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a b s t r a c t 

Despite tremendous progress in cell-based therapies for heart repair, many challenges still exist. To en- 

hance the therapeutic potential of cell therapy one approach is the combination of cells with biomaterial 

delivery vehicles. Here, we developed a biomimetic and biodegradable micro-platform based on polymeric 

microparticles (MPs) capable of maximizing the therapeutic potential of cardiac progenitor cells (CPCs) and 

explored its efficacy in a rat model of chronic myocardial infarction. The transplantation of CPCs adhered 

to MPs within the infarcted myocardial microenvironment improved the long-term engraftment of trans- 

planted cells for up to one month. Furthermore, the enhancement of cardiac cellular retention correlated 

with an increase in functional recovery. In consonance, better tissue remodeling and vasculogenesis were 

observed in the animals treated with cells attached to MPs, which presented smaller infarct size, thicker 

right ventricular free wall, fewer deposition of periostin and greater density of vessels than animals treated 

with CPCs alone. Finally, we were able to show that part of this beneficial effect was mediated by CPC- 

derived extracellular vesicles (EVs). Taken together, these findings indicate that the biomimetic microcarri- 

ers support stem cell survival and increase cardiac function in chronic myocardial infarction through mod- 

ulation of cardiac remodeling, vasculogenesis and CPCs-EVs mediated therapeutic effects. The biomimetic 

microcarriers provide a solution for biomaterial-assisted CPC delivery to the heart. 

Statement of significance 

In this study, we evaluate the possibility of using a biomimetic and biodegradable micro-platform to im- 

prove cardiovascular progenitor therapy. The strategy reported herein serves as an injectable scaffold for 

adherent cells due to their excellent injectability through cardiac catheters, capacity for biomimetic three- 

dimensional stem cell support and controllable biodegradability. In a rat model of chronic myocardial in- 

farction, the biomimetic microcarriers improved cardiac function, reduced chronic cardiac remodeling and 

increased vasculogenesis through the paracrine signaling of CPCs. We have also shown that extracellular 

vesicles derived from CPCs cultured on biomimetic substrates display antifibrotic effects, playing an impor- 

tant role in the therapeutic effects of our tissue-engineered approach. Therefore, biomimetic microcarriers 

represent a promising and effective strategy for biomaterial-assisted CPC delivery to the heart. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Myocardial infarction (MI) is the leading cause of morbidity and 

ortality worldwide [1] . Although pharmacological and interven- 

ional strategies have been developed, they fail to restore the lost 

ardiac tissue and are only useful to alleviate some of the symp- 

oms of heart failure. As an alternative, cardiac cell therapy aims to 

ounteract the loss of cardiomyocytes by repopulating the ischemic 

yocardium with cells with a regenerative capacity [ 2 , 3 ]. Differ- 

nt stem/progenitor cells have been transplanted into the infarcted 

eart with the hope that these cells would engraft, differentiate 

nd proliferate to form new functional myocardium [4] . Among 

hem, cardiac progenitor cells (CPCs) are particularly promising, 

ince they have proved therapeutic efficacy in animal models and 

linical trials [5–7] . Their properties indicate that CPCs could be 

n ideal cell source for cardiac tissue engineering. Although the 

xact mechanism by which CPCs promotes a beneficial effect is 

ot fully understood, there is a general agreement that it involves 

aracrine secretions rather than engraftment and differentiation 

 4 , 8 ]. Among these approaches, extracellular vesicles (EVs) have re- 

ently been at the center of attention due to their capacity to re- 

apitulate the benefits of the injected progenitor cells, including 

ardiac function improvement, cardiomyocyte survival and prolif- 

ration and antifibrotic effects [9–13] . 

Despite the potential of stem cell therapy, it is necessary 

o optimize cell engraftment, survival and functionality post- 

ransplantation to achieve better outcomes. Several studies have 

ound that the combination of cells with biomaterials enhances 

he benefits of cardiac cell therapy [14] . Moreover, it is also crit- 

cal to develop better scaffolds that improve not only cell deliv- 

ry, but also cellular behavior, function and survival. In particu- 

ar, hydrogels and cardiac patches have been explored in preclin- 

cal studies to deliver and retain cells in the infarcted myocardium, 

ringing significant advances in cardiac function [15–17] . However, 

heir clinical translation has been limited due to difficulties in- 

ecting them through cardiac catheters. In this context, the use 

f biodegradable and biocompatible microcarriers based on poly- 

eric microparticles (MPs) could improve cell-delivery challenges. 

ver the past decades, MPs have been mostly investigated as reser- 

oirs for protein and drug delivery [ 18 , 19 ]. Additionally, this system

an also be used as an injectable particulate scaffold for adherent 

ells due to their excellent injectability through minimally invasive 

atheter technology, capacity for tridimensional stem cell support 

nd controllable biodegradability [ 14 , 20 , 21 ]. Moreover, MP surface 

an be functionalized with extracellular matrix molecules (ECM) 

uch as collagen, fibronectin and laminin to create biomimetic mi- 

rocarriers that favor the proliferation, differentiation and function 

f the transplanted cells. Remarkably, MPs are particularly relevant 

n the preparation of both bottom-up and top-down tissue engi- 

eering strategies or as reinforcement units in bioinks for 3D bio- 

rinting, being a very versatile platform for a variety of biomanu- 

acturing applications [22] . 

This study was designed to determine whether biomimetic mi- 

rocarriers might improve CPC therapy in a rat model of chronic MI 

eading to enhanced cell engraftment, cardiac function and remod- 

ling. The cellular and molecular mechanisms by which this strat- 

gy may promote tissue repair were also evaluated. Altogether, our 

ovel findings demonstrate that biomimetic microcarriers support 

ell survival and increase cardiac function in chronic MI through 

odulation of cardiac remodeling, vasculogenesis and CPCs-EVs 

ediated therapeutic effects. Therefore, biomimetic microcarriers 

an improve current cell therapy strategies with CPCs and they 

epresent a potential approach for biomaterial-assisted CPCs deliv- 

ry to the heart. 
w

395 
. Materials and methods 

.1. Isolation, culture and characterization of CPCs 

CPC isolation from adult male Wistar rat hearts, their charac- 

erization and green fluorescent protein (GFP) lentiviral transduc- 

ion were performed by Coretherapix SLU as previously reported 

 23 , 24 ]. Briefly, hearts of male Wistar rats were digested by enzy-

atic digestion (Collagenase Type 2, Worthington) and mechanical 

issociation to obtain a single cell suspension. This suspension was 

mmunoselected for c-kit + /CD45 − cells using magnetic microbeads 

oupled with antibodies (Miltenyi). Then, cells were cultured in a 

.1% (w/v) gelatin-coated (Sigma-Aldrich) flask in low O 2 condi- 

ions (3%) at a density of 30 0 0–50 0 0 cells/cm 

2 using DMEM/F12 

Life Technology) and neurobasal medium (Life Technology) (1:1) 

upplemented with 10% FBS (Biochrom), 1% P/S (Life Technology), 

% L-Glu (Life Technology), 0.5% insulin-transferrin-selenium (ITS) 

Life Technology), growth factors (basic Fibroblasts Growth Fac- 

or (bFGF) (10 ng/mL) (Peprotech), IGF-II (30 ng/mL) (Peprotech), 

GF (20 ng/mL) (Peprotech), LIF (10 ng/mL) (Millipore)) together 

ith 1% B-27 (Life Technology), 0.5% N-2 (Life Technology) and 

-mercaptoethanol (50 μM) (Sigma-Aldrich) (CSCs medium). Con- 

erning the markers expressed by these cells, a flow cytometry 

tudy was performed after four passages in culture, and rat CPCs 

ere positive for CD44, CD166, CD90 and Sca-1 and negative for 

D45, CD34 and CD117 (c-kit). 

