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Miguel Echanove-González de Anleo b, Adrián Ruiz-Villalba e, Elisa Garbayo a,d, María J. Blanco- 
Prieto a,d,* 

a Pharmaceutical Technology and Chemistry, School of Pharmacy and Nutrition, University of Navarra, Pamplona, C/Irunlarrea 1, E-31080, Spain 
b Program of Regenerative Medicine, CIMA, University of Navarra, 31008 Pamplona, Spain 
c Cell Therapy Area and Haematology Department, Clínica Universidad de Navarra, E-31008 Pamplona, Spain 
d Instituto de Investigación Sanitaria de Navarra, IdiSNA, Pamplona, C/Irunlarrea 3, E-31008 Pamplona, Spain 
e Department of Animal Biology, Institute of Biomedicine of Málaga (IBIMA)-Plataforma BIONAND, University of Málaga, Málaga, Spain   

A R T I C L E  I N F O   

Keywords: 
Extracellular vesicles 
Hydrogel 
Myocardial infarction 
Alginate 
Collagen 

A B S T R A C T   

Extracellular vesicles (EVs) are nanosized particles with attractive therapeutic potential for cardiac repair. 
However, low retention and stability after systemic administration limit their clinical translation. As an alter-
native, the combination of EVs with biomaterial-based hydrogels (HGs) is being investigated to increase their 
exposure in the myocardium and achieve an optimal therapeutic effect. In this study, we developed and char-
acterized a novel injectable in-situ forming HG based on alginate and collagen as a cardiac delivery vehicle for 
EVs. Different concentrations of alginate and collagen crosslinked with calcium gluconate were tested. Based on 
injectability studies, 1% alginate, 0.5 mg/mL collagen and 0.25% calcium gluconate HG was selected as the 
idoneous combination for cardiac administration using catheter-based systems. Rheological examination 
revealed that the HG possessed an internal gel structure, weak mechanical properties and low viscosity, facili-
tating an easy administration. In addition, EVs were successfully incorporated and homogeneously distributed in 
the HG. After administration in a rat model of myocardial infarction, the HG showed long-term retention in the 
heart and allowed for a sustained release of EVs for at least 7 days. Thus, the combination of HGs and EVs 
represents a promising therapeutic strategy for myocardial repair. Besides EVs delivery, the developed HG could 
represent a useful platform for cardiac delivery of multiple therapeutic agents.   

1. Introduction 

Heart failure, and especially myocardial infarction (MI), is the main 
cause of morbidity and mortality worldwide, remaining a major public 
health challenge each year (World Health Organization, 2020). Patients 
who survive are at high risk of recurrent MI and heart failure, mainly 
due to the inability of the adult heart to regenerate lost tissue (Garbern 
and Lee, 2022). Adding to the insufficient endogenous regenerative 
capacity of the heart, the ventricular remodeling process turns MI into a 
progressively debilitating disease that current standard therapies fail to 

address. Novel therapeutic approaches based on tissue engineering and 
regenerative medicine are emerging as promising treatments to repair 
the injured myocardium and reduce the need for heart transplantation 
(Soler-Botija et al., 2022). Over the past few decades, mesenchymal stem 
cells (MSCs) based therapies have obtained interesting preclinical out-
comes due to their capability of self-renewal, proliferation, differentia-
tion plasticity, immunosuppressive properties, and tissue-supportive 
functions (Thavapalachandran et al., 2021; White and Chong, 2020). 
However, clinical trials have been overall disappointing because of 
limited cell engraftment and reduced long-term survival rates in the 
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post-infarct microenvironment (Beliën et al., 2022; Caplan et al., 2019). 
Recent advances suggest that implanted MSCs may help cardiac tissue 
repair by secreting soluble factors and double-layer phospholipid 
membrane vesicles termed extracellular vesicles (EVs), rather than by 
their differentiation ability (Chong et al., 2019; Saludas et al., 2021). 
EVs are biological particles secreted by cells that have emerged as a 
novel method of intercellular communication by transporting a great 
variety of biomolecules (i.e., miRNAs, proteins, lipids, and mitochon-
drial DNA) involved in key physiological processes (Balbi and Vassalli, 
2020; Kalra et al., 2016). In the context of cardiac repair, EVs derived 
from MSCs have shown to play important roles in immunomodulation 
processes, angiogenesis, reduction of infarct size, decrease of fibrosis, 
inhibition of cardiomyocyte apoptosis and activation of onsite cell 
proliferation (Bian et al., 2014; Keshtkar et al., 2018; Teng et al., 2015). 
Nevertheless, low stability and retention of EVs following systemic 
administration have been recognized as major hurdles to their clinical 
translation (Golpanian et al., 2016). 

