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A B S T R A C T

We produced a microstructured, electroconductive and nano-functionalized drug eluting cardiac patch (MEN
DEP) designed to attract endogenous precursor cells, favor their differentiation and counteract adverse ven
tricular remodeling in situ. MENDEP showed mechanical anisotropy and biaxial strength comparable to porcine 
myocardium, reduced impedance, controlled biodegradability, molecular recognition ability and controlled drug 
release activity. In vitro, cytocompatibility and cardioinductivity were demonstrated. Migration tests showed the 
chemoattractive capacity of the patches and conductivity assays showed unaltered cell-cell interactions and cell 
beating synchronicity. MENDEP was then epicardially implanted in a rat model of ischemia/reperfusion (I/R). 
Histological, immunofluorescence and biomarker analysis indicated that implantation did not cause damage to 
the healthy myocardium. After I/R, MENDEP recruited precursor cells into the damaged myocardium and 
triggered their differentiation towards the vascular lineage. Under the patch, the myocardial tissue appeared well 
preserved and cardiac gap junctions were correctly distributed at the level of the intercalated discs. The fibrotic 
area measured in the I/R group was partially reduced in the patch group.
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Overall, these results demonstrate that MENDEP was fully retained on the epicardial surface of the left 
ventricle over 4-week implantation period, underwent progressive vascularization, did not perturb the healthy 
myocardium and showed great potential in repairing the infarcted area.

1. Introduction

Cardiovascular disease is a global cause of morbidity and mortality 
and is often associated with myocardial infarction (MI) [1]. Adult car
diac tissue is thought to lack the ability to self-repair and regenerate 
after MI [2].

Current MI treatments, such as drugs and surgical approaches, 
greatly reduce cardiovascular morbidity and mortality [3]. However, 
the remodeling process following an acute event frequently leads to 
arrhythmias and ultimately to heart failure (HF), as those treatments do 
not restore heart structure and function [4]. In the worst conditions, a 
heart transplant represents the only option, yet it exhibits several hur
dles and a shortage of donors, thereby it cannot be widely adopted.

As a possible alternative, experimental therapies focus on using cells 
from various origins to promote myocardial regeneration by decreasing 
the extension of scar area counteracting MI-induced adverse remodeling 
of the heart [5]. However, their clinical applications for heart repair 
have several limitations: cell fragility, high cost, possible presence of 
undifferentiated cells that may become tumorigenic, immunogenicity of 
allogeneic cells, inadequate electrical and mechanical coupling, and 
above all, extremely low cell retention and engraftment [6] because of 
cell death and ‘washing away’ by the actively contracting heart [7].

The field of in vivo cardiac tissue engineering has emerged as a 
promising alternative strategy for repairing injured cardiac tissue. Car
diac patches, designed to be attached directly to the surface of the heart, 
are at the forefront of innovation in cardiac surgery [8]. The patches are 
conceived with the aim of recapitulating microstructure, mechanical 
properties and molecular signal hubs, i.e., characteristics of healthy 
native myocardium, to support damaged cardiac tissue in terms of me
chanical, cardio-protective and regenerative therapeutic functions.

Despite the promising achievements obtained by worldwide research 
groups engaged in multifunctional cardiac patches, currently, the car
diovascular patches on the market have only a mechanical function and 
are mainly made of non-biodegradable polytetrafluoroethylene (PTFE) 
or biodegradable decellularized animal tissues. The non-biodegradable, 
synthetic patches exert only mechanical support to avoid the ventricular 
wall rupture, a rare event with a high risk of mortality that can occur 
post-MI [9,10]. Decellularized, biological cardiac patches can be 
employed to repair the injured myocardial tissue and restore its func
tionality [11]. However, extracellular matrix (ECM) microarchitecture 
and composition preservation during the decellularization process is a 
problematic issue [12]. The balance between effective cell removal and 
preservation of structural, biochemical, and biomechanical properties 
remains challenging. Due to limitations in the structure’s biomimicry, 
lack of drug-elution ability and low mechanical strength, their appli
cation in a clinical setting continues to be challenging [10,12].

These features have been addressed in the design of biodegradable 
combinations of synthetic polymer/ECM [13], exhibiting significant 
improvement in heart function restoration, of synthetic polymer/
biological hydrogels [14], or bioartificial polymeric patches [15,16]. 
However, one of the most important challenges to achieving a proper 
cardio-inductive and regenerative function of cardiac patches is their 
poor electrical conductivity. Recently, the focus on the incorporation of 
conductive materials, including gold nanoparticles, carbon-based 
nanomaterials, and electroconductive polymers, was addressed [17]. 
The rationale relies on the need to reduce the impedance typical of the 
most used polymeric patches to allow the propagation of electrical sig
nals among cardiomyocytes and ultimately the proper contractility of 
the repaired tissue. Electroactive polymers, like polypyrrole or poly
aniline, have received particular attention for their intrinsic 

conductivity [17–19]. Interesting scaffolds were recently developed that 
could serve as implantable devices for the treatment and monitoring of 
cardiac disease once they will be properly implemented [20].

However, one of the main limits for the use of these electroactive 
polymers is the lack of intrinsic biodegradability, which plays a key role 
in the proper remodeling of the tissue. Amino acids and short peptides 
(n < 5) modified with the 9-fluorenylmethyloxycarbonyl (Fmoc) moiety 
have demonstrated the capacity to self-assemble into nanofibers for a 
wide range of applications [21]. Of note is the ability of these supra
molecular nanofibers to copycat the chemical and morphological pre
sentation of proteins and proteoglycans present in the ECM [22]. 
Moreover, under physiological conditions, these nanofibers can 
cross-link and generate stable hydrogels that can serve as scaffolds for 
tissue engineering and regenerative medicine [23,24]. Importantly, the 
self-assemblies of ultrashort peptides have been proven to present op
tical and electrical properties comparable to those of conventional 
inorganic semiconductor materials [25]. One of the most representative 
bioinspired self-assembling peptides is diphenylalanine (FF) and the 
introduction of the Fmoc moiety was shown to improve the semi
conductivity of the bio-assemblies making them useful for modulating 
the properties of semiconductor systems [26].

If on the one hand, acellularized scaffolds can be optimized to satisfy 
the mechanical, electroconductive and biodegradability requirements 
for correct compliance and integration with the myocardial tissue, on 
the other hand, they must have the ability to recruit in situ the proper 
endogenous cells thus eliciting regenerative processes. Several molecu
lar mediators, including vascular endothelial growth factor (VEGF), 
granulocyte-macrophage colony-stimulating factor (GM-CSF), stromal 
cell-derived factor (SDF-1), and angiopoietin-1 (Ang-1) were demon
strated to enhance the recruitment of circulating progenitor/stem cells 
and neovascularization in ischemic tissues [27,28]. Acellular scaffolds 
coupled with these biological molecules offer the potential to drive 
physiological functions [29].

However, the aforementioned mediators may not be specific for the 
myocardial repair response [30]. In this regard, particular attention was 
recently received by an important regulator of the cardiovascular sys
tem, named Apelin (and specifically by its biologically active isoform 
Apelin-13). It is an endogenous ligand that with its G protein-coupled 
receptor (Aplnr) exerts cardioprotective effects reducing myocardial 
damage and dysfunction, thus potentially playing a crucial role in tissue 
repair post-MI [31–33]. Endogenous Apelin also improves pathological 
remodeling and Ang II-mediated impairment of heart contractility in 
mice models [34]. It plays a central role in the pathways that regulate 
positive inotropic and vasodilator effects and exerts cardioprotective 
activities against I/R injury [35–38]. In addition, Apelin-13 can enhance 
the mobilization, survival, and proliferation of endogenous myocardial 
stem cells in the injured heart, thus providing a strategy to repair the 
heart and improve cardiac function [39]. Moreover, Apelin exerts other 
biological effects including inflammation reduction and angiogenesis 
promotion [40,41].

The clinical use of Apelin-13 is however limited because of the 
instability of this peptide in both in vitro and in vivo conditions [42]. 
Nanocarriers can be useful in reducing the rapid degradation of the 
peptide and its short plasma half-life. For example, a liposomal nano
carrier modified with polyethylene glycol (PEG) was used for its delivery 
into the injury site of a mouse model showing that the sustained release 
of apelin attenuates pressure overload-induced cardiac dysfunction 
[43]. The nano-functionalization includes the use of nanomaterials 
based on biodegradable polymers to modify cardiac patches as drug 
delivery systems to treat myocardial ischemia. Among biodegradable 
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polymers, polyhydroxyalkanoates (PHA) are widely studied as bio
materials due to their specific properties that make them suitable for 
tissue engineering and drug delivery [44].

One of the most severe complications in myocardial infarction is the 
left ventricular (LV) remodeling and the control of this process at the 
level of cardiac ECM is essential for therapeutic approaches in 
myocardial regeneration. Several studies have shown that following the 
infarction, an imbalance is created between matrix metalloproteases 
(MMPs) and their inhibitors, tissue inhibitors of metalloproteinases 
(TIMPs). The increase in the proteolytic activity of these enzymes fa
cilitates pathological LV remodeling and the dilation of the left ventricle 
[45].

Conventional treatments often non-specifically inhibit MMP activity, 
leading to potential off-target effects. Our approach aims to selectively 
capture excess MMP-9 using molecularly imprinted nanoparticles 
(MIPs) to restore a physiologically relevant MMP/TIMP balance without 
broadly suppressing all MMP activity, which is crucial for normal ECM 
turnover.

Our strategy builds upon prior studies demonstrating the feasibility 
of MMP-9-targeting MIPs in cardiac scaffolds [46]. Further research 
expanded on these findings, incorporating computational design, syn
thesis, and comprehensive physicochemical and biological character
ization [47], which collectively validated MMP-9 MIPs as effective, 
selective binders.

