum-free DMEM. Each condition was evaluated in

biological duplicates or triplicates and the experiments were performed at least 2 times.

2.9.3. Cryogenic electron microscopy (cryoTEM)
EV solution (2 uL) was deposited on the carbon grid and flash frozen in liquid ethane. The

carbon grid was mounted on a holder and directly observed at -180°C using a transmitted
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electron microscope (JEOL 2100HC at 200 kV with LaB6 filament). The image acquisition

was carried out using the software Digital Micrograph (version 1.83.842, Gatan Inc.).

2.9.4. microRNA analysis
The microRNA (miR) were isolated from EV by following the supplier instructions of the
Ambion mirVana miRNA Isolation Kit using a glass fiber filter (GFF)-based method. The miR
concentration was evaluated by Bioanalyzer RNA analysis at the genomic platform of hopital
Cochin. The following conditions were tested: non-freeze dried EV, freeze-dried EV and
freeze-dried EV resuspended in filtered water and incubated for 5 days at 37°C in aseptic

conditions.

2.9.5. Scanning Electron Microscopy
A disc from the different PGSA-g-EG/EV formulations was frozen in OCT medium and
subsequently cut into transversal slices (30 um). The sections were observed using scanning

electron microscopy (SEM, JEOL JCM-6000PIus at 10kV, BED-S / PC-std modes).

2.10. Statistical analysis
All data were calculated as mean * standard deviation, with N as number of experiments and
n as number of biological replicates performed. Statistical analysis was carried out using
Prism 8.0 (GraphPad, La Jolla, California, USA). The data normality was first analyzed using
a Shapiro-Wilk test. If the data passed the normality test, they were compared using two-way
analysis of variance (ANOVA) and Tukey post-test (95% CI confidence interval). If the data
did not pass the normality test, they were compared using Kruskal-Wallis test + Dunn’s post-

test. Differences of p < 0.05 were considered significant.

3. Results

3.1.  PGSA-g-EG extract: In vitro cytotoxicity and impact on EV bioactivity
We started by evaluating the impact of PGSA-g-EG extracts on H9c2 rat cardiac myoblast
cell number by counting the number of cells after exposure to the polymer extract (Fig. 1A).

When incubated in DMEM with 10% FBS, H9c2 cells increased in number by 3.1+0.9-fold
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(positive control) when compared to FBS-deprived cells (normalized at 1-fold). After
incubation with 1 % (v/v) of PGSA-g-EG extracts in DMEM10%FBS, H9c2 cells increased in
number by 3.2+0.9-fold. This dilution was selected to minimize the ratio of PBS to DMEM that
could impact the assessment of EV bioactivity in the following experiments. At this
concentration, PGSA-g-EG extracts do not induce a negative or positive effect on the cells
and such a dilution was therefore deemed to be appropriate for the assessment of EV

bioactivity.

We next assessed whether the combination of PGSA-g-EG extracts with EV would affect the
capacity of the latter to improve the viability of serum-deprived H9c2 rat cells (Fig. 1B).
During the incubation period in DMEM 10%FBS, H9c2 cells proliferated by 2.6+0.5-fold. As
previously described [27], EV increased cell viability by 2.2+0.2-fold in serum-deprived
conditions. Importantly, a similar viability rate (2.1x£0.2-fold increase) was observed in the
presence of EV and PGSA-g-EG extracts. In comparison, in serum-deprived DMEM
supplemented with PGSA-g-EG extracts alone (PBS-PGSA-g-EG condition), the number of
cells changed by 0.8+0.2 fold. These data suggest that PGSA-g-EG extracts do not impact
EV bioactivity.
3.2.  Biocompatibility of PGSA-g-EG in the rat heart

The PGSA-g-EG polymer biocompatibility on cardiac tissue was assessed (Fig. 2). The
polymer was light activated in situ and animals were kept alive for one month. This time point
was chosen so that the local tissue response to the material could be evaluated with minimal
impact from the surgical procedure. Importantly, for all animals, the patch remained at its
implantation site during the follow-up period; the adhesion was thus considered adequate for
the use of the material as a cardiac patch for delivery of a biologics for at least 1 month.
Histological analysis of the samples revealed the presence of the polymer at the surface of
the heart. Minimal/slight (Grade 1/2) inflammatory infiltrates with the presence of
mononuclear cells (macrophages) were observed. The Masson’s Trichrome staining showed

minimal/slight (Grade 1/Grade 2) fibrosis around the polymer disk. No morphologic
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alterations were observed in the pericardium or myocardium. The control animals showed no
inflammatory infiltrates or fibrosis. These results demonstrate that PGSA-g-EG had no
harmful effects on the rat cardiac tissue.