As an alternative, EVs combined with biomaterials may overcome 
low tissue retention and provide a controlled release platform avoiding 
off-target effects (Brennan et al., 2020; Majid et al., 2020). Regarding 
cardiac tissue engineering, hydrogels (HGs) constitute interesting 
biomaterial-based delivery systems with desired features, that depend-
ing on the biomaterial selected for the manufacture can range from 
biocompatibility, injectability, biodegradability or conductivity (Peña 
et al., 2018; Saludas et al., 2017). Furthermore, HGs display biome-
chanical and elastic characteristics that respond to the pressure and 
contraction forces exerted by the heart muscle, contributing to cardiac 
function recovery after MI (Guan et al., 2021). A wide variety of bio-
materials have been employed for HG synthesis (i.e., alginate, collagen, 
hyaluronic acid, chitosan or polyethylene glycol). Among them, algi-
nate, a natural and biodegradable polysaccharide derived from brown 
algae has gained interest in recent years. Alginate is a biocompatible 
biomaterial approved by the Food and Drug Administration for several 
applications including tissue engineering (Cattelan et al., 2020). Thus 
far, Algisyl-LVRTM is the most used and commercially available alginate 
HG implied in sustaining the gradual remodeling of the ventricle in 
patients subjected to dilated left ventricle, heart failure and MI. In 
addition, alginate possesses similar mechanical hardness to the extra-
cellular cardiac matrix (ECM) (Ruvinov and Cohen, 2016). Moreover, 
alginate has unique properties compared to other biomaterials, 
including the ability to provide an inert aqueous environment and sol-
–gel transition in the presence of divalent cations (i.e. Ca2+, Mg2+or 
Zn2+) that enable excellent retention of bioactive molecules in the 
infarcted area due to the presence of a higher concentration of calcium 
(Lee and Mooney, 2012). Another promising biocompatible and thermo- 
responsive biomaterial is collagen, which represents the major struc-
tural protein in the ECM (Parenteau-Bareil et al., 2010). Collagen has 
thermosensitive properties which allow its jellification upon injection at 
37 ◦C, providing mechanical support during ventricular remodeling and 
positively guiding cardiac repair (Osidak et al., 2020). Furthermore, EVs 
and cells can bind to collagen which represents an advantage to improve 
EVs integration into the HG and EVs’ adherence to the ECM (Altei et al., 
2020). Given the properties of alginate and collagen, combining both 
biomaterials in a single platform would allow the development of an in- 
situ jellifying HG for the delivery of EVs via catheter-based technology. 

Therefore, the aim of the study was to develop an injectable and in- 
situ forming alginate-collagen HG as an innovative delivery system of 
EVs for MI treatment. Injectability and rheological studies were per-
formed to determine initial gelation kinetics, complex viscosity, and 
EVs’ distribution into the HG. Then, the retention of the HG in a MI rat 
model was investigated. Finally, we studied the biodistribution profile of 
fluorescence labelled EVs and evaluated the ability of the HG to increase 
EVs’ retention in the infarcted heart. 

2. Materials and methods 

2.1. hADSC culture 

Human adipose tissue-derived stem cells (hADSCs), aspirated by 
liposuction, were donated by the Clinic University of Navarra (Pam-
plona, Spain). hADSCs were seeded at a 3000–5000 cells/cm2 density 
and cultured in α-MEM (Gibco, USA) supplemented with 10% FBS 
(Gibco, USA), 1% Penicillin/Streptomycin solution (Lonza, Switzerland) 
and 0.1% β-FGF (Preprotech, UK) at 37 ◦C / 5% CO2. Cell subculture was 
performed when hADSCs reached 70% confluence. To obtain EV 
conditioned medium, α-MEM supplemented with 10% FBS was centri-
fuged at 76,790 g for 14–16 h at 4 ◦C in Beckam OptimaTM LE-80 
centrifuge with SW 32 Ti rotor. The supernatant was collected and 
filtered with 0.22 μm filters (Göttingen, Germany) for further purifica-
tion. The filtered medium was diluted in α-MEM and supplemented with 
1% Penicillin/Streptomycin and 0.1% β-FGF. When cells reached 60% 
confluence, hADSC culture medium was replaced by EV conditioned 
medium. 