To address the aforementioned challenges, we have developed a 
multi-level implemented microstructured bioartificial acellular patch 
(MENDEP) endowed with an electroconductive biodegradable peptide 
(9-fluorenylmethoxycarbonyl-diphenylalanine, Fmoc-FF), a pleiotropic 
molecule (Apelin-13) loaded both directly and via biodegradable 
nanoparticles (NPs), and MIP nanoparticles towards Metalloproteinase- 
9 (MMP-9). We deeply analyzed the properties of this acellular, clini
cally feasible, off-the-shelf drug-releasing patch as a potential thera
peutic for cardiac repair. To evaluate its early therapeutic impact and 
biocompatibility, we conducted a 4-week in vivo study in a murine I/R- 
induced MI model. This timeframe was selected based on its relevance 
for assessing key regenerative processes, such as myocardial repair, in
flammatory response modulation, and functional recovery, while 
ensuring alignment with standard preclinical evaluation protocols for 
bioartificial cardiac scaffolds. Similar timeframes are commonly used in 
preclinical studies on cardiac patches, as reported in previous works 
[48–50]. A 4-week period allows for the assessment of short-to mid-term 
outcomes, including left ventricular remodeling, vascularization, and 
biomaterial-host interactions, before significant degradation of biode
gradable components occurs.

2. Materials and methods

2.1. Patch characterization

2.1.1. Materials and techniques
All the materials and reagents were obtained from Sigma Aldrich 

(Milan, Italy), unless otherwise specified. Dimensional and morpholog
ical analysis was performed onto gold-sputtered different types of NPs 
and patches, before and after explant, using a scanning electron mi
croscope (SEM, FEI QuantaTM 450 FEG Instrument, Hillsboro, OR, USA) 
and Stereomicroscope Leica S9i (Leica microsystem, Wetzlar, Germany). 
SEM analysis was done at 10 kV in high-vacuum mode, with manual 
aperture, 2.5 beam spot size, 12,000 and 150,000 magnification and 
horizontal field width (HFW = 34.5 μm and 2.76 μm). The samples were 
sputtered with gold to improve the quality of the analyses. μATR and FT- 
IR Chemical Imaging were conducted using a PerkinElmer Spectrum 
One FT-IR Spectrometer, equipped with a Universal ATR Sampling 
Accessory and a Spectrum Spotlight 300 F T-IR Imaging System in 
"image" mode (PerkinElmer Spotlight 300, Shelton, CT, USA). Each 
sample, covering a 1 mm × 1 mm area, was analyzed with 25 μm pixel 
resolution using a liquid nitrogen-cooled 16-pixel mercury cadmium 

telluride (MCT-A) line detector. Absorbance spectra were recorded for 
each pixel in the μATR mode in the mid-infrared region (4000–750 
cm− 1) with a spectral resolution of 4 cm− 1 over 16 scans per pixel. 
Specific sample areas were identified using an optical microscope, and 
the ATR objective collected spectra from the surface layers. The spectra 
were pre-processed using Spotlight software, including Savitzky-Golay 
smoothing (9 points). Spectral maps were analyzed to produce a corre
lation map and band absorbance ratios, assessing chemical homogene
ity. The chemical map provided an average spectrum representative of 
the sample. Band ratio analysis quantified components, and statistical 
analysis through Principal Component Analysis (PCA) evaluated 
component distribution. Spotlight software facilitated the generation 
and interpretation of chemical and correlation maps.

2.1.2. Production and characterization of molecularly imprinted 
nanoparticles vs MMP-9

By using the precipitation polymerization method, in a diluted 
condition of methacrylic acid (MAA) monomers in the presence of pol
yvinylpyrrolidone (PVP), PVP-polymethacrylic acid (PVP-PMAA) MIPs 
were synthesized according to a template polymerization mechanism. 
Briefly, MAA and PVP (Mw 20,000 Da) with 1:1 M ratio, trimethylpro
pane trimethacrylate (TRIM) as cross-linker and Matrix MMP-9 human 
recombinant (50 ng mL− 1) as template were added to PBS solution with 
pH 7.4, according to the procedure already described in our previous 
paper [47]. Non-imprinted nanoparticles (CPs) were prepared in the 
absence of MMP-9 and treated in the same way as MIPs. Finally, the 
synthesis product is removed and subjected to at least three washing 
steps to remove the unreacted monomer and the excess PVP. A binary 
solution of methanol (MeOH)/acetic acid (MeCOOH) (0.1 v/v (%) in 
bidistilled water with a 30:70 v/v ratio at 70 ◦C for 1 h and ethanol 
(EtOH)/bidistilled water 30:70 v/v for 10 min were used for template 
extraction. Analogue enzymes for selectivity tests were the human re
combinant TIMP metallopeptidase inhibitor 1 (TIMP-1) and Matrix 
Metalloproteinase 2 (MMP-2). The HPLC mobile phase consisted of 
bidistilled water and acetonitrile (ACN) purchased from Carlo Erba 
Reagenti (Turin, Italy), with an HPLC purity degree.

TGA was performed on CPs, MIPs, non-extracted NPs (MIPT) and re- 
bound (MIPR) MIPs using a TGA 6 analyzer from PerkinElmer. Small 
amounts of particles were placed into ceramic capsules and analyzed 
from 30 ◦C to 600 ◦C at a heating rate of 10 ◦C min¡1 in nitrogen flow.

HPLC (PerkinElmer Series 200) was utilized to assess the quantity of 
residual MMP-9 in the reaction batch, as well as in the extraction and 
rebinding solutions. MIPs and CPs were placed in the rebinding solution 
(10 ng of MMP-9 in 1 mL of PBS) under dynamic conditions to conduct 
rebinding tests. A column of C18-Synergy Hydro-RP (Phenomenex, Srl, 
Castel Maggiore, Bologna, Italy) was employed. Operating conditions of 
the HPLC analysis: a mobile phase of ACN/bidistilled water (07/93 v/v); 
a flow rate of 0.8 mL min− 1; an injection volume of 100 μl by auto
sampler and the UV detector set at λ = 210 nm.

The experimental data were related to two fitting curves using ki
netic models of pseudo-first order and pseudo-second order [51]. The 
expressions of two models are obtained by integrating the following 
general equation: 

dQt

dt
= kn(Qe − Qt)

n 

where Qe (μg g− 1) and Qt (μg g− 1) indicate the value of μg of enzyme 
linked by 1 g of NPs respectively at equilibrium and at time t (min); kn is 
the kinetic constant of the adsorption reaction. Pseudo-first order reac
tion, n = 1 and the kinetic constant is expressed in min− 1, pseudo-second 
order reaction, n = 2 and the kinetic constant is expressed in μg− 1g 
min− 1. By integrating the above equation and imposing that, at time t =
0, Qt = 0 and at time t = t, Qt = Qt, the following equations of the pseudo- 
first and pseudo-second order are obtained: 
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Qt =Qe
(
1 − e− k1 t)

Qt =
k2tQe

2

1 + k2tQe 

MIP selectivity vs MMP-9 was evaluated by placing MIPs into 
aqueous solutions containing TIMP-1 or MMP-2, and after ultracentri
fugation by analyzing the supernatant using HPLC to evaluate the re
sidual amounts of enzymes.

2.1.3. Production and characterization of PHB nanoparticles
20 mg of Polyhydroxybutyrate (PHB) were introduced into 1 mL of 

acetone (ACT), this mixture was added dropwise into 8 mL of Polyvinyl 
alcohol (PVA) 0.1 w/v (%), used as a surfactant, and mechanically 
stirred for 16 h at 700 rpm. The PVA excess was removed by three 
washing steps in bidistilled water followed by filtering with a 0.2 μm 
filter. The PHB NPs were obtained after drying in the oven. PHB NPs 
were loaded with (Glp1)-Apelin-13 (trifluoroacetate salt, MW 1533.8 Da, 
Cayman Chemical from Vinci-Biochem Srl, Firenze, Italy). In particular, 
3 mg of NPs with 1 mL of Apelin-13 solution 0.05 mM were left for 2 h 
under stirring at room temperature. Then, PHB NPs loaded were sepa
rated by ultracentrifugation from the Apelin-13 solution and dried under 
a hood at room temperature. SEM analysis was carried out on PHB NPs 
before and after Apelin-13 loading. An aliquot of PHB NPs loaded with 
Apelin-13 was poured directly on a microscope slide and analyzed by 
FT-IR Chemical Imaging allowing us to evaluate the presence of Apelin- 
13 in the particle aggregates.

2.1.4. Preparation and characterization of MENDEP
Poly(DL-lactide-co-glycolide) (PLGA) with a ratio of lactide to gly

colide of 50:50 and a molecular weight of 40–75 kDa, Gelatin derived 
from porcine skin, dichloromethane (DCM), ACT, and tetrahydrofuran 
(THF) were purchased from Carlo Erba Reagenti (Turin, Italy). 9-fluore
nylmethoxycarbonyl-diphenylalanine (Fmoc-FF) was provided by Bio
gelx Ltd, Scotland, UK. The external microstructured PLGA/Gelatin/ 
Fmoc-FF membranes (m-MEP), according to the predefined geometry 
in PDMS molds [15,16], were prepared starting from solutions of Gelatin 
in bidistilled water at 10 w/v (%) and of PLGA at 10 w/v (%) in DCM and 
ACT; the oligomer Fmoc-FF was previously dissolved at 0.025 w/v (%) in 
ACT portion. Gelatin solution was added to the PLGA/Fmoc-FF solution 
to have a PLGA/Gelatin ratio of 70:30 w/w. The final 
PLGA/Gelatin/Fmoc-FF blend was deposited on PDMS molds and dried 

for 24 h under a ventilated hood. Each single microstructured layer was 
gently removed from the mold. Both external layers were sterilized as 
previously described [15,16]. The intermediate layer consists of 
Fmoc-FF hydrogel loaded with Apelin-13: an aliquot of Fmoc-FF was 
dissolved in bidistilled water at pH 12 followed by sonication for 15 min 
and the addition of a volume of HCl such as to adjust the pH of the so
lution up to 7.5–8.5. The resulting gel, at a final concentration of 10 mM, 
was kept in the fridge for 24 h. A predefined volume of 0.05 mM of 
Apelin-13 solution was introduced into the hydrogel. To form the final 
structure of the patch, 1 mL of hydrogel, loaded with Apelin-13, was 
deposited on the membrane from the non-microstructured side, and 
subsequently, a second membrane was placed over the hydrogel, 
exposing its microstructured side to the outside. The assembly (MEDEP) 
was performed by fixing the edges of the patch using a system with sharp 
blades (specially designed with variable dimensions), preheated to allow 
for simultaneous cutting and welding. The MMP-9-MIPs and PHB NPs 
loaded with Apelin-13 were both dispersed in a mixture of water/
ethanol (30:70 v/v), sonicated and sprayed onto the patch on both 
microstructured sides until reaching a deposition density of about 10 μg 
per cm2 and 3.4 μg per cm2, respectively. A schematic of the Micro
structured Electroconductive Nano-functionalized Drug Eluting Patch 
(MENDEP) is reported in Fig. 1. Additional control samples were pre
pared and used for the in vitro tests, as summarized in Table 1.