3.3. In vitro bioactivity of FD EV and TRE for release formulations
To maximize the loading and stability of EV in the PGSA-g-EG cardiac patch, we evaluated
the possibility of obtaining a solid pellet of EV through freeze drying (Fig. 3).
The in vitro bioactivity of freeze-dried extracellular vesicles (FD EV) was compared to the
bioactivity of non-freeze-dried EV (non-FD EV). When incubated in DMEM 10%FBS the
number of cells increased by 2.4+0.2-fold (positive control). Likewise, when incubated in
serum-deprived DMEM containing EV, the number of cells increased by 2.2+0.3 when
normalized to the negative control (p<0.05 vs. serum-deprived DMEM). In serum-deprived
DMEM supplemented with FD EV, cell number increased in a similar proportion (2.1+0.3-fold
increase), as shown in Fig. 3, thereby suggesting that freeze-drying does not affect the EV
bioactivity.
The impact of using trehalose (TRE), a known cryoprotectant and osmotic agent [41-43], as
an excipient during EV freeze-drying, was also evaluated. Briefly, when incubated in the
presence of EV with 10% TRE or FD EV with 10% TRE, the number of cells increased by
2.1+£0.2 and 1.910.1, respectively (p<0.05 vs. DMEM) (Fig. 3). Similar results were obtained

when using 20% of TRE. These data suggest TRE does not impact EV bioactivity.

3.4. EV stability in PBS at 37°C
During in vitro release studies, the EV are released from the PGSA-g-EG polymeric matrix
into the aqueous medium (PBS) at 37°C. We therefore evaluated the stability and bioactivity

of FD EV under these conditions.

The bioactivity of FD EV incubated in PBS for different time points was evaluated (Fig. 4A).
In the presence of DMEM 10% FBS, the number of cell number increased 3.3+0.2 fold
(positive control) and this increase was 2.2+0.3 fold in the presence of DMEM with FD EV

(EV day0). After 3 days of FD EV incubation in PBS at 37°C, there was no significant loss
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(<10%) of EV bioactivity. However, when the FD EV were incubated for 9 days, cell number
only increased by 1.8+0.2 fold. A steady decrease in bioactivity was observed for later time
points. After 60 days of incubation, 40% bioactivity of the FD EV bioactivity was lost when
compared to day 0 (p<0.05 vs EV day0). Similarly, the bioactivity of FD EV in the presence of
2.5% TRE (FD EV/2.5% TRE) decreased during incubation (Fig. 4B). Overall, these data
indicate that EV feature a time-dependent loss of their bioactivity when incubated at 37°C in

PBS.

To investigate the root cause of bioactivity loss, the non-FD and FD EV were characterized
by cryo-transmitted electron microscopy and miR quantification at 0 and 5 days of incubation
at 37°C in PBS. Cryo-techniques were selected since no sample fixation is required and the

membrane integrity is maintained [44].

Prior to incubation, the diameter of FD and non-FD EV was between 30nm and 800nm. The
EV formed relatively small aggregates with a maximal diameter of 1 to 1.5um and with up to
25 distinct vesicles. Multivesicular EV were observed, but these were limited to less than 5
merged vesicles. No qualitative difference between non-FD (Fig. 5A) and FD (Fig. 5B) EV
were observed. Similar observations were made in the presence of 2.5% TRE (Figs. 5D and

5E).

After 5 days of incubation in PBS at 37°C, the FD EV (with or without TRE) tended to form
larger aggregates that could reach 4 um in diameter and included hundreds of vesicles.
Moreover, fusion of vesicles was observed. Multilamellar aggregates with about ten

contiguous membranes were observed (Figs. 5C and 5F).

Quantification of miRNA was conducted for both FD and non-FD EV at 0 and 5 days of
incubation in PBS at 37°C (Fig. 6). The concentration of miR in EV was 568+187 ug/uL and
did not differ in freeze-dried EV (5721216 pg/uL, p=0.68 vs. EV). For the EV/2.5%TRE, the

miR concentration before and after freeze-drying reached 361188 ug/uL and 419482 pg/uL,
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respectively (p=0.70) (Fig 6). Thus, no significant differences in miR concentration were

observed after freeze-drying for both formulations.

However, after 5 days of incubation in PBS at 37°C, the miR concentration of EV decreased
to 103+5 pg/uL while for EV/2.5%TRE, it was 108+46 pg/uL. This corresponded to a
decrease of more than 70% in miR concentrations, confirming the detrimental impact of

prolonged incubation on EV structure and content, independently of the presence of TRE.