.2. Preparation and characterization of MPs 

Poly(lactic-co-glycolic acid) (PLGA) MPs were prepared by the 

ultiple emulsion solvent evaporation method using the Total 

ecirculation One Machine System (TROMS). Briefly, the organic 

hase (o) consisting of 50 mg PLGA Resomer® RG 503H (Mw: 

4 kDa) (Boehringer-Ingelheim) dissolved in a mixture of 4 mL 

cetone/dichloromethane (1:3) (Panreac Quimica S.A.) was injected 

nto the inner aqueous phase (w 1 ) formed by 5 mg human 

erum albumin (Sigma-Aldrich), 5 μL PEG 400 (Sigma-Aldrich), 

nd 200 μL phosphate-buffered saline (PBS) pH 7.4. The w 1 /o 

mulsion was allowed to recirculate through the system for 1 min 

nd 30 s. Then this emulsion was added to the outer aqueous 

hase (w 2 ) consisting of 20 mL 0.5% poly (vinyl alcohol) 88% 

ydrolyzed (MW 125 kDa) (Polysciences) and allowed to recir- 

ulate for 2 min and 30 s. Finally, the w 1 /o/w 2 emulsion was 

tirred at room temperature for 3 h to allow total solvent evapora- 

ion. For fluorescence-labeled microparticles, rhodamin B isothio- 

yanate (0.5 mg/mL) (Sigma-Aldrich) was added to the inner aque- 

us phase and microspheres were prepared as described above. 

Ps were washed three times with ultrapure water by consecu- 

ive centrifugation at 20,0 0 0 g at 4 °C for 5 min and lyophilized

ithout cryoprotective agents for 48 h (Genesis Freeze Dryer 12EL; 

irTis, Gardiner, NY). Lyophilized MPs were stored at 4 °C. 

Particle size and size distribution were measured by laser 

iffractometry using a Mastersizer (Malvern Instruments, Malvern, 

K). MPs were dispersed in ultrapure water and analyzed under 

ontinuous stirring. The average particle size was expressed as the 

olume mean diameter. Particle surface charge was determined by 

 potential measurement using a Zetasizer Nano ZS (Malvern In- 

truments), based on the analysis of complete electrophoretic mo- 

ility distributions. 

.3. MP surface coating 

To facilitate the adhesion of CPCs to MPs, the particle surface 

as functionalized by coating with biomimetic molecules. Colla- 
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en type 1 of rat tail 3 mg/mL (Gibco-Invitrogen), the major pro- 

ein component of the cardiac extracellular matrix, and poly-D- 

ysine (PDL) (Sigma-Aldrich), a synthetic amino acid chain, were 

hysically adsorbed onto the surface of PLGA MPs. Particle coating 

as performed in Sigmacote-coated tubes (Sigma-Aldrich). Briefly, 

 mg MPs were first dispersed in acidic PBS (pH 5.7). Then, 

iomimetic molecules (0.2 μg/cm 

2 collagen and 0.3 μg/cm 

2 PDL) 

ere added to the particle solution and mixed with the particles 

nder rotation at room temperature for 60 min. Coated MPs were 

ubsequently rinsed with distilled sterile water by consecutive cen- 

rifugations (25,0 0 0 g, 4 °C, 10 min) and lyophilized for 48 h before

se. Z potential of biomimetic MPs was measured to confirm that 

he particles had been successfully coated. 

.4. CPC attachment to MPs 

The culture of CPCs with biomimetic microcarriers was per- 

ormed in Costar® Ultra-Low cluster flat-bottom sterile polystyrene 

lates (Merck), designed to avoid attachment of cells to the plate. 

or the adhesion of cells, 0.75 mg coated MPs were dispersed in 

ell culture medium before the addition of 1 × 10 6 CPCs (seeding 

ensity of 20 0 0 cells/cm 

2 ). The mixture was flushed, plated in the

ostar® Ultra-Low attachment plates and incubated at 37 °C. No 

gitation was used to allow CPCs to settle and attach to the mi- 

rocarriers. The evolution of cell adhesion to MPs was assessed by 

right-field microscopy (Nikon TMS, Amsterdam, The Netherlands) 

t different time points (0, 10, 30, 60 and 90 min). 

.5. In vivo studies using a rat MI model 

All animal procedures were approved by the Institutional Ani- 

al Care and Use Committee of the University of Navarra and were 

erformed according to the requirements of EU legislation. 

MI was performed as previously described by our group [ 25 , 26 ].

 total of 40 Sprague-Dawley rats (Harlan-IBERICA, Spain) under- 

ent permanent occlusion of the left anterior descending coro- 

ary artery. CPCs (1 × 10 6 cells/80 μL injection medium, n = 16) 

r CPCs-MPs (1 × 10 6 cells adhered to 0.75 mg biomimetic 

Ps/80 μL injection medium, n = 17) were injected in a blinded 

anner four weeks post-MI among the surviving animals (n = 33). 

ell injections were delivered intramyocardially in 2 different areas 

f the infarct zone using a 27G syringe. 

.6. Assessment of CPC survival, engraftment and proliferation 

The survival and engraftment of injected cells were analyzed 

nd quantified at 24 h, 7, 14 and 30 days after treatment by 

mmunofluorescence against GFP (Abcam ab290, 1:500) following 

onventional procedures. The number of engrafted cells was cal- 

ulated by quantifying images from 5 to 6 serial heart sections 

0 μm apart and extrapolating this number to the whole length of 

he graft area. Data were expressed as the percentage of the num- 

er of engrafted versus injected cells. Images were acquired using 

 camera attached to a Zeiss Axio Imager M1 fluorescence micro- 

cope. The proliferation of transplanted cells at 7 days after treat- 

ent was investigated by double staining for GFP (Abcam ab290, 

:500) and proliferative marker Ki67 (BD Pharmingen 

TM 558615, 

:10). The number of proliferative GFP + cells was quantified in 100 

ells per section, in 4 sections per animal. Data were expressed 

s the percentage of proliferative cells from total cells. All images 

ere acquired using a camera attached to a Zeiss Axio Imager M1 

uorescence microscope. 

.7. Cardiac function analysis 

Echocardiography was performed using a Vevo 770 ultrasound 

ystem (Visualsonics, Toronto, ON, Canada) at day 5 after MI 
396 
n = 33) and 30 days after treatment (n = 9). Left ventricular ejec- 

ion fraction (LVEF) and fractional area change (FAC) were quanti- 

ed as previously described [27] . The echocardiographic data were 

cquired and analyzed in a blinded manner. 