Dynamic mechanical analysis was performed by DMA (DMA8000, 
PerkinElmer, USA), using strain scan analysis by applying a sinusoidal 
deformation at 1, 2, and 3 Hz frequencies (n = 6). Storage modulus (E′), 
loss modulus (E’’) and loss factor (tanδ) for MENDEP were evaluated in 
dry and wet conditions at 37 ◦C, applying the strain in parallel and 
perpendicular directions. DMA analysis was also carried out on samples 
left to degrade in PBS for 4 and 7 days at 1 Hz frequency.

Tensile tests, suture tests and burst strength tests were performed by 
INSTRON (model 5500R-1185,825, Norwood, MA, USA) equipped with 
a 100 N load cell (n = 6). The samples subjected to tensile and suture 
tests were tested in dry and wet conditions (after 25 min in PBS), both in 
the longitudinal and transverse direction. Tensile tests were carried out 
on patch specimens (28 mm × 8 mm × 1 mm) with a constant defor
mation of 10 mm min− 1, sampling time every 10 ms. Suture resistance 
tests were performed using ISO 7198:2017 for cardiovascular implants. 
This test was carried out on patch specimens (20 mm × 8 mm × 1 mm); 
the suture point using silk thread (Ethicon Inc. 3-0) was inserted 2 mm 
from the end of the patch, and the suture was held by the upper clamp 

Fig. 1. Schematics of the Microstructured Electroconductive Nano-functionalized Drug Eluting Patch (MENDEP). The patch is designed to include two external 
microstructured and bioartificial polymeric membranes (PLGA/Gelatin) to provide a biomimetic and biodegradable interface for cardiac tissue growth and a semi- 
conductive peptide (Fmoc-FF) to enhance patch electroconductivity. The incorporation of Fmoc-FF into the external membranes and of a Fmoc-FF hydrogel as an 
internal layer enables the electromechanical coupling with the surrounding cardiac microenvironment. The Fmoc-FF hydrogel is loaded with Apelin-13 that may 
promote a large set of biological activities including stem cell recruitment, cardioinductivity, cardioprotection, and antifibrotic effect. Deposition on the external 
surfaces of the patch of PHB NPs loaded with Apelin-13 enables control over the release of the drug and favors its protection against degradation by endo-proteases. A 
second class of NPs deposited onto the external surfaces, MIPs imprinted towards MMP-9, are designed to reduce the left ventricular remodeling.
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and subjected to uniaxial tensile test. The raw force-displacement data 
were converted to force-strain. The deformation was calculated as fol
lows: ε = ΔL⋅L0

− 1, where L0 is the initial length, i.e., the distance between 
the lower clamp and the suture point, while ΔL is the displacement of the 
upper clamp. The ISO specifies that the maximum force must be greater 
than the minimum one specified by the manufacturer.

The burst resistance test was performed to simulate the biaxial forces 
to which the patch is subjected in vivo and to determine its resistance 
when subjected to significant load conditions. A specific test apparatus 
was designed using Solidworks 3D CAD software, consisting of a probe 
able to perforate the sample held in position by the ring in the support 
base. Compression tests were performed fixing the apparatus to INS
TRON using 16 mm diameter samples. The probe displacement speed 
was set to 50 mm min ¡1 (ISO 7198:2017) and the sampling time was 
every 2 ms (Figures S1G, H and I).

Degradation tests were performed on MENDEP in PBS pH 7.4 at 
37 ◦C to evaluate degradation kinetics in terms of both weight loss over 
time and variation over time of the weight averaged (Mw) and numeral 
(Mn) molecular weight. Gel permeation chromatography (GPC, Perki
nElmer, USA) analysis was carried out to evaluate the molecular weight 
decrease of patch specimens. For GPC analysis, a PerkinElmer pump, 
equipped with a ResiPore (Agilent Technologies, USA) column, using UV 
and RI detectors, was used. Operating conditions of the GPC analysis: a 
mobile phase of THF; a flow rate of 1 mL min− 1; injection volume 100 μl; 
and the UV detector set at λ = 245 nm; room temperature; calibration 
curve obtained with polystyrene narrow standards.

Conductivity analysis was carried out to study the patch properties, 
using an impedance spectrometer (Alpha analyser, Novocontrol GmbH, 
Darmstadt, Germany). Samples of patches (0.9 cm diameter) with Fmoc- 
FF (MENDEP), without Fmoc-FF (MNDEP), MP and m-MP as controls, 
were surrounded by a Teflon ring and covered by two metallic plates to 
contain the pre-swelled samples in bidistilled water for 30 min, and to 
maintain the thickness of the sample constant during the test. Electrical 
impedance was measured as a function of frequency in a broad fre
quency range, including frequencies from 0.1 to 100 Hz that are the 
most relevant for the intended application. Measurements were repeated 
at least twice to check stability of the system.

Release tests of Apelin-13 from MENDEP were conducted in PBS at 
37 ◦C under constant stirring and were performed by HPLC (Perki
nElmer Series 200), equipped by an Aeris 3.6 μm WIDEPORE XB-C8 
column (Phenomenex, S.r.l., Italy). Operating conditions of the HPLC 
analysis: a mobile phase of ACN/bidistilled water (80/20 v/v); a flow 
rate of 1 mL min− 1; an injection volume of 100 μl by autosampler and 
the UV detector set at λ = 215 nm.

2.2. In vitro biological assays

2.2.1. Cell culture
H9C2 cardiomyoblasts and human mesenchymal stem cells (hMSCs), 

isolated from the bone marrow of healthy donors, were commercially 
purchased from the American Type Culture Collection (ATCC, Manassas, 
VA, USA) and cultured in low glucose DMEM supplemented with 1 % 
sodium pyruvate, 1 % nonessential amino acids, 1 % kanamycin, 1 % L- 
glutamine, and 10 % FBS (all from Sigma-Aldrich, Milan, Italy), and kept 
in an atmosphere of 5 % CO2, 95 % air at 37 ◦C in a humidified incu
bator. Cells were expanded at a seeding density of 3.5 × 104 cells per 
cm2 and subcultured twice a week.

The isolation and characterization of rat cardiac resident non- 
myocyte cells (rNMCs) were carried out using a previously established 
method [52]. The rNMCs were obtained from male Wistar rat hearts and 
cultured in α-MEM (Sigma-Aldrich, Milan, Italy) supplemented with 2 
mmol l¡1 L-glutamine, 100 U mL¡1 penicillin, 100 μg mL¡1 strepto
mycin and 0.5 % or 10 % FBS. The cells were incubated at 37 ◦C in a 
humidified atmosphere of 5 % CO2 and 95 % air and utilized for the 
experiments during passage 1–2.

The Cardiomyocytes derived from Human induced Pluripotent Stem 
Cells (hiPSC-CMs) were obtained from PluriCell Biotech (now LizarBio, 
Campinas, Brazil). These cells were cultured in RPMI medium (Gibco 
provided by ThermoFisher Scientific, Monza, Italy) supplemented with 
1X B27, 1 % kanamycin and 10 μM rock inhibitor (Sigma-Aldrich, Milan, 
Italy). The hiPSC-CMs were kept in a humidified incubator with 5 % CO2 
and 95 % air, at 37 ◦C. Depending on the experimental requirements, the 
cells were cultured on glass coverslips, on patches or in 96 wells flat 
bottom plates previously coated with Fibronectin (50 μg mL¡1, Sigma- 
Aldrich, Milan, Italy) to facilitate cell adhesion. hiPSC-CMs beating 
was recorded by using the inverted microscope Motic AE 2000 and 
elaborated with Motic Images Plus 3.4 Software (Motic, Richmond, BC, 
Canada). Cell sheets were produced using temperature-responsive cul
ture dishes (Thermo Scientific Nunc UpCell Surface, Monza, Italy). 2.5 
× 105 (about 30 %) H9C2 cells and 5.5 × 105 (about 70 %) rNMCs were 
resuspended in 500 μL of complete α-MEM and seeded in 48 well UpCell 
plates. After 24 h, UpCell plates were placed at 20 ◦C (room tempera
ture) and after 15 min cells were detached as cell sheets. Cell sheets were 
collected and placed on the surface of MENDEPs (0.38 cm2) in 24-well 
plates.

The THP-1 human monocytic leukemia cell line was purchased from 
ATCC (Manassas, VA, USA) and cultured in RPMI medium (Gibco, Grand 
Island, NY, USA) supplemented with 10 % FBS, 1 % kanamycin (Sigma- 
Aldrich, Milan, Italy), and 0.05 mM 2-mercaptoethanol (Gibco, 
#21985023). The cells were kept in an atmosphere of 5 % CO2, 95 % air 
at 37 ◦C in a humidified incubator.

2.2.2. Cytocompatibility and skin sensitizing potential tests
Cytocompatibility analysis of PHB and MIPs, covering a broad range 

of doses, was carried out using Propidium Iodide (PI) Flow Cytometry 
assay and H9C2 cells. The cells were seeded in 24-well plates, with 5 ×
104, 4 × 104, and 2.5 × 104 cells per well for three different exposure 
periods (24, 48, and 72 h). Negative controls were cells seeded alone. 24 
h after seeding, each well’s culture medium was removed and replaced 
with 800 μl of fresh culture medium and 200 μl of sterile PHB and MIP 
with various final concentrations (0.64, 6.4, 12.8 and 64 mg mL¡1).