2.2. EVs isolation and characterization 

EVs were isolated by size exclusion chromatography (SEC) as pre-
viously described by our group (Saludas et al., 2022). Briefly, the hADSC 
secretome was collected at 24 h and 48 h and centrifuged twice at 1,106 
g for 15 min at 4 ◦C to remove apoptotic bodies and cell debris. The 
supernatant was filtered with 0.45 μm PES filters (Thermo Scientific, 
USA) and concentrated by ultrafiltration using 100 KDa amicon® ultra- 
15 spin filters (Merck Millipore, Germany). For EVs isolation, chro-
matographic columns qEV10/35 nm (Izon Science, UK) conditioned 
with filtered PBS were used. The eluent was collected in 5 mL fractions 
until the total elution of the sample. EVs enriched fractions were stored 
at − 80 ◦C until further characterization. 

2.2.1. EVs characterization by size using Nanoparticle Tracking Analysis 
(NTA) 

EVs were characterized by determining concentration and size dis-
tribution using NTA. EVs were diluted in PBS to reach the appropriate 
concentration range of 1 × 108–1 × 109 particles/mL. The diluted EVs 
were analyzed using the NanoSight LM10 (Malvern Panalytical) equip-
ped with a 404-nm laser and sCMOS camera. Three 90-s videos were 
recorded for each sample at camera level 13 using NTA v.3.0 software. 
Data were consistently analyzed with a detection threshold of 4 and 
screen gain of 10. For assessing particle-to-protein ratio, the concen-
tration of EVs was obtained by using NTA and protein concentration in 
EVs samples was determined by PierceTM BCA Protein Assay (Thermo 
Scientific, USA). 

2.2.2. EV characterization via specific EV-marker detection using western 
blot 

For identification and characterization of hADSC-EVs, western blot 
for CD54/ICAM-1, Flotillin-1 and Calnexin were performed. 3 μg of EVs 
were lysed and protein content denatured using 4x Laemmli buffer 
(Sigma, Spain) before loading in Nu-PAGE Bis-Tris gel 4–12% (Thermo 
Scientific, USA). Next, proteins were transferred to a PVDF membrane, 
which was blocked with 5% milk in TBS-Tween for 1 h and incubated 
overnight with the corresponding primary antibody (rabbit anti- 
Flotillin-1: 1:1000, rabbit anti-CD54/ICAM-1: 1:1000 (Cell Signaling 
Technology, USA) and goat anti-calnexin: 1:1000 (Sicgen, USA)) at 4 ◦C 
under agitation. On the next day, the membrane was washed three times 
with TBST-T and incubated with the corresponding IgG HRP secondary 
antibody (goat anti-rabbit (Cell Signaling Technology, USA) or mouse 
anti-goat (Santa Cruz Biotechnology, USA) (1:2000)). Finally, the 
membrane was incubated with ECLTM Prime Western Blotting detection 
reagents (Sigma, Spain) for 5 min and exposed using the ChemiDoc 
system (Bio-Rad, Madrid, Spain). 
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2.3. EVs labeling with a lipophilic dye 

EVs were labelled with 1:100 diluted DiR’: DilC18 (Thermo Scien-
tific, USA) for 30 min at 37 ◦C. Free dye was removed using chro-
matographic columns qEV2/35 nm (Izon Science, UK) preconditioned 
with PBS. The eluent was collected in 2 mL fractions until the total 
elution of the sample. EVs-DiR labelled were concentrated using 100 
KDa amicon® ultra-4 spin filters (Merck-KGaA, Germany) to obtain the 
required amount of EVs for in vivo administration. 

2.4. Synthesis of alginate and collagen HG 

Sodium alginate (Merck-kGaA, Germany) and rat tail collagen I 
(Gibco-Invitrogen, USA) were used to formulate the HG. Calcium glu-
conate (Merck-kGaA, Germany) was used as a pre-crosslinking agent. 
Different final concentrations of alginate (1 and 1.5%), collagen (0.50 
and 0.75 mg/mL) and calcium gluconate (0.20, 0.25 and 0.30%) were 
tested. After rheological studies, the HG formulation consisting of 1% 
alginate and 0.5 mg/mL collagen pre-crosslinked with 0.25 % of calcium 
gluconate was selected for further studies: assessing fluorescently 
labeled EVs dispersion in the HG and in vivo experiments. Briefly, for HG 
synthesis, the corresponding volumes of collagen type I (3 mg/mL), 
alginate solution (1%) and PBS were mixed by magnetic stirring for 30 
mins. Finally, calcium gluconate, the crosslinking agent, was added 
dropwise under agitation for homogeneous distribution in the solution. 