.8. Morphometric and histological analysis 

Animals were sacrificed for histological analysis at day 1 (CSCs 

 = 4 and CSCs-MPs n = 4), 7 (CSCs n = 4 and CSCs-MPs

 = 4), 14 (CSCs n = 4 and CSCs-MPs n = 4) and 30 (CSCs

 = 4 and CSCs-MPs n = 5) after treatment administration. Rats 

ere anaesthetized, hearts were arrested in diastole (0.1 mM cad- 

ium chloride Sigma-Aldrich) and perfusion-fixed for 15 min in 

% paraformaldehyde under physiologic pressure. After harvesting, 

he hearts were fixed overnight in 4% paraformaldehyde at 4 °C, 

liced in three equally-sized blocks (apical, mid-ventricular, and 

asal), dehydrated in 70% ethanol (4 °C overnight), and embedded 

n paraffin. For histological analysis, 5 μm serial sections were pre- 

ared. Histological sections were immunostained and analyzed in 

 blinded manner. 

.8.1. Assessment of infarct size and cardiac fibrosis 

Infarct size and tissue fibrosis were determined using Mas- 

on trichrome staining and Sirius Red staining in animals sacri- 

ced 1-month post-treatment. For the Masson trichrome stain- 

ng, 6 sections per heart were treated overnight in Bouin’s so- 

ution, rinsed and stained with Weigert’s hematoxylin for 5 min. 

hey were then rinsed, stained with scarlet-acid fuchsin for 

 min and rinsed again. Then, slides were stained with phos- 

hotungstic/phosphomolybdic, aniline blue, and 1% acetic acid for 

 min each. Slides were then rinsed and mounted in DPX. For the 

irius Red staininig, sections were deparaffinized and immersed for 

0 min in 0.1% Fast Red (Sigma-Aldrich) diluted in a saturated so- 

ution of picric acid. They were then differentiated for 2 min in 

.01 N HCl (Sigma-Aldrich), dehydrated, and mounted in DPX. In- 

arct size and tissue fibrosis degree were assessed by quantifying 

6 images from 8 serial heart sections, 30 μm apart. Images were 

nalyzed using AnalySIS software and data were expressed as the 

ercentage of the ischemic area vs total left ventricle area for in- 

arct size and as fibrotic area (red) of the infarct zone vs total tis- 

ue area (percentage of collagen volume fraction: % CVF) for the 

brotic degree. 

Periostin (POSTN) staining was performed in four different an- 

mals per group sacrificed 1-week post-treatment. Heart sections 

f 5 μm were washed in Tris-PBS (TPBS), non-specific IgG binding 

ites blocked with 8% goat serum (Dako), 1% BSA, and 0.1% Tri- 

on X-100 (Sigma-Aldrich) (SBT) and incubated overnight in rab- 

it anti-POSTN primary antibody (Abcam ab79946, 1:100) at 4 °C. 

he sections were then washed and incubated with Alexa 594- 

onjugated secondary antibody for 1 h before mounting. Nega- 

ive controls were performed by incubating without the primary 

ntibody. Cell nuclei were counterstained with 4 ′ ,6-diamidino-2- 

henylindole (DAPI) (Sigma-Aldrich). All images were captured in 

 Zeiss Axio Imager M1 (Zeiss) fluorescent microscope. 

The quantification of the POSTN 

+ area was performed in 

tained sections from healthy and infarct tissue in four differ- 

nt animals per group sacrificed 1-week post-treatment. Between 

ne and 5 pictures from infarct (IZ) and border zones (BZ) 

ere taken from 3 different transversal sections per animal, lo- 

ated 150–200 μm from each other. The number of pixels of 

OSTN 

+ (red) and DAPI + nuclei (blue) areas was determined us- 

ng manual macros in Fiji software (1.46). For graphic representa- 

ion, the percentage of the POSTN 

+ area was calculated for each 

egion. 
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.8.2. Vascular density quantification 

Tissue revascularization was evaluated in animals sacrificed 1 

onth post-treatment by quantifying the number of arterioles in 

he IZ and BZ using an anti- αSMA antibody conjugated to Cy3 

Sigma-Aldrich C6198, 1:500). Ten images from the border and ten 

rom the infarct areas per section were randomly selected and 

ounted from 7 serial sections from each animal. Images were ac- 

uired using an Axio Cam MR3 video camera at 20X connected to 

 Zeiss Axio Imager M1 microscope equipped with epifluorescence 

ptics. Digital images were analyzed using MatLab® software plat- 

orm (Mathworks Inc., Natick, MA, USA). Arteriolar density was ex- 

ressed as the number of α-SMA-positive-vessels per mm 

2 . 

.9. Isolation of EVs secreted by CPCs cultured on biomimetic and 

on-biomimetic substrates 

EVs from CPCs cultured on biomimetic and non-biomimetic 

asks were isolated. The biomimetic functionalization of flasks was 

erformed by coating T175 flasks with collagen type 1 of rat tail 

 mg/mL (Gibco-Invitrogen) and PDL (Sigma-Aldrich) (0.2 μg/cm 

2 

ollagen and 0.3 μg/cm 

2 PDL) at room temperature for 60 min. 

his biomimetic coating is similar to that used to prepare the 

iomimetic cell-adhesive microparticles. Flasks were subsequently 

insed twice with PBS and use immediately. 

For EV isolation, 1.5 million CPCs were plated either in T175 

iomimetic flasks or in non-coated flasks. After 48 h, cells were 

upplemented with the same medium described above (CSCs 

edium) without LIF and with 5% EV-depleted FBS. EV-depleted 

BS was prepared by ultracentrifugation (25,0 0 0 rpm, 4 °C during 

6 h) and filtration using a 0.22 μm syringe filter (Sartorius). A to- 

al of 180 mL of CPC-conditioned medium (CM) was collected at 

4 h and 48 h and pooled together for EV isolation. 

Two subpopulations enriched in different fractions of EVs, the 

0K EVs and the 100K EVs, were isolated by several ultracen- 

rifugation steps at 4 °C as described previously [28] . Briefly, CM 

as centrifuged twice at 3,400 rpm for 20 min at 4 °C (Heraeus, 

egafuge 1.0 R, 7570F rotor) to remove detached cells and de- 

ris/apoptotic bodies. Supernatants were centrifuged at 8,200 rpm 

or 50 min (Optima LE-80k Ultracentrifuge, SW32 Ti rotor, Beck- 

an Coulter) in conical tubes (Beckman Coulter). The pellet was 

insed in 2 mL of sterile PBS (Lonza), centrifuged at 10,0 0 0 rpm 

uring 70 min at 4 °C and resuspended in 50 μL of sterile PBS to

btain the 10K EV fraction. The supernatant was filtered through a 

.20 μm syringe filter (28 mm PES membrane, Corning), pelleted 

y ultracentrifugation at 27,500 rpm for 190 min, rinsed in 25 mL 

f sterile PBS, ultracentrifuged again at 27,500 rpm for 190 min and 

esuspended in 50 μL of sterile PBS to obtain the 100K EV fraction. 

he manipulation of EVs was performed in a laminar flow hood to 

reserve sterility. 