For scaffold cytocompatibility analysis, H9C2 cells (3 × 104 cells) 
and hMSCs (2 × 104 cells) were cultured with MENDEP, and negative 

Table 1 
Explanation of the acronyms of the various patches and controls considered in 
this work.

m-PLGA Single microstructured membrane of PLGA

m-MP Single membrane of Microstructured Patch (PLGA/Gelatin)
MP Microstructured Patch: 

PLGA/Gelatin bilayer with an intermediate layer of Gelatin 
hydrogel

MEP Microstructured Electroconductive Patch: 
PLGA/Gelatin/Fmoc-FF bilayer with an intermediate layer of Fmoc- 
FF hydrogel

MEP + Ape- 
NPs

Microstructured Electroconductive Patch þ Apelin-NanoParticles: 
PLGA/Gelatin/Fmoc-FF bilayer with an intermediate layer of Fmoc- 
FF hydrogel + PHB nanoparticles loaded with Apelin-13

MEP + MIPs Microstructured Electroconductive Patch þMolecularly Imprinted 
Particles: 
PLGA/Gelatin/Fmoc-FF bilayer with an intermediate layer of Fmoc- 
FF hydrogel + MIPs vs MMP-9

MEDEP Microstructured Electroconductive Drug Eluting Patch: 
PLGA/Gelatin/Fmoc-FF bilayer with an intermediate layer of Fmoc- 
FF/Apelin-13 hydrogel + PHB nanoparticles loaded with Apelin-13 
+ MIPs vs MMP-9

MNDEP Microstructured Nano-functionalized Drug Eluting Patch: 
PLGA/Gelatin bilayer with an intermediate layer of Gelatin/Apelin- 
13 hydrogel + PHB nanoparticles loaded with Apelin-13 + MIPs vs 
MMP-9

MENDEP Microstructured Electroconductive Nano-functionalized Drug 
Eluting Patch: 
PLGA/Gelatin/Fmoc-FF bilayer with an intermediate layer of Fmoc- 
FF/Apelin-13 hydrogel + PHB nanoparticles loaded with Apelin-13 
+ MIPs vs MMP-9
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control cells were seeded alone. Following 24, 48, and 72 h of culture, 
cells were detached with Trypsin-0.2 % EDTA, resuspended in 500 μl of 
cold 1X PBS (Sigma-Aldrich, Milan, Italy), and transferred into falcon 
tubes for flow cytometry analysis. Then, 10 μl of PI (1:20 in bidistilled 
water, Sigma-Aldrich, Milan, Italy) were added, and after 5 min, cell 
viability was investigated with CyAN ADP flow cytometer (Beckman 
Coulter, Brea, CA, USA) and analyzed by Summit 4.3 software. The 
experiments were conducted twice, with triplicates for each condition.

A human cell line activation test (h-CLAT) was carried out to assess 
the skin sensitizing potential of MENDEP by evaluating the expression 
levels of CD54 and CD86 membrane markers in the THP-1 human 
monocytic leukemia cell line, according to OECD 442E and EURL 
–ECVAM protocol. THP-1 cells were seeded in 96-well plates at 1 × 105 

cells mL¡1 and exposed for 24h to MENDEP eluate, obtained by incu
bating the solid patch overnight at 37 ◦C in culture medium. The eluate 
was serially diluted, with final test concentrations ranging from 39.1 to 
6001.8 μg mL¡1. Culture medium was used as a negative control, while 
the contact sensitizing agent 2,4-Dinitrochlorobenzene (DNCB, 4 μg 
mL¡1 from Sigma-Aldrich Srl, Milan, Italy) served as a positive control. 
After incubation, cells were washed, resuspended in FACS buffer, 
blocked with γ-globulins (Sigma-Aldrich Srl, Milan, Italy), and then 
stained with fluorescent antibodies against CD86 and CD54 (Bio
Sciences, Milan, Italy) or IgG1 isotype controls (Sigma-Aldrich Srl, 
Milan, Italy). PI staining assessed cell viability, and flow cytometry 
measured CD86 and CD54 expression. The Relative Fluorescence In
tensity (RFI) was calculated on the geometric mean fluorescence in
tensity (MFI) as indicated by the formula: 

RFI=
(

MFIchemicaltreatedcells − MFIchemicaltreatedisotypecontrol
MFI solventtreatedcells − MFIsolventisotypecontrol

)

x100 

Cut-off for positivity were adapted from h-CLAT criteria (CD86 ≥
150 % and/or CD54 ≥ 200 %).

A substance is classified as a sensitizer if two independent runs show 
positive upregulation of CD54 and/or CD86, since their increasing 
expression level on monocytes is a signal of activation of immune 
response.

2.2.3. Cell migration assay
rNMCs and hMSCs were seeded on polyethylene terephthalate (PET) 

membranes of 24-well BD Falcon culture inserts (6.5 mm diameter of 
insert, 8.0 μm pore size of membrane Falcon by Corning, New York, NY, 
USA) at the final density of 5 × 104 cell per cm2 and 1 × 104 cell per cm2, 
respectively, in DMEM supplemented with 0.5 % FBS. Fibronectin 
(Sigma-Aldrich Srl, Milan, Italy) 50 μg mL¡1 coating on membranes was 
performed by incubating the inserts for 2h at 37 ◦C in a humidified 5 % 
CO2 atmosphere. Inserts were placed in 24 well plates, and the lower 
chambers of 24-well systems were filled with 600 μL of DMEM 0.5 % FBS 
(negative control), DMEM 0.5 % FBS with (Glp1)-Apelin-13 (Cayman 
Chemical from Vinci-Biochem Srl, Firenze, Italy) 100 nM (soluble fac
tor), and DMEM 0.5 % with different patches (MEP + Ape-NPs, MEP +
MIPs, MEDEP and MENDEP). The multiwells containing the cell culture 
inserts were incubated at 37 ◦C in a humidified 5 % CO2 atmosphere and 
migration assays were carried out for 24h. Afterwards, culture inserts 
were rinsed with PBS and cells attached to the upper side of the mem
brane were mechanically removed by a cotton-tipped applicator. Cells 
that migrated to the lower side of the membrane were fixed by treating 
with 2.5 % glutaraldehyde for 30 min at RT and stained with 2 % crystal 
violet for 1h at RT. For each insert, five random fields were acquired 
with an inverted microscope Motic AE 2000 (Motic, Richmond, BC, 
Canada). Finally, the cells were counted by ImageJ ® software (USA, 
http://rsb.info.nih.gov/ij/) and the total number of migrated cells per 
membrane was calculated.

2.2.4. Seeding and culture of cells on MENDEPs
Depending on the experiments, between 5 × 103 and 20 × 103 cells 

were resuspended in 50 μl of complete α-Minimum Essential Medium 
(MEM) or DMEM or RPMI supplemented with 10 % fetal bovine serum 
(FBS, Euroclone, Milan, Italy) and seeded in drops on the surface of 
MENDEPs placed in 24-well plates. After 3 h necessary for cell adhesion, 
500 μl of complete medium were added to cover the scaffolds and then 
samples were kept in an atmosphere of 5 % CO2, and 95 % air at 37 ◦C in 
a humidified incubator. Cells seeded on the scaffolds were maintained in 
culture for 1–4 weeks and the medium was replaced every 2 days. For 2D 
control condition, between 1.5 × 103 cells per cm2 and 4 × 103 cells per 
cm2 were seeded and harvested at 80 % confluence.

2.2.5. Cell morphology and alignment analysis
For immunofluorescence analysis of cell morphology, cytoskeletal 

organization and colonization of MENDEPs, cellularized scaffolds were 
processed at room temperature. Briefly, samples were washed twice 
with PBS and subsequently fixed with 4 % paraformaldehyde (PAF, 
Sigma-Aldrich, Milan, Italy) for 30 min, before permeabilizing with 0.1 
% Triton X-100 for 15 min and blocking with 6 % bovine serum albumin 
(BSA, Sigma-Aldrich, Milan, Italy) and 2.5 % normal goat serum (NGS, 
Sigma-Aldrich, Milan, Italy) for 1 h. Actin filaments were then stained 
with an anti-Vinculin antibody for 2 h at RT (1:400, V9131, Sigma- 
Aldrich, Milan, Italy) followed by an Alexa Fluor 488 for 1 h at RT 
(1:400, A11070, Invitrogen, Thermo Fisher, Monza, Italy) as secondary 
antibody and with Tritc-phalloidin 1:200 for 2 h at RT (Sigma-Aldrich, 
Milan, Italy). Nuclei were counterstained with 4′-6-Diamidino-2-phe
nylindole (DAPI) (1:2500, Sigma-Aldrich, Milan, Italy) for 30 min. After 
mounting on glass slides with Mowiol aqueous solution (Calbiochem, 
San Diego, CA, USA), cellularized scaffolds were analyzed by confocal 
microscopy (TCS-SPE, Leica Microsystem, Wetzar, Germany).

Cell alignment and elongation were evaluated with Calcein-AM 
(Sigma-Aldrich, Milan, Italy), a cell-permeant molecule, which is 
cleaved by intracellular esterases to produce a green fluorescent dye that 
is retained in the cytosol of living cells. Cellularized scaffolds were 
stained with 2 μmol l¡1 Calcein-AM for 30 min at 37 ◦C and then 
analyzed by confocal microscopy (Carl Zeiss Laser Scanning System LSM 
510, Oberkochen, Germany). The staining was repeated on the same 
scaffolds at 1, 4, 8, 12 and 15 days of culture.

3D reconstructions were obtained with Zen 3.4 Blue Edition (Carl 
Zeiss Laser Scanning System LSM 510, Oberkochen, Germany).

2.2.6. RNA extraction, cDNA synthesis, qPCR, ddPCR
Cellularized patches (MEP + Ape-NPs, MEP + MIPs and MENDEP) 

were dissolved in TRIzol reagent (Thermo Fisher Scientific, Monza, 
Italy) and total RNA (totRNA) was extracted according to the manu
facturer’s instructions. Genomic DNA contaminations were removed by 
DnaseI treatment (Sigma-Aldrich Srl, Milan, Italy) and RNA was quan
tified with NanoDrop™ ND-1000 spectrophotometer (Euroclone, Milan, 
Italy). One microgram of totRNA was retrotranscribed with random 
hexamer primers and Multiscribe Reverse Transcriptase contained in the 
High-Capacity Reverse Transcription Kit (Thermo Fisher Scientific, 
Monza, Italy) following the manufacturer’s suggestions.

Expression levels of target genes and reference genes were evaluated 
with SYBER green technology on an ABI PRISM 7500 Fast Real-Time 
PCR system (Thermo Fisher Scientific, Monza, Italy) using 25 ng of 
cDNA template and 150 μM of each primer (listed in Table S3). Melting 
curve analysis was performed for all amplicons. For each target gene, 
fold change in expression levels between cellularized scaffolds and 2D 
control culture was evaluated with the 2− ΔΔCt method using either UBC 
or Polr2A as a reference gene and matched 2D control culture as 
calibrators.