2.4.1. HG characterization 

2.4.1.1. HG injectability. The injectability of the prepared alginate- 
collagen HGs was assessed by their ability to flow by 25, 27 and 29- 
gauge needles, which are compatible with catheter-based intra-
myocardial delivery. 

2.4.1.2. HG rheology. Although the developed HG was designed to ac-
quire its final mechanical properties in situ after heart administration, 
rheological experiments were performed to determine initial gelation 
kinetics and complex viscosity. To this end, a Discovery HR-2 hybrid 
rheometer (TA Instruments, Etten-Leur, The Netherlands) with a parallel 
plate (40 mm diameter, 0◦) configuration in the oscillatory mode was 
used. Immediately after mixing all the components, the HG was placed 
on the rheometer plate. A constant strain amplitude of 0.1% and a fre-
quency of 1 Hz were applied. Storage modulus (G’), loss modulus (G”), 
tan delta (δ), and complex viscosity (h*) were recorded over time. 
Regarding temperature, the procedure was divided into two steps for the 
study of G’, G’’ and δ: a) 22 ◦C for 300 sec (5 mins), which corresponds 
to the injection time followed by b) 37 ◦C for 2400 sec (40 mins), which 
mimics in vivo conditions. For the analysis of complex viscosity, it was 
recorded over 300 sec (5 min) at 22 ◦C, due to its direct influence on gel 
injection. The formation of a gel structure was considered when G’>G’’. 

2.4.2. Fluorescently labelled EV’s incorporation into the HG 
2 × 1010 DiR-labeled EVs (~4 × 1011 EVs/mL) were incorporated in 

the HG before the addition of calcium gluconate. The amount of EVs was 
estimated based on a potential therapeutic dose for future preclinical 
studies (Gupta et al., 2021). Fluorescent images were taken using LSM 
700 confocal microscope (Zeiss, Oberkochen, Germany). 

2.5. In vivo studies using a myocardial infarction model 

All animal procedures were approved by the University of Navarra 
Institutional Committee on Care and Use of Laboratory Animals as well 
as the European Community Council Directive Ref. 86/609/EEC. MI was 
performed as previously described by our group (Díaz-Herráez et al., 
2017). Female Sprague-Dawley rats (Harlan-IBERICA, Spain) of 8 weeks 
of age underwent permanent occlusion of the left anterior descending 

coronary artery. Only those with a left ventricular ejection fraction 
(LVEF) between 40 and 50% on day 2 post-MI were included in the 
study. LVEF was obtained by echocardiographic measurements with 
Vevo 770 ultrasound (Visual Sonics, Canada). 

2.5.1. Retention of the alginate-collagen HG in the infarcted heart 
The HG was administrated four days after MI via 4 injections of 30 μL 

into the border zone of the infarcted area. Animals were sacrificed at 
different endpoints (2 h, 7 days, 1 month and 2 months after the 
infarction) to assess HG retention in the infarcted myocardium (n = 2 for 
each endpoint). 

To evaluate the retention of the HG, immunohistochemistry staining 
was performed using mouse anti-alginate (1:200) primary antibody 
(Gibco-Invitrogen, USA) in PBS at 4 ◦C overnight and HRP sheep anti- 
mouse (1:100) secondary antibody (Merck-KGaA, Germany). 3,3′ dia-
minobenzidine tetrachloride (DAB) in 0.01 M PBS containing 0.015% 
H2O2 was used to develop the positive staining. The stained sections 
were observed in Zeiss Axioimager M1 microscope (Zeiss, Germany). 

2.5.2. Biodistribution of EVs embedded into the alginate-collagen HG 
Four days post-MI, rats were randomized to receive: 1) 2 × 1010 EVs- 

DiR (n = 2) or 2) 2 × 1010 EVs-DiR incorporated into the HG (n = 2). The 
treatment was administrated via 4 injections of 30 μL into the border 
zone of the infarcted area. At one-week post-injection, the animals were 
sacrificed to assess EV’s biodistribution in the heart, liver, spleen, kid-
neys, and lungs. 