.10. EV characterization 

EV subpopulations were characterized using three different 

ethods, following the statement from the International Soci- 

ty for Extracellular Vesicles [29] : Nanoparticle Tracking Analysis 

NTA), Transmission Electron Microscopy (TEM), and western blot. 

.10.1. Nanoparticle tracking analysis of EVs 

EV size distribution and quantification of vesicles were analyzed 

y NTA using a NanoSight NS30 0 0 System (Malvern Instruments, 

K). Samples were suspended in 0.22 μm pre-filtered PBS and di- 

utions were used to achieve a particle count between 30 and 100 

articles/frame. Images were acquired for ninety seconds and the 

ideo was analyzed using a suitable particle detection threshold. 

easurement of the diameter was performed on 3 independent 

xperiments and showed as mode ± standard deviation (SD). 
397 
.10.2. Transmission electron microscopy (TEM) of isolated EVs 

Isolated EVs were diluted in PBS, loaded onto Formwar carbon- 

oated grids, fixed with 4% glutaraldehyde, contrasted with 2% 

ranyl methylcellulose and finally examined with an FEI Tecnai G2 

pirit transmission electron microscope. Images were acquired us- 

ng a Morada CCD Camera (Olympus Soft Image Solutions GmbH). 

.10.3. Western blot of isolated EVs 

EV total protein was quantified by BCA Protein Assay Kit (Ther- 

oFisher Scientific) using an optimized version of the manufac- 

urer protocol. Briefly, 10 μL of EVs were incubated 30 min at 4 °C 

ith 6 μL of lysis buffer (1% Triton-X100, 0.1% SDS). Then, sterile 

ater was added up to 60 μL, mixed with 600 μL of reagents A:B 

1:50), and incubated at 60 °C during 60–90 min, together with 

 standard curve (0-to-1280 ng/well). The colour was determined 

sing a SpectroStar-Nano (BMG Labtech) and data were analyzed 

sing SpectroStar-Data analysis software (MARS). Afterwards, 1 μg 

f proteins was suspended in non-reducing Laemmli loading buffer 

nd denatured at 100 °C for 5 min. Proteins were separated on 15% 

DS-polyacrylamide gels and transferred to nitrocellulose mem- 

rane (Bio-Rad, 0.45 μm). Membranes were blocked using a Block- 

ng Solution [5% non-fat dry milk powder and 0.05% Tween-20 in 

BS buffer (1 mM Tris-HCl, 15 mM NaCl)] for 1 h at room tempera- 

ure and incubated with the corresponding mouse or goat anti-rat 

rimary antibody [specific for ALIX (1:10 0 0), Calnexin (1:250 0), or 

D63 (1:50 0 0) (SICGEN, Portugal)] in Blocking Solution overnight 

t 4 °C. After washing with TBS-0.05% Tween-20 solution, mem- 

ranes were incubated for 2 h at room temperature with don- 

ey anti-mouse or goat HRP-conjugated secondary antibody (Jack- 

on ImmunoResearch Laboratories, Inc). Lumigen ECL Ultra (TMA- 

) (Beckman Coulter) was applied for 5 min at room temperature 

or detection. ChemiDoc TM Imaging Systems (Bio-Rad) was used for 

mage generation. Three technical replicates were performed. 

.11. Assessment of EV functionality 

.11.1. Isolation and culture of mouse cardiac fibroblasts (CFs) 

Mouse cardiac interstitial cells (CICs) were obtained from 8 to 

0 week old mice as previously described [30] . Briefly, after sac- 

ifice, the thorax was opened and the heart was perfused with 

ce-cold PBS pH 7.6, atria were excised and tissues were placed 

n DMEM medium (Sigma-Aldrich) supplemented with 10% FBS 

Hyclone, GE) on ice. Next, ventricles were minced using a sterile 

calpel. Pieces of tissue were incubated in 125 μg/mL Liberase TH 

Roche) in HBSS ++ solution (Hanks balanced salt solution, Gibco) 

or 10 min at 37 °C in an orbital shaker. After the enzymatic incu- 

ation, the partially digested tissue was mechanically dissociated 

y slowly pipetting to reach a single cell suspension. The super- 

atant was filtered through a cell strainer to discard cardiomy- 

cytes (40 μm, nylon; Falcon). The digestion was repeated with 

he sediment pieces and the supernatants were pooled together. 

he supernatant was centrifuged at 1500 rpm for 5 min and ery- 

hrocytes were removed using RBC lysis buffer (eBioscience). The 

otal time for enzymatic digestion was 30 min. The final pellet 

as resuspended in complete medium [DMEM + 10% FBS + 1% 

/S (Life Technology) + 1% L-Glu (Life Technology)] containing 

0 ng/mL of bFGF (Peprotech) and plated in a 0.1% (w/v) gelatin- 

oated (Sigma-Aldrich) 6-well-plate (one heart per well). CFs were 

elected by attachment through washing the wells twice with PBS 

fter overnight incubation and followed by a replacement of the 

omplete medium plus 10 ng/mL of bFGF, lowering the concentra- 

ion to 5 ng/mL (passage 1) and 2 ng/mL (passage 2) over time. 

fter 24 h in passage 2, CFs were incubated in starving conditions 

complete DMEM without FBS) overnight. Then they were supple- 

ented with 100 μg/mL of specific fractions of EVs during 48 h. 
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.11.2. RNA isolation and qPCR 

Total RNA was isolated using TRIzol reagent (Ambion) accord- 

ng to the manufacturer’s instructions. RNA purity (A260/A280 ra- 

io ≥1.8) and concentration measured using the Nanodrop (Thermo 

isher). Total RNA was stored at −80 °C. Before cDNA prepara- 

ion, genomic DNA was removed using a DNase treatment (Thermo 

isher). A total of 500 ng of RNA was converted into cDNA as 

er manufacturer’s instructions (Takara). For each qPCR, the cDNA 

quivalent to 5 ng RNA was used. The qPCR reactions contained 

ower SYBR green PCR master mix (Applied Biosystems) and an 

quimolar primer mix (0.8 μM). The amplification protocol con- 

isted of 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles

f 15 s at 95 °C, and 1 min at 60 °C, and completed with a stan-

ard melting curve protocol (15 s at 95 °C, 1 min at 60 °C and

5 s at 95 °C). The melting curve analysis (ViiA TM 7 Real-Time 

CR system, Applied Biosystems) and size fractionation by agarose 

el electrophoresis were used to confirm amplification of the ex- 

ected products [31] . Target quantity (N 0 ) was obtained from the 

xtracted raw data using LinRegPCR program [32] . Systematic dif- 

erences induced by RT reactions in the observed expression levels 

er sample within tissue types as well as systematic differences 

etween qPCR runs were removed using Factor-qPCR program [33] . 

Hptr1 and Ppia were selected as reference genes after a stability 

nalysis using geNorm [34] . Primer sequences were designed using 

rimer3 , BLAST (NIH) and oligo analyzer (IDT) software, and they 

re summarized in Supplementary Table 1. 