The comparison between MENDEP and patches with single func
tionalization was performed by using ddPCR™. Each sample was par
titioned into ~20,000 droplets by a droplet generator (QX200™ Droplet 
Generator, Bio-Rad, Hercules, CA, USA) and each droplet was amplified 
by using ddPCR™ Supermix Evagreen (Bio-Rad, Hercules, CA, USA) and 
the thermal cycling conditions suggested by the manufacturer. Primers 
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were used at a final concentration of 100 nM. After the amplification, 
each sample was loaded onto the QX200™ Droplet Reader (Bio-Rad, 
Hercules, CA, USA), and ddPCR data were analyzed with QX Manager™ 
analysis software (version 2.0, Bio-Rad, Hercules, CA, USA). The target 
concentration in each sample was expressed and normalized as a per
centage of gene/UBC (Gene Ratio); the differential expression was 
evaluated relative to 2D control culture and expressed as base 2 log of 
fold change (log2(Gene Ratio[conc x]/Gene Ratio[ctrl])).

2.2.7. Calcium imaging
After 24 h, hiPSC-CMs cultured on MENDEP were loaded with 5 μM 

Fura-2AM ratiometric calcium probe (Invitrogen, Carlsbad, CA, USA) for 
30 min in incubator (37 ◦C; 5 % CO2) and fluorescence was acquired by 
Nikon Eclipse TE-2000S (Minato, Tokyo, Japan) inverted microscope and 
Metafluor Imaging System (Molecular Devices, Sunnyvale, CA, USA). The 
samples were excited at 340 nm and 380 nm alternatively, and the 
intracellular calcium concentration ([Ca2+]i) was expressed as a ratio (R) 
of the fluorescence at 510 nm corresponding to the two excitation 
wavelengths. For each condition, at least three independent experiments 
were performed, selecting at least 20 regions of interest (ROIs) per 
experiment. In each run, images were background-subtracted and ac
quired every 500 ms for at least 15 min. The first 750 s of each time course 
were then analyzed using a homemade GNU Octave/MATLAB script for 
the quantitative characterization of calcium dynamics. Specifically, for 
each experiment, the mean value of basal calcium levels (field-averaged 
basal [Ca2+]i)was assessed. To address the oscillatory component of the 
signals, spike amplitude was then taken into account in terms of both per- 
experiment mean value and intercellular variability. Finally, the time- 
averaged [Ca2+]i spiking rate was evaluated for each experiment. These 
four quantitative descriptors were separately used to statistically compare 
calcium signals from hiPSC-CMs cultured on MEP + Ape-NPs and MEN
DEP with those from the same cells in control conditions. Algorithmic 
details can be found on the GitHub Gist public repository at gist.github. 
com/Feat-FeAR/ceedb42bd27d67601afe681cd0dea43c, where the GNU 
Octave/MATLAB code can be inspected and downloaded.

2.3. Experimental design and in vivo validation

2.3.1. I/R animal model
The in vivo experimental activity on the rat animal model was per

formed at the Centro di Biomedicina Sperimentale (CBS), Research Area 
of the CNR (Pisa, Italy), after authorization no. 536/2020-PR on May 27, 
2020 delivered by the Experimental Animal Ethics Committee of the 
Italian Ministry of Health. 32 male Wistar rats (4 months of age; 
260–426 g of body weight) were used, randomly divided into four main 
experimental groups: Sham (S): control group, thoracotomy without 
ligation of the left anterior descendent coronary artery (LAD); Sham +
Patch: thoracotomy without ligation of LAD and positioning of the 
patch; I/R, thoracotomy and LAD occlusion for 30 min without any 
treatment; I/R + P: thoracotomy and LAD occlusion for 30 min and 
patch placement after 10 min from occlusion.

To perform the surgical intervention, each animal was subjected to 
the following treatments in sequential order: general anesthesia (Zole
til® 40 mg kg¡1, Xylazine 7.5 mg kg¡1) preventive analgesic therapy 
(Carprofen 5 mg kg¡1), orotracheal intubation and placement of 4 plate 
electrodes at the extremity of each limb for electrocardiographic 
monitoring.

With the animal in dorsal decubitus, after shaving the left hemi
thorax and cleansing with betadine and neoxidine, the left thoracic 
cavity was opened with an incision of the muscles at the level of the 5th 
intercostal space after which the animal was connected to the respirator 
(tidal volume of 8 mL kg¡1, respiratory rate of 90) and maintained in 
mechanical respiration until the end of the surgical procedure.

After opening the pericardial sac and instilling lidocaine on the 
epicardium, a suture (Vicryl 5/0) was passed through the epicardium 
layer around the LAD about 2–3 mm from its origin. LAD was occluded 

for 30 min (period of ischemia) by tying a loop, then the knot around the 
vessel was opened and unrestrained reperfusion was allowed. The Sham 
group underwent all surgical procedures except for the occlusion of the 
LAD.

In the Sham + P and I/R + P (after 10 min of occlusion) groups, the 
patch, previously hydrated with sterile physiological solution, was su
tured at the center with a single stitch (Vicryl 5/0) on LV wall in cor
respondence with the infarcted area.

At the end of the 30 min, the chest was closed, under suction, with 
detached sutures of Prolene 3/0 for the muscular part and Vicryl 2/0 for 
the skin. The animal was progressively weaned from mechanical 
ventilation and when in spontaneous breathing positioned on a heated 
mattress until complete recovery and then repositioned in its own cage. 
Antibiotic therapy (Baytril® 2.5 % oral sol) was maintained for one 
week, while analgesic therapy (acetylsalicylic acid drops 100 mg kg¡1) 
for three days or until needed.

2.3.2. Electrocardiographic monitoring and magnetic resonance imaging
During the surgery, the electrocardiographic signal in the three 

standard leads D1-D2-D3 was recorded on paper at the following time 
points: T0, after intubation and positioning in dorsal decubitus; T1, after 
the passage of the thread incorporating the LAD with and without 
ischemia; T2, after applying the Patch where required; T3, after removal 
of the thread (reperfusion where foreseen); T4, after surgical closure of 
the thorax.

During the post-operative phase (7, 14, 21 and 30 days), electro
cardiographic examinations were performed after gas anesthesia (iso
flurane 1–2 % in 100 % oxygen) through a mask and in spontaneous 
breath every week until sacrifice.

Cardiac magnetic resonance imaging (cMRI) was performed at 1 and 
4 weeks after surgery, on a reduced number of animals. The examination 
was performed following general intraperitoneal anesthesia (Zoletil® 
40 mg/kg, Xylazine 7.5 mg/kg) and cannulation of the caudal vein. 
cMRI was performed to visualize the beating heart and to evaluate the 
structural/functional parameters, including the ejection fraction and 
stroke volume.

2.3.3. Explant
Last, animals were euthanized and the specimens, along with the 

adjacent tissues, were collected for further examination. Blinded ana
lyses were always performed. The explant was performed with a beating 
heart with the animal under terminal anesthesia.

The harvested hearts were washed in ice-cold saline solution and 
then, they were dissected to obtain two cups of the ventricles through a 
short axis midplane cut. In some animals implanted with patches, of 
both I/R and Sham groups, the patch was left in situ, while in other rats 
the patch was removed and frozen for SEM and FT-IR chemical imaging 
analyses. For all the hearts, half cup tissue, containing the apex, was 
immediately soaked in RNA later solution for the subsequent biomole
cular analyses. The half cup containing the base was fixed in 10 % 
buffered formalin for 48–72 h for histopathological analyses. Samples 
were then dehydrated through graded alcohol series, cleared in xylene 
and embedded in paraffin wax (melting point 56 ◦C). Serial sections of 5 
μm were cut, placed on slides and heated at 40 ◦C overnight.

2.3.4. Molecular analysis of explants
Cardiac tissue harvested by the border, remote and infarct zones was 

homogenized as described in a previous study of ours [53]. Briefly, they 
were homogenized with a guanidinium thiocyanate-phenol solution 
(Qiazol® Qiagen S.p.A, Milan, Italy) and RNA was purified using a 
dedicated assay (miRneasy Mini kit, Qiagen, Milan, Italy). High-quality 
RNA was eluted in 80 μl volume of RNase-free water; all RNA samples 
were stored at − 80 ◦C after integrity, purity and concentration evalua
tion. First-strand cDNA was synthesized with an iScript cDNA Synthesis 
kit (Bio-Rad, Hercules, CA, USA) and the cDNA samples obtained were 
placed on ice and stored at 4 ◦C until further use.
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Real-time PCR analysis was performed in duplicate in the Bio-Rad 
C1000™ thermal cycler (CFX-96 Real-Time PCR detection systems, 
Bio-Rad Laboratories Inc., Hercules, CA, USA). using a fluorogenic DNA 
binding dye, EvaGreen (Bio-Rad Laboratories Inc., Hercules, CA).

Multiple inter-run calibrators were always used to allow comparison 
of Ct values obtained in different runs. The primers for both housekeeping 
and target genes were designed with a specific software Beacon 
Designer® (version 8.1; Premier Biosoft International, Palo Alto, CA) with 
reference to nucleotide sequences included in the NCBI database GenBank 
(http://www.ncbi.nlm.nih.gov/Genbank/index.html) (Table S3) and 
synthesized by Sigma-Aldrich (Milan, Italy). Moreover, to provide greater 
transparency of our results between research laboratories, this study was 
carried out to conform to the Minimum Information for Publication of 
Quantitative Real-Time PCR Experiments [54]. Relative quantification of 
each target gene studied for the molecular analysis of explants was 
calculated by the 2–ΔΔCt method with dedicated software (CFX Manager 
Software Bio-Rad). When expression values were not normally distrib
uted, the logarithmic transformation of data was used for statistical 
analysis.