3.5. Preparation of PGSA-g-EG and EV formulations
Grinded FD EV and FD EV/2.5% TRE were manually mixed with PGSA-g-EG, followed by
light activation. Cross-sections of the polymerized material were observed using scanning
electron microscopy (Fig. 7). No qualitative differences could be observed between both

formulations.

3.6. Release of EV from PGSA-g-EG formulations.
The in vitro bioactivity of different EV doses was evaluated on serum-deprived H9c2 cells
(Fig. 8A). As previously described [27], the bioactivity of EV on H9c2 cells is concentration-
dependent. This effect was reproducible for different EV formulations and independently of
the presence of TRE. The dose effect could be mathematically represented by a second-
degree polynomial. This dose-bioactivity correlation was used as a calibration curve to

determine the release kinetics for the different PGSA-g-EG formulations.

Bioactive FD EV could be released from the PGSA-g-EG polymer for up to 5 days (Figs. 8A
and C), as demonstrated by the increased cell number when compared to the negative
control, (p<0.05 vs. serum deprived DMEM). However, no bioactive EV were detected at

later time points.

Similarly, the bioactivity of FD EV/2.5% TRE released from the PGSA-g-EG polymer was
evaluated over time (Figs. 8B and 8D). For this formulation, bioactive EV could be released
up to 14 days. At this time point the H9c2 cells exposed to EV still increased their count by

1.7£0.2 fold (p<0.05 vs serum-deprived DMEM). Beyond this time point, no bioactive EV
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were detected. Overall, the presence of TRE enabled to tune the release profile and extend

the duration of release of bioactive EV.

4. Discussion

It has been previously shown that repeated injections of EV maximize their therapeutic
outcome [31,32]. However, when a local cardiac delivery is privileged, the invasiveness of
the approach precludes to repeat it. One possible way of tackling this challenge would be to
use an EV delivery vehicle enabling their sustained release. Thus, this study aimed to
establish a proof of concept for the controlled release of EV from an adhesive PGSA-g-EG

polymer.

We first demonstrated that the PGSA-g-EG extract is not detrimental to cells and does not
compromise EV bioactivity either (Fig. 1). In vitro, PGSA-g-EG extracts did not impact EV
bioactivity on H9c2 cells under serum-deprived conditions. In vivo data confirmed the
biocompatibility of PGSA-g-EG (Fig. 2). The uncured polymer could be easily applied to the
rat left ventricle and did not drip to the surrounding tissue due to its viscous nature, as
previously described [37]. Once in the targeted location, it was cured on demand using a
LED light [40]. The patch remained adhesive on the heart for at least one month and

generated a very mild local tissue response (Fig. 2).

Considering previous studies in mice [27] and the quantity of EV used for epicardial EV
delivery using biomaterials [34,35], it was extrapolated that around 4.5x10'° of EV should be
delivered to the heart for inducing a therapeutic benefit in the rat model of post-Ml left
ventricular dysfunction. A freeze-drying method was therefore developed to formulate EV in a
solid form and increase their total loading into PGSA-g-EG. Freeze-drying is widely used to
preserve thermosensitive biological materials such as proteins, peptides, liposomes or even
EV [45]. To protect the EV and their cargo from the potential detrimental impact of freezing
and desiccation steps, the use of cryoprotective agents (CPA) has been described [46]. The

most commonly used CPA are disaccharides such as glucose, lactose, sucrose and
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trehalose (TRE). TRE can also promote peptide/protein stabilization, suppress surface
adsorption, facilitate EV dispersion into formulations and provide physiological osmolality
[42]. TRE has been described as the most effective disaccharide to preserve EV or
liposomes during freeze-drying [43,47,48] by preventing aggregation and cryodamage [43].
Furthermore, this excipient is widely used in FDA-approved pharmaceutical formulations
[41,49]. However, the effect of these CPA on the EV used in this study remained to be

demonstrated.

Our results show that freeze-dried EV, with or without TRE, have the same bioactivity than
their non-freeze-dried counterparts (Fig. 3). Upon freeze-drying, the EV did not aggregate or
fuse (Fig. 5) and no decrease in miR concentration was observed (Fig. 6). Therefore, iPS-
Pg-derived EV may not require excipients to preserve their bioactivity upon freeze-drying. In
contrast, a recent study showed that TRE was necessary to protect EV secreted by murine
MING B-cells during freeze-drying [43]. The stability of the EV may vary with the cell origin,
the isolation methods, surface proteins and fatty acid composition and nature of the cargo.
This hypothesis is reinforced by studies on liposome stability showing that surface

composition has a critical role [50].