.11.3. Wound healing (Scratch Assay) for cardiac fibroblast migration 

Adult CFs from three mice in passage 2 were seeded in 24-well 

ulture plates at a density of 1 × 10 4 cells/well. After 48 h, cells 

ere subjected to starving conditions overnight. On the following 

ay, cells were scraped in a straight line with a pipette tip. Cells 

ere washed twice with PBS to remove debris and serum-free 

edium supplemented with different treatments (100 μg/mL of 

00K EVs from CPCs cultured on biomimetic and non-biomimetic 

asks) was added to the cells. The capacity of the cells to migrate 

nto the denuded area was tracked using time-lapse microscopy 

ell Observer Z1 (Zeiss) for 48 h. The covered area was quantified 

sing Fiji Software (1.46). Between 4 and 8 biological replicates 

ere performed per condition. 

.11.4. Endothelial cell proliferation 

A total of 1 × 10 4 MS1 cells (ATCC)/well in 96-well plates were 

eeded in complete medium (DMEM, 5% FBS, 1% P/S, 1% Sodium 

yruvate (Sigma-Aldrich)). After 24 h, cells were washed twice 

ith PBS and incubated in starving conditions (Endothelial cell 

edium without FBS) with 30 mg/ml endothelial cell growth sup- 

lement (ECGS, Sigma-Aldrich) for 24 h. Cells were then incubated 

ith or without 100 μg/mL of specific fractions of EVs in serum- 

ree medium. Twenty-four hours after stimulation, cells were an- 

lyzed using the CellTiter 96 Aqueous One Solution Cell Prolifera- 

ion Assay (MTS, Promega) and quantified with an ELISA reader at 

90 nm. 

.12. Statistical analysis 

All data are represented as mean ± standard error of the mean 

SEM) unless mentioned differently. POSTN 

+ area was represented 

s geometric mean ± SEM. For comparison between two groups, 

tudent’s t -test was used. Echocardiography outcomes and wound 

ealing for cardiac fibroblast migration were analyzed by ANOVA, 

ollowed by post-hoc comparisons between time points by Tukey’s 

ultiple comparison test. qPCR results were analyzed using a non- 

arametric one-way analysis of variance with a Kruskal-Wallis 

ost-hoc test. All statistical analyses were performed using Graph- 
398 
ad Prism (version 6.01), with the threshold for significance set at 

 < 0.05. 

. Results 

.1. Biomimetic MP preparation and in vitro characterization 

Monodisperse spherical particles were successfully obtained us- 

ng TROMS at high yield (80%). The mean particle size of the mi- 

rocarriers measured by laser diffractometry was 4.8 ± 1.3 μm. 

Ps exhibited a negatively charged surface with a measured zeta 

otential of −14.3 mV, which is not adequate for cell adhesion. Af- 

er particle surface modification, zeta potential measurements re- 

ect that when PLGA MPs were coated with collagen and PDL, 

he resultant biomimetic microcarriers exhibited positive charges 

n the surface ( + 15.3 mV), this coating being essential to obtain a 

caffold with cell-adhesive properties. 

.2. Efficient adhesion of CPCs to cell-adhesive MPs 

After being coated with collagen and PDL, CPCs were seeded on 

he microcarriers ( Fig. 1 A). Cells attached easily to the MPs and 

lmost all the cells adhered to the biomimetic microcarriers after 

0 min at 37 °C in static culture ( Fig. 1 B and C). 

.3. In vivo CPC survival in the ischemic myocardium 

Cell engraftment and survival was located and quantified in the 

ost myocardium by immunofluorescence against GFP both in the 

cute and in the long-term stages post-treatment (24 h, 1 week, 2 

eeks and 1-month post-treatment) ( Fig. 1 D and E). Twenty-four 

ours post-treatment, about 40% of the injected CPCs-MPs were 

ound in the infarcted myocardium (CPCs-MPs = 39.01 ± 15.13% 

nd CPCs = 29.03 ± 7.13%), indicating a 1.3 fold increase in cell 

etention during the initial stage of transplantation compared to 

he injection of CPCs alone. This effect was even more pronounced 

 and 2 weeks post-treatment, when cell survival increased 1.9 

nd 5.8 fold using MPs compared to the delivery of CPCs alone 

1 week CPCs-MPs = 11.41 ± 6.19% and CPCs = 5.97 ± 4.98%) (2 

eeks CPCs-MPs = 1.06 ± 0.68 and CPCs = 0.18 ± 0.15). Notably, 

ne month after transplantation GFP + CPCs could also be detected 

 < 1%) but only in the CPCs-MP treated group, suggesting that MPs 

lso enhance the long-term survival of engrafted cells in the tar- 

et ischemic myocardium. In addition, the proliferation of injected 

ells was analyzed by double staining for GFP/Ki67 at 7 days post- 

reatment. Remarkably, we found that transplanted cells were ac- 

ively proliferating in both groups (CPCs = 9.3 ± 2.9% Ki67 + /GFP + 

nd CPCs-MPs = 10.1 ± 2.0% Ki67 + /GFP + ) ( Fig. 1 F), indicating that 

he higher cell numbers observed in the CPCs-MP group could be 

ttributed to the biomaterial and not to an increased proliferation 

ate. Overall, these results indicated that MPs support stem cell 

ngraftment, increasing CPC survival in the infarcted rat hearts in 

oth the acute-phase and the long term post-injection. 

.4. Effects of CPCs-MPs on heart function post-MI 

Echocardiography at day 5 after MI showed that the ini- 

ial infarct size was similar in both groups before treat- 

ent administration. LVEF was 38.83 ± 0.75% for CPCs and 

8.76 ± 0.91% for CPCs-MPs. To evaluate the long-term ef- 

ects of CPCs-MPs on cardiac function, echocardiography was 

erformed 4 weeks after treatment administration (day 60 of 

he experiment/after MI) ( Fig. 2 A). LVEF in animals transplanted 

ith CPCs improved at 4 weeks compared to pre-transplantation 

CPCs day 5 after MI = 38.83 ± 0.75% vs CPCs 1 month post- 

reatment = 43.70 ± 2.12%). However, LVEF was significantly 
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Fig. 1. CPCs-MPs promoted the survival of CPCs transplanted in the ischemic myocardium. (A) Schematic representation of the biomimetic and biodegradable microcar- 

riers, which consists of injectable microparticulate scaffolds with a biomimetic surface of collagen and PDL that provide tridimensional support to CPCs. Bright-field (B) and 

fluorescent (C) images of the CPCs-MP complexes formed by 1 × 10 6 CPCs and 0.75 mg of biomimetic rhodamine loaded-MPs after 90 min of incubation. D) Representative 

immunofluorescent images of GFP staining (green, CPCs or CPCs-MPs) showing CPCs (green) engrafted in the infarcted myocardium at different time points after implantation 

(24 h, 1 week, 2 weeks and 1-month). Cell nuclei are stained with DAPI (blue). Scale bar: 50 μm. E) Quantification of cell survival in both groups at different time points. 

Data are expressed as mean ± SEM. F) Representative immunofluorescent images showing engrafted GFP (green)/Ki67 (red) double-positive CPCs 7 days after transplantation. 