2.3.5. Histology, immunohistochemistry and immunofluorescence 
examination

The heart sections were deparaffinized in xylene, rehydrated in an 
ethanol series and then processed for either histological or immunoflu
orescence experiments. Some sections were stained with either haema
toxylin and eosin (H&E) or Ionized calcium-binding adaptor molecule 1 
(anti-Iba1, 1:1000; 019–19741, Wako Chemicals USA) to evaluate car
diac tissue morphology and inflammatory infiltration. In parallel, Mas
son and Mallory’s Trichrome (MT) staining for fibrosis and foreign body 
reaction assessment were performed on other sections. Slides were 
dehydrated in ethanol series, cleared with xylene and cover-slipped with 
Permount. Stained sections were analyzed using light microscopy 
(Olympus, Tokyo, Japan) at 10–40X magnifications and equipped with a 
digital RGB video camera (Olympus DP 20, Tokyo, Japan) to capture the 
digital format of images. For anti-Iba1, antigen retrieval was performed 
with Discovery CC2 (Ventana Medical Systems Inc.) at 98 ◦C for 80 min. 
Slides were incubated with the primary antibody for 1 h RT, then 
detection was performed with Discovery Omnimap anti-rabbit HRP and 
ChromoMap-DAB (Ventana Medical Systems Inc.).

For immunofluorescent analysis, after deparaffinization and rehy
dration, permeabilization in 0.15 % Triton X-100 and blocking of non- 
specific binding sites incubating samples with 6 % BSA and 3 % NGS 
were performed. Tissue sections were then incubated with primary an
tibodies directed against anti-TnC (1:30, sc-48347, Santa Cruz, Ger
many), anti-Cx43 (1:100, C6219, Sigma-Aldrich, Milan, Italy), anti- 
smooth muscle α-actin (α-SMA) (1:50, ab5694, Abcam, Cambridge, 
UK), anti-von Willebrand factor (vWF) (1:50, 27186-1-AP, Proteintech, 
Manchester, UK), anti-c-Kit (1:50, 18696-1-AP, Proteintech, Man
chester, UK), anti-GATA-4 (1:50, bs-1778R, Bioss, Woburn, USA), anti- 
CD68 (1:100, MA5-13324, Invitrogen, Thermo Fisher, Monza, Italy) 
anti-CD80 (1:100, PA5-79001, Invitrogen, Thermo Fisher, Monza, Italy) 
and anti-CD163 (1:100, MA516658, Invitrogen, Thermo Fisher, Monza, 
Italy) O/N at 4 ◦C, and with secondary antibodies conjugated to 
phycoerythrin (1:200, sc-3738, Santa Cruz, Heidelberg, Germany), 
Alexa Fluor 488 (1:200, A11070, Invitrogen, Thermo Fisher, Monza, 
Italy or 1:200, IS-20246, Immunological Sciences, Rome, Italy) or Alexa 
Fluor 647 (1:200, A21242, Invitrogen, Thermo Fisher, Monza, Italy) for 
2 h at RT. Samples were then washed in PBS, and total nuclei were 
counterstained using DAPI (1:2500, Sigma-Aldrich, Milan, Italy) nuclear 
dye for 30 min. Samples were stored at 4 ◦C in the dark and imaged using 
a laser scanning confocal microscope (LSM510, Carl Zeiss, Oberkochen, 
Germany).

For TnC and Cx43 assessment, the quantification of fluorescent sig
nals was performed in three fields for each slice (1 slice for each animal). 
The fields were acquired in the subepicardial region of the left ventricle 
for all groups, in particular under the patch for the I/R + P and Sham + P 

groups, or in the infarcted area for the I/R group. The images were ac
quired with the Z-stack option (10 slices at 10X, z-spacing of 40.5 μm, 16 
bit, 1024 × 1024 resolution). The intensity of fluorescence was 
measured with ZEN 2.5 blue edition software (Carl Zeiss Microscopy 
GmbH, Oberkochen, Germany) and normalized with DAPI [55]. For 
blood vessel quantification five fields for each slice were captured at 10X 
in the left ventricle as previously indicated. Tubular structures positive 
for α-SMA staining, identified as vessels, were counted and classified 
based on their size. The vessels were also quantified in the patch with the 
same method. The quantification was expressed as the number of vessels 
per mm2. vWF fluorescent signal was used for capillary quantification 
[7] and fluorescence intensity was quantified.

The assessment of GATA-4 and c-Kit positive cells was carried out in 
three fields, for each slide, captured at 63X. The quantification was 
expressed as the number of positive cells per mm2.

For the estimation of the inflammatory response in cardiac tissue, 
40X magnification pictures of H&E staining were captured and the 
following scoring system was applied: 0 =Absent; 1 = 1 to 5/high power 
field (hpf); 2 = 5 to 10/hpf; 3 = Mild infiltrate; 4 = Moderate infiltrate; 
5 = Heavy infiltrate. On other slices, total macrophage infiltration was 
evaluated with 40X magnification pictures of cardiac tissue stained with 
anti-Iba1 and the following scoring system was applied:=absent; + = 1 
to 5/hpf; ++ = 5 to 15/hpf; +++ > 15/hpf.

For macrophage polarization evaluation, a double staining with anti- 
CD68 and anti-CD80 was performed to identify the pro-inflammatory 
(M1) phenotype, while a double staining with anti-CD68 and anti- 
CD163 allowed the identification of the anti-inflammatory (M2) 
phenotype. Quantification was carried out in three fields, for each slide, 
captured at 40X magnification. Macrophage polarization was expressed 
as M1/M2 ratio.

2.4. Statistical analysis

For patch characterization (mechanical and rebinding tests) was 
performed, statistical analysis using two-way parametric ANOVA, fol
lowed by Tukey’s HSD post-hoc tests. Statistical analysis for DLS data 
through One-Way ANOVA (Welch correction) was performed, with the 
Dunnett post-hoc test.

For in vitro cell and ex-vivo cardiac sample analyses, Student’s t-tests 
or one/two-way parametric ANOVA followed by Tukey’s HSD post-hoc 
tests were used.

For Calcium Imaging analysis, when data residuals did not exhibit 
significant deviations from normality (Shapiro–Wilk test) or hetero
scedasticity (Levene’s test), two-independent-samples t-tests or one/ 
two-way parametric ANOVA followed by Tukey’s HSD post-hoc tests 
were used to assess the statistical significance of the effect (i.e., the 
difference between group means). On the contrary, when those as
sumptions did not hold, non-parametric alternatives (i.e., Man
n–Whitney U test or Kruskal–Wallis H test followed by Dunn’s post-hoc 
test) were preferred to compare groups.

For in vivo gene expression, the differences between the four inde
pendent groups were analyzed by Fisher’s test after ANOVA. All data 
were analyzed by using Statview 5.0.1 software released for Windows 
Statistical (SAS Institute, Inc., Cary, NC, USA). For FT-IR Chemical Im
aging results, Principal Component Analysis (PCA) was performed to 
analyze the large spectral data sets.

In any case, an effect was considered statistically significant for 
(adjusted) p-values <0.05 (*p < 0.05; **p < 0.01; ***p < 0.001). 
Depending on the context, data were represented as mean ± standard 
error of the mean (SEM) in the form of bar charts, or as median and inter- 
quartile range (IQR) in the form of box plots, as specified in the caption 
of each figure.
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3. Results

3.1. Production and physico-chemical, morphological, mechanical and 
functional characterization of MENDEP

MENDEP (Fig. 1) consists of two microstructured bioartificial poly
meric interfaces based on PLGA, Gelatin and Fmoc-FF, integrated with 
an intermediate layer of Fmoc-FF based-hydrogel loaded with Apelin- 
13. Two classes of nanoparticles (NPs) based on PVP-PMAA MIPs to
wards MMP-9 and poly-3-hydroxybutyrate (PHB) NPs containing 
Apelin-13 were produced and sprayed at two different densities onto 
external microstructured surfaces. MIP towards MMP-9 were 

characterized using various analyses including SEM, Thermo- 
gravimetric analysis (TGA) and HPLC. PHB NPs loaded with Apelin-13 
were analyzed by SEM, DSC, TGA, FT-IR Chemical Imaging and HPLC. 
PHB NPs were evaluated for their capability of releasing Apelin-13 in 
effective doses, as a stem cell recruitment factor, cardioprotective drug 
and neo-vascularization enhancer in the peri-infarct area.

A wide series of characterizations were performed on MENDEP: 
physico-chemical (FT-IR Chemical Imaging, DSC, TGA) mechanical 
(DMA, INSTRON), degradation (weight loss, GPC) and functional ana
lyses (HPLC). Moreover, a conductivity analysis was carried out to verify 
the contribution of the peptide Fmoc-FF to the electroconductivity of the 
patch, using an impedance spectrometer.

Fig. 2. Physico-chemical and morphological characterization of MMP-9-MIP and PHB NPs loaded with Apelin-13. A. SEM image of MIP aggregates after hMMP-9 
extraction. B. The first derivative of thermogravimetric curves corresponds to CPs (red), extracted MIPs (MIP, blue), non-extracted MIPs (MIPT, black) and re-bound 
MIPs (MIPR, green). C. Fitting of the experimental data for rebinding curve of MMP-9 towards MIPs using pseudo-first-order model (blue) and pseudo-second-order 
model (green) (n = 6). D. Qe for MIP/MMP-9 (blue), CP/MMP-9 (red), and MIP/MMP-2 (yellow). ***p < 0.001, **p < 0.01, by two-way ANOVA with Tukey’s post- 
hoc tests (n = 6). E. SEM image of PHB NPs loaded with Apelin-13 aggregates. F. FT-IR Chemical Imaging: identification of the typical bands of the average spectrum 
on Apelin-13 PHB NPs. G. Correlation map of Apelin-13 with respect to Apelin-13 PHB NPs H. Magnification of spectra acquired on a layer of NPs showing Apelin-13 
bands in the range 1700–1500 cm− 1.
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3.1.1. Molecularly imprinted nanoparticles vs MMP-9
NPs imprinted towards MMP-9 were prepared using a radical poly

merization by precipitation method in monomer (MAA) dilute solution 
and in the presence of PVP. The choice of using PVP is due to its hy
drophilic properties, its approval by FDA for many uses and its similar 
structure to protein, for an expected better tissue interaction. MIP NPs 
were prepared in the presence of MMP-9 following three steps according 
to the paradigm MIP synthesis: 1) Non-covalent molecular interaction 
formation among MAA monomers, pre-formed PVP and MMP-9 (T), 2) 
Initiation and crosslinking with initiator and cross-linker (MIPT), 3) T 
extraction with the production of MIPs. The same steps were performed 
for control NPs (CP) with the only difference of MMP-9 absence.

The residual MMP-9 was analyzed via HPLC. The percentage of 
MMP-9 at the end of the polymerization and after the extraction phase 
were respectively 95.2 % and 67.2 %.