The stability of freeze-dried EV or freeze-dried EV/2.5% TRE was then evaluated in PBS at
37°C (Fig. 4) to determine whether it could impact the in vitro bioactivity assessment of
released EV. A steady decrease in bioactivity was observed as a function of the incubation
time (Fig. 4), which could be due to EV aggregation and fusion, as assessed by cryo-
transmitted electron microscopy (Fig. 5), and decrease in the miR content (Fig. 6). However,
this delayed loss of bioactivity likely reflects the shielding effects of PGSA-g-EG whose
hydrophobic properties may protect the EV from aqueous degradation. The lack of
proportional correlation between the miR concentration decay and loss of bioactivity may be

explained by the fact that miR are not the only factors responsible for EV bioactivity [51].

Quantification of the release of EV from the cured PGSA-g-EG formulations could not rely on

NTA because of the confounding effect of polymer extracts [52]. However, a recent study has
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demonstrated that the viability effect of cardiac progenitor-derived EV is dose-dependent
[27]. This correlation was used to quantify the release of EV from PGSA-g-EG formulations
(Figs. 8A and 8B), with the caveat that the bioactivity loss in the aqueous release medium at
37°C is not taken into consideration. Despite this limitation, it is noteworthy that whereas the
EV release after 5 days was limited to 38% in the absence of TRE, 70% of TRE-containing
EV (~ 4.2x10'° EV) were released after 14 days. For conditions with TRE as an excipient, the
released loading was higher than for conditions with EV alone. This suggests that the

osmotic effect [41] of TRE can be used to control the EV release kinetics.

In two recent studies, the release of EV derived from iPSC-derived cardiomyocytes [34] and
endothelial progenitor cells [35] from two different hydrogels was evaluated in vitro. 3x10
EV were loaded into a 100-mg collagen patch and fully released in vitro in 21 days [34]. In
another study, approximately 2x10'° particles were released over 21 days from a hyaluronic
acid patch. The patch size and EV loading percentage were not reported [35]. In comparison,
with 28% of loading into PGSA-g-EG, the loading of EV/2.5%TRE represented an amount of
6.2x10'° EV for a patch of 70 mg with a release of approximately 4.2x10 of bioactive EV in

14 days.

Thus, with a suitable formulation of EV, a polymer like PGSA-g-EG may be an appropriate
delivery vector for their controlled release. This has been demonstrated by the capacity of
the polymer to release EV over several days while its release kinetics could be further fine-

tuned through changes in its network, such as the degree of crosslinking.

This study provides a first assessment of the potential of PGSA-g-EG to be used as a vehicle
to deliver EV in a controlled manner as well as its capacity to adhere to the heart tissue with
good biocompatibility after 1 month of implantation. Because of the use of a healthy animal
model, no functional testing of the impact on cardiac function was yet performed. Another
limitation of the study is the use of the bioactivity assay to quantify EV released from the
polymeric matrix. While we could demonstrate that the impact on EV on H9c2 cell count is

concentration-dependent, other characterization methods could be used to validate such
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results and provide a more accurate quantification. Of note, in the course of this study, we
have attempted to develop several of these quantification methods, such as Nanoparticle
Tracking Analysis, image flow cytometry and CD63 ELISA assays, but they did not provide
reliable results due to interference from polymer residues and insufficient detection limits. It is
also important to note that for some of the experiments, a small number of replicates were
performed and future studies are required to further validate the current data set. Another
consideration is that a range of EV sizes were loaded in the PGSA-g-EG patch. There is
currently a lack of consensus regarding the sub-population endowed with the greatest
cardioprotective effect and the selective isolation of EV sub-populations remains challenging.
Admittedly, the choice of a specific sub-population could modify the EV stability, their release

kinetics and the overall bioactivity of the patch.

The development of the technology described in the manuscript may provide significant
advantages for the translation of EV as a therapy of heart failure, since it would potentially
avoid the requirement of repeated dose administrations while maximizing the therapeutic
benefit of EV by guaranteeing a controlled and sustained delivery to the targeted tissue.
Furthermore, the use of an adhesive may facilitate its minimally invasive delivery to the

targeted tissue.

The biological bioactivity of the released EV from the PGSA-g-EG adhesive polymer remains
to be demonstrated in vivo. Future work should focus on validating this concept and
demonstrating the capacity of PGSA-g-EG to release bioactive EV in a chronic heart failure
model. The EV dose and release kinetic requirements to guarantee such a therapeutic

benefit will also require further investigations.