Scale bar: 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

399 
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Fig. 2. Effects of CPCs-MPs on cardiac function. Cardiac function was evaluated 5 days after MI (pre-Tx) and 1 month after treatment (1-month post-Tx) by echocardio- 

graphy. (A) Representative B-mode echocardiographic images in diastole and systole from a CPCs treated rat and a CPCs-MP treated rat. Ejection fraction (B) and fractional 

area change (FAC) (C) measured by echocardiography pre-treatment (pre-Tx) and 1-month post-treatment (1-month post-Tx) in animals treated with CPCs or with CPCs-MPs. 

Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01. 
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igher only when CPCs were administered in combination with 

he microcarriers (CPCs-MP day 5 after MI = 38.76 ± 0.91% and 

PCs-MP 1 month post-treatment = 48.2 ± 1.82% P < 0.01) 

 Fig. 2 B). Similarly, FAC improved significantly only in those an- 

mals treated with the combination of CPCs and microcarriers 

CPCs-MP day 5 after MI = 26.45 ± 1.00% and CPCs-MP 1 month 

ost-treatment = 33.93 ± 0.82% P < 0.05). In CPC treated ani- 

als, an improvement in FAC was observed, although differences 

etween pre and post-treatment were not statistically significant 

CPCs day 5 after MI = 26.43 ± 0.53% and CPCs 1 month post- 

reatment = 30.84 ± 2.09%) ( Fig. 2 C). These data suggest that only 

he combination of CPCs with microcarriers improved cardiac func- 

ion significantly. 

.5. CPCs-MPs improved adverse ventricular remodeling and 

ngiogenesis in chronic MI 

Next, the effect of CPCs-MPs on the infarct size was evalu- 

ted. Consistent with data on cardiac function, a larger area of 
400 
ealthy myocardium was found by Masson’s Trichrome ( Fig. 3 A) 

nd Sirius Red staining ( Fig. 3 B) in the CPCs-MP group. More- 

ver, infarct size was significantly smaller in animals treated with 

PCs-MPs in comparison with CPCs-alone 1-month post-treatment 

CPCs-MPs = 11.4 ± 0.5% and CPCs = 22.8 ± 2.3%, P < 0.01) 

 Fig. 3 C), whereas LV thickness of the infarcted region was signif- 

cantly greater in these animals (CPCs-MPs = 750.76 ± 64.94 μm 

nd CPCs = 648.32 ± 69.83 μm, P < 0.05) ( Fig. 3 D). 

Accordingly, collagen deposition was significantly attenuated in 

nimals treated with CPCs-MPs when compared with the CPCs 

roup 4 weeks post-implantation (CPCs-MPs = 38.4 ± 2.0% and 

PCs = 45.9 ± 2.0% P < 0.05) ( Fig. 4 A). 

POSTN is a secreted extracellular matrix component related to 

F activation in the early phase of infarct healing [35] . Recent stud- 

es have described how the ablation of POSTN-expressing CFs in 

he subacute phase of MI results in reduced fibrosis and cardiac 

unction without compromising scar stability [36] . Therefore, to 

urther assess the anti-fibrotic effect of CPCs-MPs, the area covered 

y POSTN deposition was quantified in the BZ and IZ 1-week post- 
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Fig. 3. CPCs-MPs reduced ventricular remodeling in the chronic phase of MI. (A) Representative Masson’s trichrome-stained myocardial sections 1-month after treatment 

with CPCs or CPCs-MPs. Viable myocardium is identified by red color and scar tissue by blue color. Scale bar: 50 mm. The infarcted area in the box is magnified. Scale 

bar: 200 μm. (B) Representative scans/images of the infarcted heart sections stained with Sirius Red 1 month after treatment with CPCs or CPCs-MPs. Scale bar: 1 mm. 

Quantification of infarct size (C) and left ventricle wall thickness (D) comparing animals treated with CPCs and CPCs-MP 1 month post-treatment. Results are shown as mean 

± SEM. ∗P < 0.05, ∗∗P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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reatment (5 weeks post-MI) as a measure of the area of fibrosis 

 Fig. 4 A and B). POSTN deposits in the BZ were similar for CPCs and

PCs-MPs (CPCs = 8.98 ± 1.45% vs 9.07 ± 0.88%, respectively). Re- 

arkably, POSTN deposits in the IZ showed a significant reduction 

f 30% in animals treated with CPCs-MPs compared to the CPCs- 

reated group (CPCs = 17.13 ± 1.49 vs CPCs-MPs = 11.64 ± 1.70% 

 < 0.05). These data suggest that administration of CPCs-MPs has 

n impact on the activity of activated cardiac fibroblast thus pre- 

enting adverse ventricular remodeling after chronic MI. 

Vascularization is also a key process on cardiac repair after MI 

nd therefore, the effect of CPCs-MPs on angiogenesis was next 

ssessed by quantifying the number of arterioles/arteries (alpha- 

mooth muscle actin [ α-SMA] + -coated vessels) in the heart is- 

hemic areas. One month post-treatment the density of α-SMA 

+ 

[

401 
essels in the ischemic zone was significantly greater in animals 

reated with CPCs-MPs (79.13 ± 1.83 vessels/mm 

2 ) than in those 

eceiving CPCs alone (62.74 ± 1.91 vessels/mm 

2 ) ( P < 0.001) 

 Fig. 4 C and D). Thus, an improvement on heart vascularization was 

bserved after transplantation of CPCs combined with biomimetic 

icrocarriers. 

.6. Culture of CPCs on a biomimetic environment with collagen and 

DL affects cell morphology but not EV production 

Our results on cell survival and engraftment on the ischemic 

yocardium suggest that paracrine factors are behind the ther- 

peutic effects of CPCs, as previously described for these cells 

 8 , 11 ]. Therefore, we next explored whether culture of CPCs in 
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Fig. 4. CPCs-MPs reduced the deposition of collagen and periostin (POSTN) and improved angiogenesis in the chronic phase of MI. (A) Representative images and (B) 

quantification of collagen deposition expressed as the percentage of collagen volume fraction (% CVF) from CPCs and CPCs-MP treated groups after 1 month of treatment. 

Results are shown as mean ± SEM. Scale bar 100 μm. (C) Transversal sections of the infarcted hearts of rats treated with CPCs or CPCs-MP 1 week post treatment stained 

with POSTN (in red, left). Details of deposition of POSTN in the border (BZ, middle panel) and infarct zones (IZ, right). (D) Quantification of the area (%) of deposition of 

POSTN in both groups of animals 1 week after treatment in the BZ and IZ. Data are expressed as geometric mean ± SEM. (E) Representative images of α-SMA + vessels in 

the infarct zones of animals treated with CPCs or CPCs-MP one month after treatment. (F) Quantification of α-SMA + vessel density 1-month post-treatment in the ischemic 

zone of both groups of animals. Data are expressed as mean ± SEM. ∗P < 0.05, ∗∗∗P < 0.001. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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 biomimetic microenvironment could impact the CPC-release of 