3.1.1.1. Dimensional and morphological analysis. DLS analysis showed 
aggregates in phosphate-buffered saline (PBS) of MIP (747 ± 17 nm) 
after extraction revealing a significant reduction of the size (p-value ≤
0.05) compared to MIPT (diameter 2144 ± 608 nm). This is due to the 
removal of both the enzyme aggregates and unbound PVP. Comparing 
MIP after the extraction and CP, we can see that CP is significantly 
bigger (1023 ± 140 nm; p-value ≤ 0.05) than the MIP diameter. SEM 
analysis was performed to distinguish single NPs from aggregates and 
obtain a more specific size comparison. The difference in diameter be
tween CP (351 ± 27 nm) and MIP (310 ± 53 nm) (Fig. 2A) was not 
significant, indicating that the enzyme does not hinder the polymeri
zation process during the MIP formation.

3.1.1.2. Thermal analysis. In Fig. 2B the first derivative of the ther
mogravimetric curves obtained for CP, MIPT, MIP and MIPR (MIP after 
MMP-9 rebinding) showed three important events: the first one, be
tween 30 and 100 ◦C, due to the loss of water present in the samples; the 
second one, between 200 and 300 ◦C, due to the formation of anhydrides 
between the acrylic components; the third one, between 300 and 500 ◦C, 
attributable to the complete degradation of the polymeric chains of the 
PVP-PMAA complex. In Table S3, the calorimetric data obtained by 
analyzing the derivative curves are reported. There was no significant 
variation in the maximum rate of degradation related to the second 
degradation event (200–300 ◦C), while an increase in the percentage of 
weight loss in samples containing the enzyme (MIPT and MIPR) 
compared with those that do not contain (CP) or minimally contain 
(MIP) the enzyme.

The data relating to the third degradation event (300–500 ◦C) show 
an increase in weight loss in the samples containing the enzyme as well. 
In addition, a shift towards higher temperature values corresponding to 
the maximum degradation rate can be noted, which could be due to 
higher stabilization of the PVP-PMAA complex into the nanoparticle 
matrix induced by the presence of the enzyme molecules.

3.1.1.3. Molecular recognition and selectivity tests. HPLC was used to 
study PVP-PMAA MIP rebinding capacity with respect to the enzyme 
MMP-9. The selectivity of the nanoparticles was also demonstrated 
through a comparison with the rebinding ability towards MMP-2, an 
analogue enzyme.

The kinetics of rebinding of MMP-9 to MIP are reported in Fig. 2C. Qt 
is the quantity of enzyme bound (in μg), by 1 g of particles at a certain 
time t. In the initial stage, the amount of enzyme linked to the MIP in
creases rapidly, as the number of unoccupied cavities is high and the 
MMP-9 can easily occupy the free sites, leading to rapid adsorption of 
the template. After 30 min, the amount of MMP-9 that binds to MIP 
increases more slowly, due to the cavities that begin to saturate in the 
NPs, and a plateau is reached after 1 h. The control particles are also able 
to bind to the enzyme. This is due to the presence of randomly distrib
uted functional groups in the polymeric matrix, responsible for non- 

specific adsorption. The analysis of CP allows the discrimination of the 
quantity of enzyme bound in a non-specific way from that bound by the 
specific sites due to molecular imprinting. The equilibrium value Qe 
expresses the enzyme (in μg) linked to 1 g of NPs at the equilibrium. 
After 60 min, both MIP and CP reached the Qe values of 0.89 ± 0.02 μg 
g¡1 and 0.36 ± 0.04 μg g¡1, respectively. The recognition factor (i.e., 
the ratio between Qe of MIP and that of CP) is equal to 2.45, showing that 
the capacity of MIP to bind the enzyme is greater than that of CP, thanks 
to the formation of specific recognition sites.

Moreover, selectivity was evaluated by measuring the capacity of 
MIP to bind the MMP-2 enzyme. A comparison between the three Qe 
values measured for MMP-9 rebound by MIP or CP and for MMP-2 by 
MIP was performed (Fig. 2D). The Qe of MMP-2 rebound by MIP has a 
lower value compared to Qe of MMP-9 rebound by MIP, confirming a 
good selectivity. Moreover, the Qe of MMP-2 is higher (0.63 μg g¡1) than 
that of MMP-9 by CP. This is because MIP cavities also bind the MMP-2 
enzyme which is very similar to MMP-9, both in terms of size and 
functionality.

Different models were developed based on which step is assumed as 
the lowest, namely the one which limits the rate of process [56]. The 
kinetic models of pseudo-first and pseudo-second order assume that the 
limiting phenomenon is the adsorption reaction of the adsorbate 
(enzyme) on the adsorbent (nanoparticle) [51].

The experimental data and the two fitting curves, the pseudo-first- 
order model (red) and pseudo-second-order model (green) are shown 
in Fig. 2C.

An optimization process allowed us to determine the unknown pa
rameters (Qe1, k1) for the first-order model and (Qe2, k2) for the second- 
order model. These parameters are those that allow us to obtain the best 
fitting of the experimental data: (Qe1, k1) = (0.96, 0.05) (Qe2, k2) =
(1.26, 0.038). To establish which of the two models allowed a better 
fitting of the data, the square of the residuals was calculated and ob
tained as the sum of the quadratic differences between the values 
determined by the kinetic model and the experimental ones.

For the pseudo-first-order kinetic model, the residual square is 
0.0032, while for the second-order model, it is 0.0063. It follows that the 
pseudo-first-order model allows to better describe the experimental data 
than that of the second order. Furthermore, Qe obtained from the first- 
order kinetic model is closer to that obtained experimentally (0.89).

3.1.2. PHB NPs releasing Apelin-13
PHB NPs loaded with Apelin-13 were produced and characterized by 

SEM, DLS, FT-IR Chemical Imaging, DSC and HPLC.

3.1.2.1. Dimensional and morphological analysis. SEM analysis per
formed on PHB NPs confirmed the production of PHB particles by pre
cipitation method. The morphological properties of PHB particles before 
and after Apelin-13 loading (Fig. 2E) pointed out a spherical shape, a 
smooth surface, a good dimensional homogeneity, and a certain degree 
of aggregation after drug loading.

The comparison between SEM images of PHB nanoparticles before 
and after Apelin-13 loading showed an increase in size after absorption 
of Apelin-13, in agreement with DLS results (data not reported). How
ever, the size of NPs remains below 1 μm also after loading.

3.1.2.2. -IR chemical imaging, thermal analysis. The physico-chemical 
characterization of pure PHB, PHB NPs, pure Apelin-13 and PHB NPs 
loaded with Apelin-13 was performed using FT-IR Chemical Imaging.

The acquisition of IR spectra for pure PHB and PHB NPs highlights 
that there are no differences between the two samples. This indicates 
that, during the preparation of particles, substances that could alter the 
chemical structure of the pure material are not left in the final product. 
An aliquot of PHB NPs loaded with Apelin-13 was directly analyzed by 
FT-IR Chemical Imaging. Spectra were acquired by chemical mapping 
confirming the effective Apelin-13 adsorption at 3330 cm− 1 (amino 
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group), 1650 cm− 1 (Amide I) and 1530 cm− 1 (Amide II) (Fig. 2F). The 
correlation map of drug with respect to loaded PHB NPs is reported in 
Fig. 2G. Magnification of the associated spectra shows a small shoulder 
at 1650 cm− 1, associated with Amide I and at 1530 cm− 1 of Amide II 
corresponding to the presence of Apelin-13 in the particle aggregates 
(Fig. 2H).

To evaluate the purity of samples as well as the crystallinity amount, 
DSC analysis was carried out. The calorimetric analysis (DSC) allowed us 
to obtain the thermogram of raw PHB (Tm = 174 ◦C, ΔH = 70 J g− 1), pure 
PHB NPs (Tm = 172 ◦C, ΔH = 45 J g− 1) and PHB NPs loaded with Apelin 
(Tm = 168 ◦C, ΔH = 11 J g− 1). The thermograms show a single endo
thermic degradation event (melting temperature) for all samples. The 
Tm value decreases slightly after Apelin loading, but not significantly. 
The curves do not show the glass transition event, because the Tg for 
PHB is less than 10 ◦C. Instead, a significant variation of enthalpy is 
evident during the melting process, which could be associated with a 
different crystallinity of the samples, particularly evident after drug 
loading.

A further evaluation was performed by TGA (data not shown). An 
important single event of mass loss (200–250 ◦C) was registered for all 
three samples, but with a strong shift towards higher temperatures 
moving from PHB NPs with Apelin-13, PHB NPs and PHB pure, con
firming the significant variation of enthalpy observed by DSC analysis.

3.1.2.3. Drug loading and release from PHB NPs. The drug loading effi
ciency was 80 %, determined by calculating the percentage of Apelin-13 
absorbed by PHB NPs (after reaching equilibrium at 2 h of incubation) 
respect to the initial amount of Apelin-13. The analysis of Apelin-13’s 
release from PHB NPs showed a sustained and prolonged drug release 
when monitored at different time intervals, with a rapid release in the 
first 2 h, followed by a continuous and gradual release up to 72 h 
(Fig. 3L, upper panel). This result agrees with the usefulness of Apelin- 
13 to give a cardioprotective effect in the early hours, to act as a 
recruitment factor of stem cells and induce vascularization over time, 
thus maintaining its cardioprotective effect on the myocardium after 
reperfusion [30,36,39].

3.1.3. Characterization of MENDEP

3.1.3.1. Conductivity test. Conductivity analysis was carried out to 
study the conductive properties of the patch, using an impedance 
spectrometer (Fig. S4). For the analysis, the sample was inserted in a 
Teflon ring and covered by two metallic plates, to contain the swelling of 
the cardiac patch and maintain constant the thickness of the sample 
during the test. Previous observation showed that 70 % of swelling 
within the double distilled water at 37 ◦C occurs in 30 min, then a quite 
stable behavior was observed. The conductivity values obtained for 
different samples of MENDEP analyzed after 30 min of swelling were 
reported in Fig. 3A, showing values of about 6.0⋅10− 5 S/cm at 1 Hz.

A comparison between the conductivity trend for patches with and 
without Fmoc-FF was made, the lower values (4.6⋅10− 5 S/cm at 1 Hz) 
obtained for patch in the absence of peptide (MNDEP) confirms the ef
fect of Fmoc-FF to increase the electrical conductivity of the PLGA/ 
Gelatin-based patch.