5. Conclusion

This study demonstrated in vitro that PGSA-g-EG is able to release EV secreted by

cardiovascular progenitors differentiated from iPSC. To tune the release kinetics, specific
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formulations of freeze-dried EV were developed and shown to be structurally and stably
bioactive. Moreover, despite the degradation and the instability of EV in aqueous medium,
the PGSA-g-EG polymer was able to release bioactive EV for at least 14 days, which

suggests the capability of the PGSA-g-EG to protect EV from aqueous degradation.

Furthermore, in an in vivo rat model, the polymer did not induce an inflammatory response
and remained adherent to the epicardium for at least one month, thereby demonstrating the

potential of the material to be used for targeted and local delivery of bioactive agents.

Further work should now assess the therapeutic effect of the released EV in preclinical

models of post-MI left ventricular dysfunction.
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Figure Legends

Fig 1: PGSA-g-EG shows neither in vitro cytotoxicity nor a detrimental impact on EV bioactivity. (A)
H9c2 rat cardiac myoblast viability assay after 27-h incubation with 1% (v/v) PGSA-g-EG polymer
extract. These extracts did not negatively impact cell viability. Results are the average cell counts of 3
independent experiments (N=3), each in duplicate (n=2). (B) EV bioactivity after contact with PGSA-g-
EG. The EV bioactivity was not impacted by exposure to the polymer extract. The experiment was
performed on two different production batches of PGSA-g-EG. Results are the average of the number
of cells measured in 2 independent experiments (N=2), each in duplicate (n=2). *** P <0.0005, **** p

<0.0001

Fig 2: In situ cured PGSA-g-EG leads to a minimal inflammatory response of the cardiac tissue in a
rat model. Representative HES and TM staining of cardiac tissue sections of (A, B, C) sham animals
(n=3) and (D, E, F) animals implanted with PGSA-g-EG (n=3). The red star indicates the location of the
implantation of the PGSA-g-EG polymer; the red and green arrows indicate the fibrosis and
mononuclear cells around the polymer disk, respectively. (G) Quantitative assessment of the
microscopic findings by an independent pathologist: NS: Non-Significant; Grade 1: Minimal; Grade 2:

Slight; Grade 3: Moderate; Grade 4: Marked; Grade 5: Massive.

Fig 3: EV bioactivity is preserved upon freeze-drying. Non-freeze dried EV (EV) and freeze-dried EV
(FD EV) supplemented with 0%, 10%, or 20% (w/v) of TRE supported H9c2 rat cardiac myoblast
viability in serum-deprived conditions. Results are the average number of cells measured in 3

independent experiments (N=3), each in duplicate (n=2). * P <0.05



Fig 4: The bioactivity of EV and FD EV decreases over time when incubated in PBS at 37°C.
Bioactivity of (A) FD EV and (B) FD EV/2.5% during the incubation period, measured using the H9c2
cell viability assay. Results are the average cell counts of 2 independent experiments (N=2), each in

triplicate (n=3). * P <0.05, ** P <0.005, *** P <0.0005, **** P <0.0001

Fig 5: EV aggregated and fused after 5 days of incubation in PBS at 37°C. Representative cryo-TEM
micrographs from (A) Non-FD EV, (B) FD EV, (C) FD EV after 5 days of incubation in PBS at 37°C, (D)
Non-FD EV / 2.5% TRE, (E) FD EV /2.5% TRE, (F) FD EV / 2.5% TRE after 5 days of incubation in PBS at
37°C. Overall, EV showed normal structural features before incubation in PBS; however, after

incubation in PBS, aggregation, and fusion of EV were observed.

Fig 6: EV miR concentration is not impacted by freeze-drying but decreases during incubation in
PBS at 37°C. miR quantification from EV and EV / 2.5% TRE, before and after freeze-drying, and after

5 days of incubation at 37°C in PBS. Results are the average of a duplicate (n=2)

Fig 7: Scanning Electron Micrograph of PGSA-g-EG disc cross-sections. Discs were formulated with
(A) FD EV (B) FD EV / 2.5% TRE. The arrows indicate the freeze-dried EV formulations. No qualitative

difference could be observed between both formulations.

Fig 8: PGSA-g-EG releases bioactive EV for at least 14 days. /n vitro bioactivity of different
concentrations of EV (in green) and released EV (in orange) from (A) PGSA-g-EG polymer disc loaded
with 19% w/w of FD EV and (B) PGSA-g-EG polymer disc loaded with 28% w/w of FD EV / 2.5% TRE. In
vitro release kinetics of EV from PGSA-g-EG polymer disc with different loadings of (C) FD EV and (D)
FD EV / 2.5% TRE. Results are the average of 2 independent experiments (N=2), each in triplicate

(n=3). * P <0.05, ** P <0.005, *** P <0.0005
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