Vs (10K and 100K EVs) ( Fig. 5 A). Culture of CPCs in collagen-

DL coated flasks induced changes in morphology with CPCs form- 

ng a number of spheroid bodies in contrast to non-coated ones, 

hich grew as a monolayer ( Fig. 5 B). Next, 10K and 100K EVs
402 
solated from CPCs cultured with or without coating were char- 

cterized [29] . TEM analysis of 10K and 100K EVs confirmed the 

resence of round-shaped vesicles surrounded by a bilayer mem- 

rane with heterogeneous sizes in both conditions ( Fig. 5 C). By 

TA, the concentration of EVs related to the initial number of 
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Fig. 5. EVs derived from CPCs cultured on collagen-PDL substrates display antifibrotic effects. (A) CPCs were plated either in biomimetic collagen-PDL flasks or in non- 

coated flasks. The CPC-conditioned medium was collected at 24 h and 48 h and pooled together for EV isolation. (B) Representative images of CPCs cultured on non-coated 

flasks (left) and CPCs cultured on biomimetic flasks (right). (C) Representative TEM images of biomimetic CPC-derived 10K EVs (left) and 100K EVs (right). Scale bar 200 nm 

(10K EVs) and 100 nm (100K EVs). (D) Graphical representation of the size distribution of both 10K and 100K EVs (above). Comparison of the mean size (left) and the D90 

(right) of 10K vs 100K EVs isolated from CPCs or CPCs cultured under biomimetic conditions (below). (E) Representative western blots supporting the differences between 10K 

and 100K EVs isolated from CPCs and biomimetic CPCs for ALIX and CD63, both enriched on 100K EVs, and Calnexin, enriched in 10K EVs. (F) qPCR analysis of bFgf on mRNA 

of murine adult CFs cultured in normal conditions or in the presence of different populations of EVs (G) Wound healing assay. Quantification of wound closure percentage 

at 48 h from the initial wound area in the different groups. (H) Schematic illustration showing that 100K EVs derived from CPCs cultured on biomimetic substrates display 

antifibrotic effects. 
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substrate does not affect EV production. 
ells did not change between conditions (1.3 × 10 9 ± 11.8 × 10 7 

articles/mL) indicating that culture on biomimetic substrate did 

ot affect the concentration of EVs produced by CPCs. Interest- 

ngly, the size of the EV subpopulations produced in both culture 

onditions was very similar, ranging from 85 to 100 nm (10K EV 

ize: 100.7 ± 0.8 nm D90: 153.26 ± 2.43 nm and 100K EV size: 

7.76 ± 1.23 nm D90 127.56 ± 3.86 nm) (Biomim 10K EV size: 
403 
5.13 ± 1.2 nm D90: 138.600 ± 2.4 nm and Biomim 100K EV size: 

3.63 ± 4 nm D90 141.46 ± 5.09 nm) ( Fig. 5 D). By western blot, 

he markers ALIX and CD63 were detected in both 100K EV and 

iomimetic 100K EV-enriched populations. On the contrary, Cal- 

exin was only present on the 10K preparations ( Fig. 5 E). Alto- 

ether, these analyses suggest that culture of CPCs on a biomimetic 
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.7. EVs derived from CPCs cultured on biomimetic substrates display 

ntifibrotic effects 

To elucidate whether EVs from CPCs cultured on biomimetic 

ubstrates of collagen/PDL were actively involved in cardiac re- 

odeling, we analyzed their biological effects on primary murine 

Fs and MS1 endothelial cells. Based on our in vivo data ( Figs. 3

nd 4 ), we first investigated the expression of antifibrotic and an- 

iogenic molecules after treatment of CFs with specific subpop- 

lations of EVs (10K and 100K). In vitro 100K EVs from CPCs 

ultured under biomimetic conditions induced a significant de- 

rease in the expression of the pro-fibrotic molecule bFgf ( Fig. 5 F) 

ith no effect on the expression of other factors such as Sdf-1, 

rg1 β or Vegf- α (data not shown) [37] . Since biomimetic 100K 

Vs significantly affect bFgf expression, we then investigated if 

hey also inhibit CF growth using a scratch assay. Significant in- 

ibition of the wound closure was observed after 48 h of treat- 

ent with 100K EVs from CPCs, indicating that they were able to 

nhibit CF growth. No differences, however, were found between 

iomimetic and non-biomimetic 100K EV subpopulations (Control: 

9.93 ± 4.72%; Biomim 100K EVs: 44.33 ± 5.64% p < 0.05 vs con- 

rol; and 100K EVs: 26.6 ± 6.05% p < 0.01 vs control) ( Fig. 5 G).

hese results suggest that 100K EVs from CPCs can attenuate CF 

ctivation ( Fig. 5 H). Finally, the effect of EVs on the proliferation of

ndothelial cells was evaluated. We did not find a significant dif- 

erence in MS1 proliferation after co-culture with or without both 

ypes of EVs, suggesting no effects of EVs on MS1 cell prolifera- 

ion (data not shown). Taken together, these results highlight that 

he beneficial effect obtained in vivo could be partially mediated 

y CPC-derived EVs. 

. Discussion 

In this study, we have developed a bioengineered strategy for 

ardiac repair using biomimetic microcarriers to maximize CPC 

herapeutic properties. To demonstrate the potential of this strat- 

gy, we first show that biomimetic MPs allow for higher CPCs re- 

ention within the infarcted area in a rat model of chronic MI. In 

onsequence, cardiac function, ventricular remodeling and angio- 

enesis were greater when using CPCs-MPs. Based on these in vivo 

esults, we next turned to in vitro assays to investigate the under- 

ying mechanisms involved in this process. We demonstrate that 

Vs from CPCs are actively involved in cardiac remodeling and that 

hey display antifibrotic effects. Overall, this strategy can improve 

urrent cell therapy strategies with CPCs, offering a promising ve- 

icle to deliver CPCs to the infarcted heart. 

One of the main issues hindering the clinical translation of CPC- 

ased therapies is poor effective engraftment within the ischemic 

yocardium. Microcarriers have been established as multidisci- 

linary systems that are very useful in the bioengineering field. In 

ecent years, there has been interest in the development of cell 

imicking MPs formed with a core polymer particle containing 

tem cell-secreted factors and coated with stem cell membranes 

38] . So far, studies suggest that these synthetic particles preserve 

iable myocardium and increase cardiac function in a similar way 

o cardiac stem cell therapy [38] . This platform can be used for 

ardiac repair but also for other tissues such as liver [39] . In a dif-

erent approach, microcarriers can be used as a tool for cell ther- 

py since they have a high surface area to volume ratio which of- 

ers excellent 3D structural stability and anchoring points for in- 

ected cells [ 22 , 40 , 41 ]. Previous studies proved that microcarriers

f 60 μm with a biomimetic surface of fibronectin and PDL in- 

rease cardiac retention of adipose-derived stem cells favoring tis- 

ue integration in animal models of cardiac ischemia [ 42 , 43 ]. Sim-

larly, earlier studies by our group demonstrated the success of us- 

ng microcarriers presenting a biomimetic surface of collagen and 
404 
DL to enhance the survival of both adipose-derived stem cells 

 14 , 20 ] and human cardiomyocytes [21] in the ischemic heart. Go- 

ng a step further, here we show that microcarriers of 5 μm pre- 

enting a biomimetic surface of collagen and PDL are an excellent 

ehicle for CPC delivery and engraftment. The biomimetic coating 

f collagen/PDL may facilitate cell adhesion to the MPs, leading to 

 greater percentage of cells that survive after implantation. More- 

ver, collagen type I represents a good choice for the biomimetic 

oating given that this protein is the major component of the car- 

iac extracellular matrix [44] . Additionally, 5 μm MPs exhibit good 

njectability through percutaneous cardiac catheters [19] and excel- 

ent myocardial retention, being present in the heart tissue for up 

o 3 months post-implantation [ 25 , 45 ]. All of these aspects facili-

ate CPC contact with the damaged tissue and support their regen- 

rative role. 