2.5.2.1. Ex vivo fluorescence imaging. Near-infrared fluorescence images 
were acquired using LSM 700 confocal microscope (Zeiss, Germany) and 
the fluorescence intensity of main organs was compared between EVs 
and EVs + HG groups. 

3. Results and discussion 

3.1. EVs isolation from hADSC and size characterization using NTA 

Human adipose tissue is considered an abundant source of MSCs, 
representing a focus of interest in the field of regenerative medicine 
(Bacakova et al., 2018). hADSCs were selected as the cell source of EVs 
because they have several advantages over other stem cells (Si et al., 
2019). Firstly, since adipose tissue contains a high density of hADSCs, a 
relevant dose of hADSCs can be easily extracted (Wang et al., 2009). In 
addition, hADSCs can release a large variety of EVs and angiogenic and 
immunomodulatory factors which are known to have important effects 
involved in cardiac tissue repair and preventing post-ischemic damage 
(Hong et al., 2019; Loyer et al., 2022). In this sense, EVs derived from 
hADSCs are recognized as a next-generation cell-free therapeutic strat-
egy to promote angiogenesis, reducing fibrosis, inflammation and 
apoptosis of cardiomyocytes (Pan et al., 2019; Wang et al., 2021b; Zhu 
et al., 2022). 

Despite their recognized beneficial effects, EVs’ isolation from MSCs 
still faces several challenges. An efficient isolation technique should be 
able to preserve EVs’ integrity and bioactivity while circumventing 
contamination with other biomolecules and protein aggregates (Alzh-
rani et al., 2021). Currently, various techniques are being used for EVs’ 
isolation and purification including ultracentrifugation, SEC, affinity- 
based capturing, polymer-based precipitation and microfluidic (Kurian 
et al., 2021). Among them, ultracentrifugation was considered the gold 
standard isolation method for a long time due to its ease of use, the 
requirement of little technical expertise, affordability, moderately time- 
consuming and little or no sample pre-treatment (Li et al., 2017). 
However, in recent years it is being displaced by SEC since it is 
considered a highly efficient isolation method with good scalability 
(Sidhom et al., 2020). Previous studies developed by our group 
confirmed that SEC is a method as reliable as ultracentrifugation for EVs 
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isolation (Saludas et al., 2022). In addition to the aforementioned ad-
vantages, SEC allows small initial sample volumes and recovery of EVs 
with high purity without significantly affecting their morphology and 
biological characteristics (Monguió-Tortajada et al., 2019). Therefore, 
given the need to find a balance between purity, efficiency and biolog-
ical activity, we selected SEC for hADSC-EVs’ isolation. Once isolated, 
EVs were characterized by size using NTA. The 80% of isolated EVs had a 
size comprised within the range of 73.2 – 254.1 nm, with a modal par-
ticle diameter of 87.3 (16.1) nm (Fig. 1A). EVs’ preparations exhibited a 
ratio of particles-to-protein of 6.3 × 109 EVs/ μg evidencing successful 
isolation from the rest of the soluble factors present in hADSC condi-
tioned media. Finally, EVs were characterized by specific EV biomarker 
detection (CD54/ICAM-1 and flotillin-1) via western blot (Fig. 1B). 
CD54/ICAM-1 and flotillin-1 were detected in EVs samples whereas 
calnexin, a non-specific EVs marker present in the cell endoplasmic re-
ticulum, was only detected in the cell lysate indicating no cell-protein 
contamination and efficient purification and isolation of EVs via SEC. 

3.2. HG characterization 

3.2.1. Alginate-collagen HG is compatible with non-invasive administration 
In situ-jellifying HGs constitute attractive delivery vehicles in 

regenerative medicine because of their ease of administration by mini-
mally invasive techniques, facile encapsulation of cells and bio-
molecules and faster clinical translation (Yang et al., 2014). This type of 
HGs avoids the requirement of open surgical procedures and conse-
quently, their implantation is less injurious to tissues, causes reduced 
pain and diminishes the risk of postoperative complications (Cohn et al., 
2019). In cardiac tissue engineering, an ideal in situ-jellifying HG should 
undergo a rapid, tightly controlled phase transition from a liquid 