The studies that report effective long-term engraftment of CPCs 

ombined with biomaterials under pathological conditions are very 

carce [ 46 , 47 ], and there are no clinical trials with CPCs using bio-

aterials at present. In particular, Gaetani et al. report the survival 

f hCPCs delivered using a 3D-printed cardiac patch of hyaluronic 

cid/gelatin in a mouse model of MI one month after transplan- 

ation [46] . Similarly, enhanced survival was also observed when 

CPCs were seeded onto IGF-1 modified self-assembling nanofiber 

ydrogel and administered in the infarcted heart in a rat MI model 

47] . Unlike previous biomaterial strategies, biomimetic microcar- 

iers can be administered more easily than cardiac patches or hy- 

rogels in the border zone using minimally invasive catheters [19] , 

hich, from a clinical perspective, supports its use as cardiac de- 

ivery vehicles. Additionally, only a few studies evaluated stem cell 

herapy during the chronic phase of MI [48–52] , and, even less 

se biomaterials [17] , which, therefore, makes the clinical transla- 

ion difficult. Following the recommendations of the European So- 

iety of Cardiology Working Group Cellular Biology of the Heart 

o improve the therapeutic application of cell-based therapies for 

ardiac regeneration and repair [53] , our therapy was assessed 

n a clinically relevant model of chronic MI. In the approach we 

escribe, CPCs-MPs were administered 4 weeks after MI, as this 

ime point represents a clinically translatable opportunity for treat- 

ng MI patients. As a consequence of the greater CPC retention 

n the infarcted myocardium, our tissue-engineered strategy im- 

roved cardiac function and significantly reduced the infarct size 

nd collagen deposition in the chronic MI model [49] , this effect 

ot being from the biomimetic MPs as we have previously demon- 

trated [21] . Moreover, relevant to the present study and consis- 

ent with the antifibrotic effects of CPCs-MPs, we found a reduc- 

ion in POSTN in the IZ of these animals. While this extracellular 

atrix protein has been related to CF activation in the early phase 

f infarct healing [35] , recent studies have associated POSTN with 

he reduction of fibrosis and the improvement in cardiac function 

hen suppressed in the sub-acute phase of MI [36] . 

Given the percentage of CPCs that survive 1 month post- 

reatment, the enhanced beneficial effects found in our study may 

e mediated by paracrine mechanisms rather than by cell en- 

raftment and differentiation into new cardiac cells/muscular mass 

 8 , 11 ]. Paracrine factors can be directly released into the extracel- 

ular space by CPCs or encapsulated in EVs, where they are packed 

nd protected by the lipid bilayer from degradation by nucleases 

nd proteinases. Supporting the idea that a paracrine mechanism 

s sufficient to observe functional effects, post-infarction adminis- 

ration of CPC-derived EVs recapitulates the beneficial effects of 

heir parental cells [13] . Moreover, the EV cargo reflects the ac- 

ivation state of parental cells [54] and they have been proposed 

s therapeutic agents or drug delivery systems in regenerative 

edicine per se, or modified to be enriched in specific molecules. 

onsequently, recent investigations report that EVs from cardiac 

tem/progenitor cells are important anti-fibrotic mediators [ 12 , 55 ]. 



E. Garbayo, A. Ruiz-Villalba, S.C. Hernandez et al. Acta Biomaterialia 126 (2021) 394–407 

O

t

G

fi

i

d

z  

a

t

r

a

a

c

r

d

N

1

T

n

i

o

c

l

P

t

c

o

w

p

r

e

o

t

t

n

a

a

e

b

i

M

r

t

r

e

f

t

D

m

a

D

T

p

U

A

a

f

R

R

H

d

b

S

s

F

C

W

S

f

R

 

 

 

 

ne example is the work by Bracco-Gartner et al. that describes 

he paracrine inhibitory effects of CPC-derived EVs on CFs using a 

elMA hydrogel loaded with human fetal CFs in a model of cardiac 

brosis [55] . Likewise, cardiosphere-derived EVs act via switch- 

ng inert fibroblasts into beneficial fibroblasts able to improve car- 

iac function when locally injected in the intramyocardial border 

one of a rat model of chronic MI [12] . To all of this must be

dded new advances in biomaterials, which underline the impor- 

ance of mimicking the native environment to achieve a better 

eparative response [56–58] . Therefore, to better understand the 

ntifibrotic mechanisms behind CPCs-MP therapy, we next isolate 

nd characterize two different subpopulations of EVs from CPCs 

ultured on biomimetic and non-biomimetic substrates. The first 

emarkable aspect is that, although 10K and 100K EVs showed 

ifferent expression of markers and biological functions on CFs, 

TA analysis showed that their size was quite similar (around 90–

00 nm) independently of the substrate used to culture the cells. 

his could indicate that CPCs secrete EVs that are very homoge- 

eous in size. Second, and perhaps the most notable implication 

s that biomimetic 100K EVs decrease significantly the expression 

f bFgf in CFs and inhibit its migration, which suggests that they 

an attenuate fibroblast function in vitro [49] . Something simi- 

ar was found in vivo , when the biomimetic CPCs-MPs decreased 

OSTN deposits by 30% and collagen content by 17% in the IZ in 

he chronic MI model, indicating that our approach may be benefi- 

ial to reverse adverse ventricular remodeling in the chronic phase 

f MI. Therefore, our data provide insights into the mechanism by 

hich CPCs adhered to a biomimetic substrate can reduce adverse 

ost-ischemic remodeling. The results of our study are specifically 

elated to the co-culture of EVs and CFs in the restricted in vitro 

nvironment. Thus, future studies warrant understanding the biol- 

gy of EVs in a more relevant MI scenario. Further elucidation of 

he cargo of biomimetic EVs would help to understand the func- 

ional differences found in vitro between 10K and 100K EVs. Fi- 

ally, the importance of using materials that provide biochemical 

nd physical signals that mimic the native cardiac environment is 

lso evidenced in our work, which may help in the design of more 

ffective tissue engineering strategies for cardiac repair. 

In conclusion, we demonstrate the possibility of using 

iomimetic microcarriers to enhance the delivery of CPCs to the 

schemic myocardium in a clinically relevant animal model of 

I. Our novel bioengineered strategy improves cardiac function, 

educes chronic cardiac remodeling and increases vasculogenesis 

hrough the paracrine signalling of CPCs, suggesting an important 

ole of EVs in the therapeutic effects of these cells. Thus, this strat- 

gy could improve current cell therapy approaches with CPCs, of- 

ering a promising vehicle to deliver cardiovascular progenitors to 

he infarcted heart. 
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