solution (while in a catheter before injection) to a gel state (after being 
injected into the myocardium) (O’Neill et al., 2016). Therefore, our 
alginate-collagen HG was designed to acquire its final mechanical 
properties in the presence of the high calcium concentrations in the 
infarcted heart (Morciano et al., 2022). The injectability of the devel-
oped alginate-collagen HGs was studied right after the addition of cal-
cium gluconate using needles of different diameters (25, 27 and 29- 
gauge) compatible with cardiac catheter-based administration 
(Fig. 1C). A tight adjustment of HG composition and calcium gluconate 
concentration allowed to develop HGs that remained injectable using all 
the tested needles. 1% alginate, 0.5 mg/ml collagen and 0.25% calcium 
gluconate HG, as well as 1% alginate, 0.75 mg/ml collagen and 0.20% 
calcium gluconate HG, proved their injectability just after the addition 
of the pre-crosslinking agent. Specifically, with the 29G needle, which 
was selected for in vivo injection, the injectability was tested for longer 
times showing that the HG could easily flow for at least 10 h after 
formulation. Alginate concentrations larger than 1% led to injectability 
difficulties, while an increase in collagen was needed from a decrease of 
the crosslinking agent to assure injectability. On the other hand, 1% 
alginate, 0.5 mg/ml collagen and 0.3% calcium gluconate HG were only 
partially injectable, indicating that a 0.3% final concentration of the 
gelation agent compromised HG’s injectability. Therefore, an HG 
formulation of 1% alginate and 0.5 mg/ml of collagen pre-crosslinked 
with 0.25% of calcium gluconate was selected for further studies. 

3.2.2. Calcium gluconate pre-crosslinks HG maintaining a low viscosity 
Rheological properties of the selected HG were measured to deter-

mine initial gelation kinetics and complex viscosity, which influences its 
injectability in the heart. The final mechanical properties of the HG 
would be confirmed in situ. As early as a few seconds after calcium 

Fig. 1. Synthesis and characterization of an alginate-collagen HG for EVs delivery. A) Size distribution of hADSCs-EVs by using NTA. B) EVs characterization by 
specific biomarkers: CD54/ICAM-1 and Flotillin-1. Calnexin constitutes a cell reticulum endoplasmic protein. C) Representative diagram showing the synthesis 
approach of the alginate-collagen HG and the embedding of DiR-labelled EVs. D) Rheological analysis of the 1% alginate and 0.5 mg/mL collagen HG crosslinked 
with 0.25% calcium gluconate. The evolution of G’, G’’ and δ is shown during 300 s at 22 ◦C followed by 2400 s at 37 ◦C, mimicking injection and local behave.η* is 
shown over 300 s representing the gel viscosity during the injection. Both are shown with a constant strain of 0.1% and a frequency of 1 Hz. E) Homogeneous 
distribution of fluorescently labelled EVs (DiR, red) in the selected HG. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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gluconate incorporation in the alginate-collagen solution (<10 s, before 
measurement started), HG acquired an internal organized structure (G′

> Ǵ́) indicating the crosslinking of the structure at 22 ◦C. During the next 
300 s (5 min) at this temperature, a slight increase in G′ was observed 
(from the initial 5 Pa to 7 Pa). When the temperature was increased to 
37 ◦C to mimic local behave in the heart, G′ storage modulus (Ǵ) pro-
gressively increased but after 40 min, it remained at a very low range 
(<15 Pa). Over time, storage modulus (Ǵ) progressively increased but 
after 40 mins at 37 ◦C, it remained at a very low range (<15 Pa). At the 
same time, G′′ was maintained constant (≈ 1 Pa) and δ decreased below 
0.1 (Fig. 1D). These properties are compatible with complex viscosity 
values, which barely exceeded 1.0 Pa•s after 5 min at 22 ◦C (Fig. 1D). 
Initial rheological values and viscosity were very low indicating high 
compatibility with the HG ability of jellification in the presence of the 
calcium in the infarcted heart. 

3.2.3. EVs distributed homogeneously throughout the HG 
Next, the distribution of EVs within the HG was evaluated. DiR- 

labelled EVs were incorporated in the HG before the addition of cal-
cium gluconate. DiR is a lipophilic dye that emits fluorescence when 
integrated into a lipid membrane and is considered one of the most 
widely used labeling methods for studying EVs’ biodistribution (Yi et al., 
2020). We found that EVs were homogeneously distributed throughout 
the HG (Fig. 1E). Therefore, we could confirm that the proposed 
formulation protocol of the HG ensures the homogenous distribution of 
the embedded therapeutic agents. 

3.2.4. Alginate-collagen HG remains in the infarcted heart for two months 
after administration 

HGs’ retention plays an important role in cardiac tissue regeneration 
with a direct impact on the HG’s capacity to increase the exposure of 
therapeutic agents in the infarcted myocardium. In particular, EVs 

encounter stability and retention problems due to the post-MI micro-
environment and the high rate of washout from the damaged tissue in 
which they are injected (Crisóstomo et al., 2021). In addition, alginate- 
collagen HG’s retention can be affected by the contracting forces of the 
heart and the natural biodegradation of both biomaterials (Ho et al., 
2021). Therefore, immunohistochemical analyses were performed to 
assess alginate-collagen HG retention at different time points after MI (2 
h, 7 days, 1 month and 2 months (Fig. 2A)). Alginate was detected in the 
stained regions from 2 h to 2 months, indicating that our alginate- 
collagen HG remained at the infarcted heart for at least 2 months after 
the administration (Fig. 2B and 2C). Several studies using alginate or 
collagen-based HGs found that the long-term retention of the biomate-
rial in the heart contributed to thickening the infarct scar and improving 
left ventricular stroke volume and ejection fraction after MI (Dai et al., 
2005; Landa et al., 2008). Therefore, the long-term retention of our 
developed alginate-collagen HG suggests that it could act not only as an 
EV-delivery vehicle but also as a long-term support system for damaged 
cardiac tissue. 

4. Alginate-collagen HG increased the retention rate of EVs in 
the damaged heart 

To assess the biodistribution of hADSC-EVs and evaluate the ability 
of the HG to increase the retention of hADSC-EVs in the heart, DiR- 
labelled EVs were intramyocardially injected alone (EVs group) or in 
combination with the alginate-collagen HG (EVs-HG group). EVs bio-
distribution pattern was analyzed 7 days post-administration by ex vivo 
fluorescence imaging of the main organs (heart, liver, spleen, lungs, and 
kidneys) (Fig. 3A). Our results revealed a higher fluorescence intensity 
in the heart of animals treated with EVs-HG compared with those treated 
with EVs alone (Fig. 3B). In the EVs group the highest values of fluo-
rescence were detected in the liver and spleen, because of a rapid 

Fig. 2. HG retention in the infarcted myocardium: A) Schematic figure of the HG retention study in a rat model of MI. B) Immunohistochemical sections illustrate 
the retention of alginate-collagen HG into a rat infarcted heart at 2 h, 7 days, 1 month and 2 months post-implantation. C) Immunohistochemical images at 10X and 
20X showing the retention of the HG in the infarcted heart at 2 h and 2 months post-implantation. 
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elimination process mediated by the reticuloendothelial system (Choi 
et al., 2021). Interestingly, a lower fluorescent signal was detected in the 
liver and spleen of animals treated with EVs-HG. Therefore, these results 
indicate that alginate-collagen HG increases the retention of EVs in the 
heart at least 7 days post-administration. This result is relevant because, 
according to the literature, the presence of EVs in the infarcted heart for 
a period of 7 days is enough to improve cardiac function, decrease 
cardiomyocyte apoptosis and reduce infarct size in rats (Lv et al., 2019). 

Despite intense research in the field, preclinical studies combining 
HGs and EVs for MI treatment are still emerging (Chen et al., 2018; 
Chung et al., 2020; Firoozi et al., 2020; Han et al., 2019; Liu et al., 2018; 
Lv et al., 2019; Monguió-Tortajada et al., 2021; Nikravesh et al., 2019; 
Wang et al., 2021a; Waters et al., 2018; Yao et al., 2021; Zhang et al., 
2021; Zhou et al., 2019; Zou et al., 2021). Among them, only a few 
analyze the biodistribution of EVs intramyocardially administered (Han 
et al., 2019; Lv et al., 2019; Wang et al., 2021a; Zhang et al., 2021) or the 
retention of EVs in the heart (Monguió-Tortajada et al., 2021; Zhou 
et al., 2019). In particular, Monguió-Tortajada et al. reported that ADSC- 
derived EVs combined with a self-assembling peptide HG laid over 
decellularized scaffolds persisted in the graft and the infarct core of the 
heart 6 days after implantation in swine (Monguió-Tortajada et al., 
2021). Per contra, the HG was embedded in a decellularized scaffold 
that requires open surgery for its final implantation, which difficult its 
clinical translation. Similarly, Han et al. developed a functional self- 
assembling functional peptide HG which increased the retention of 
human umbilical MSC-derived EVs in the border zone of the infarcted 
myocardium up to 21 days after injection in rats (Han et al., 2019). 
Although the HG enhanced EVs retention in the heart for a significant 
period, the biomaterial jellifies before its delivery and therefore, re-
quires a more invasive administration. Furthermore, improved retention 
of MSC-derived EVs was observed when using a sodium alginate HG 
crosslinked with calcium chloride. The HG increased the retention of 
EVs in the heart for 7 days after intramyocardial administration while 
inducing a therapeutic effect (Lv et al., 2019). Nevertheless, although 
alginate can jellify in the presence of the calcium of the infarcted heart, 
the calcium chloride was added in this study before its administration to 
induce HG jellification, which could lead to the blockage of cardiac 
catheters. 

In most of the previous studies combining biomaterial-based HGs 
and EVs, the treatment was administered immediately after infarct in-
duction (Lv et al., 2019; Monguió-Tortajada et al., 2021; Han et al., 
2019; Wang et al., 2021a; Zhang et al., 2021; Zhou et al., 2019). Hence, 
this approach should hardly be applied to the clinic. In addition, the 
timing of delivery can significantly affect the retention and therapeutic 
effect of EVs in the infarcted heart depending on the different phases of 
MI (Chung et al., 2020; Schotman and Dankers, 2022). Our alginate- 
collagen HG could be easily administered using minimally invasive 
catheters due to its ability to jellify after injection in the presence of 
calcium. In addition, EVs embedded in the HG were administered on the 

fourth-day post-MI, just in the transition between the acute inflamma-
tory phase and the proliferative one, a period more transferable to the 
clinic. Finally, alginate and collagen biomaterials’ natural origin and 
well-described biocompatibility properties would facilitate a faster 
translation to the clinic. In this regard, there are at present four clinical 
trials implying alginate in treating heart failure; three of them are 
completed and the fourth is not yet recruiting (SYM-08–001 
(NCT00847964), (AUGMENT-HF (NCT01311791), PRESERVATION-1 
(NCT01226563) and AUGMENT-HF II (NCT03082508)) (Anker et al., 
2015; Frey et al., 2014; Lee et al., 2015). Therefore, from a clinical 
perspective, the in situ-jellifying and biocompatibility properties support 
the use of our alginate-collagen HG as a cardiac delivery vehicle, 
allowing the release of embedded EVs for at least 7 days. This longer 
retention of EVs in the infarcted myocardium may lead to an improved 
therapeutic effect (Lv et al., 2019). 

5. Conclusion 

In conclusion, we have developed a novel injectable and in situ-jel-
lifying HG based on alginate and collagen for EVs’ delivery after MI. The 
rheological examination revealed that the HG adopted an internal gel 
structure, low viscosity and weak mechanical properties compatible 
with intramyocardial administration using catheter-based technology. 
In addition, EVs were successfully incorporated and homogeneously 
distributed throughout the HG matrix. Once administered in a model of 
MI, it remained in the infarcted heart for at least 2 months after the 
injection. Moreover, the HG increased the retention of the EVs for at 
least 7 days post-intramyocardial administration. These results indicate 
that the combination of EVs with alginate-collagen HG constitutes an 
interesting therapeutic biomaterial-based strategy for cardiac regener-
ation. Besides EV delivery, the developed HG could represent a useful 
platform for cardiac delivery of multiple therapeutic agents. 
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Fig. 3. Biodistribution of EVs embedded into the alginate-collagen HG in a rat model of MI. A) Representative ex vivo fluorescence imaging of main rat organs 
(heart, liver, spleen, lungs and kidneys) 7 days after the administration of free EVs or in combination with the HG in a rat model of MI (n = 2). B) Quantitative 
analysis of fluorescence intensities (mean and CI) after transplantation of free EVs (blue) or in combination with the HG (yellow) in a rat model of MI. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Beliën, H., Evens, L., Hendrikx, M., Bito, V., Bronckaers, A., 2022. Combining stem cells 
in myocardial infarction: The road to superior repair? Med. Res. Rev 42, 343–373. 
https://doi.org/10.1002/med.21839. 

Bian, S., Zhang, L., Duan, L., Wang, X., Min, Y., Yu, H., 2014. Extracellular vesicles 
derived from human bone marrow mesenchymal stem cells promote angiogenesis in 
a rat myocardial infarction model. J. Mol. Med 92, 387–397. https://doi.org/ 
10.1007/s00109-013-1110-5. 
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