To evaluate the effect of incorporation of Gelatin into PLGA mem
brane, the conductivity values vs frequency for m-PLGA (8.0⋅10− 7 S/cm 
at 1 Hz) and m-MP (5.5⋅10− 6 S/cm at 1 Hz) were measured and reported 
in Fig. 3A. Comparing the values, it is evident how the pure PLGA shows 
the highest impedance and the introduction of Gelatin favors an increase 
of electrical conductivity if compared with m-PLGA. However, m-MP 
settled on lower values than both bilayer samples (MNDEP and MEN
DEP), regardless of the presence of Fmoc-FF.

3.1.3.2. Dynamic mechanical analysis. Dynamic mechanical analysis 
(DMA) was carried out on MENDEP along transversal and longitudinal 

directions with respect to surface micropatterning. Fig. 3B and C showed 
the storage and loss modulus and the tanδ damping factor as a function 
of the stress frequency, for samples tested in the longitudinal and 
transversal direction, respectively. As visible from the plots, both loss 
and storage modulus increase almost linearly as the frequency increases 
(R2 ≥ 0.96). However, from the statistical analysis, there is no signifi
cant variation of the modulus with increasing frequency. The damping 
factor remains almost constant, indicating that the storage and loss 
modulus increase by the same amount as the frequency increases. These 
trends are similar to those found in the literature for DMA analysis on 
samples of ovine and porcine myocardium [57]. DMA analysis was 
carried out also on samples after degradation at 4 and 7 days, at an 
oscillation frequency of 1 Hz. From Fig. 3D and E, along with the in
crease in degradation time, there is a decrease in the storage and loss 
modulus, while the damping factor remains almost constant (0.52 ±
0.17). The degraded samples tested in the longitudinal direction, as well 
as those at time 0, show a significant difference between the loss and 
storage modulus, indicating that the elastic behavior continues to be 
predominant even after 7 days of degradation. Fig. 3F highlighted that 
the mechanical anisotropy of the patches is present and continues to 
reflect the topographical one, even if a significant difference did not 
emerge at 7 days.

3.1.3.3. Hydrolytic degradation. The hydrolytic degradation of each 
sample was evaluated both by weight loss over time and by change of 
the weight average (Mw) and numeral (Mn) molecular weight over time. 
Weight loss during hydrolytic degradation is caused by the formation of 
water-soluble low molecular weight monomers and oligomers following 
the breakdown of the polymer chains and their subsequent release into 
the aqueous medium [58]. From Fig. 3G, it is possible to observe a slow 
decrease in weight over time, which reaches just 15 % after 30 days of 
degradation. Mw and Mn profiles show a similar trend: at 7 days there is 
a first strong variation and, after 30 days, a drop of around 35 % is 
reached compared to the initial values (Fig. 3H and I).

These results seem to be consistent with the mechanical results 
where the degradation at 7 days caused a reduction in the mechanical 
behavior, although still measurable, while at longer times the effect of 
the degradation produced a substantial change in the patch, which did 
not allow mechanical measurements.

The results suggest a bulk-type degradation, which can essentially be 
divided into two stages. Initially, a significant decrease in molecular 
weight occurs without substantial weight loss; subsequently, significant 
weight loss occurs accompanied by a decrease in molecular weight [58]. 
This degradation kinetics is consistent with the degradation of PLGA, the 
most abundant component in the patches, as reported in the literature 
[59]. Furthermore, the slow degradation of the patch allows efficient 
support for tissue regeneration even at longer times, since the integrity 
of the microstructured profiles during the in vitro incubation period is 
perfectly maintained for up to 30 days.

3.1.3.4. Suture test. Suture resistance tests are commonly performed on 
patches and tubular prostheses, as their implantation in the site of in
terest requires a suture operation.

A tensile test was performed using INSTRON following the ISO 
7198:2017 which relates to cardiovascular implants, such as vascular 
prostheses, tubular vascular grafts and vascular patches.

The suture point was inserted 2 mm from the end of the patch 
(Fig. S1A). The suture was held by the upper clamp and a uniaxial tensile 
test was performed with a load cell of 100 N (Figs. S1B and C). According 
to the ISO standard, the speed test was set at 50 mm min¡1.

Rectangular samples were tested in the longitudinal and transversal 
direction, both in dry and wet conditions. Wet conditions were obtained 
by immersing the samples in PBS for 20 min. This test determines the 
maximum suture force that could break the patch.

The minimum suture force was calculated as follows: F = σw × h × ds, 
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Fig. 3. MENDEP characterization: conductivity, mechanical and degradation tests, suture, burst strength and release tests. A. Comparison between the conductivity 
of MENDEP (in blue), patch without Fmoc-FF (MNDEP, in red), single membrane of PLGA/Gelatin (m-MP, in green), single membrane of PLGA (m-PLGA, in orange), 
as function of frequency, under wet conditions (n = 3). Gray line is traced at a stress frequency of 1 Hz. B. Storage (blue) and loss (red) modules and Tanδ (orange) 
damping factor as a function of the stress frequency, for samples tested at time 0 in the longitudinal direction,and C. in the transversal direction (n = 6). D. DMA 
results on tested samples at different degradation times along longitudinal, and E. along transversal direction (n = 6). Only the significant differences are reported, 
*p ≤ 0.05, **p ≤ 0.01, by two-way ANOVA with Tukey’s post-hoc tests. F. Testing direction effect on the storage modulus of samples at different degradation times 
*p ≤ 0.05, **p ≤ 0.01, by two-way ANOVA with Tukey’s post-hoc tests. G. Degradation rate in terms of weight loss (%) vs time (n = 3) H. Trend of weight molecular 
weight average (Mw) vs degradation time (n = 3). I. Trend of numeral molecular weight average (Mn) vs degradation time (n = 3). J. Suture test results for MENDEP, 
minimum strength specification (2.28 N), traced by a dashed line, two-way ANOVA (n = 6). K. Burst resistance force vs time curves for MENDEP samples (n = 4). L. 
Release trends of Apelin-13 from PHB NPs or MEDEP (patch with Apelin-13 inside the hydrogel and without loaded PHB NPs) or MENDEP vs incubation time (n = 6).
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where. 

- σw is the stress on the ventricular wall: 16.1 ± 2.4 kPa. This value 
corresponds to the stress in the longitudinal direction measured in 
patients suffering from high LV pressure [60];

- h is the thickness of the ventricular wall: 13.4 ± 2.1 mm. This value 
corresponds to the thickness of the wall at the end of the systole [61];

- ds is the distance between one suture and the next one, conven
tionally 2 mm.

The force per suture is equal to 0.57 N/suture, considering the upper 
extremes of the intervals including the stress (18.5 kPa) and the thick
ness (15.5 mm) values.

The ventricular wall was assumed isotropic and homogeneous. This 
means that the stress on the ventricular wall in the longitudinal direc
tion, also called southern, (σφφ) was assumed equal to the circumfer
ential one (σθθ). Because of the assumptions made, a safety factor equal 
to 4 was introduced. It follows that the minimum suture force that the 
patch must resist becomes: F = 0.57 × 4 = 2.28 N/suture.

The patch can be applied to the myocardium via glue and/or suture. 
Therefore, the assessment of the resistance of the patch to the suture is 
necessary to validate the safety and efficacy of the device for future 
implantation in the human heart.

The force-deformation curves of samples tested both in dry and wet 
conditions are shown in Figs. S1D and E, respectively. The ability of the 
patches to resist suturing was evaluated by determining the maximum 
force they could withstand during the tensile test. In Fig. 3J the results of 
the suture test for all analyzed patches showed a suture strength greater 
than the calculated minimum strength specification (2.28 N).

The compliance of the samples was also assessed (Fig. S1F). High 
compliance values indicate that, with the same deformation, greater 
force is required to stretch the sample under examination. This implies 
that the polymeric structure offers greater resistance to deformation. 
The statistical analysis (2-way ANOVA with Tukey’s post-hoc test) re
ports a significant difference in the compliance values of the samples 
tested dry in the two different directions. This means, once again, that 
the longitudinal direction is more resistant than the transversal one.

3.1.3.5. Burst strength test. The burst resistance test was performed to 
simulate the biaxial forces to which the patch is subjected in vivo and to 
determine its resistance when subjected to significant load conditions. 
The test was performed following the ISO 7198:2017 standard using a 
testing apparatus designed, according to the example reported into the 
ISO, using Solidworks 3D CAD software and produced (Figs. S1G and H). 
The apparatus components obtained were mounted on the INSTRON 
(Fig. S1I). During the compression test, the probe displacement speed 
was set to 50 mm min¡1 and the sampling time every 2 ms. The 
maximum force recorded in the force-time curves was identified as the 
resistance burst force. The burst resistance of the patch must be 
adequate to prevent rupture or bleeding around the patch during the 
continuous cycles of contraction and relaxation of the heart [62]. 
Ideally, the patch should possess mechanical properties that allow 
normal tissue function near the implantation site.

The burst strength test was performed to simulate the biaxial forces 
to which the patch is subjected in vivo and to determine the strength of 
the patch under relevant physiological loading conditions [58].

In fact, once implanted, the patch is mostly subjected to biaxial 
rather than uniaxial stress. Therefore, the characterization of the biaxial 
parameters assumes considerable importance. The results of the bursting 
strength test are shown in Fig. 3K, showing a value of burst resistance 
force, the maximum force recorded in the force-deformation curves, 
equal to 15.72 ± 0.85 N. The strength values obtained are comparable to 
those determined on porcine LV myocardial samples [63]. The 
maximum force recorded in the burst resistance tests on myocardial 
samples was equal to 20.4 ± 6.0 N. It can therefore be deduced that the 

patch is able to adequately mimic the mechanical behavior of heart 
tissue under relevant load conditions.

3.1.3.6. Drug release. The release kinetics of Apelin-13 from the MEN
DEP were evaluated in an aqueous solution at 37 ◦C under constant 
stirring. In Fig. 3L (bottom panel) the drug-releasing trend from MEN
DEP was compared with that obtained from an analogue patch, not 
modified with NPs and where the Apelin-13 was loaded only in the in
ternal hydrogel layer (MEDEP). The release of Apelin-13 from MEDEP 
showed a burst effect reaching a plateau at 72 h. On the contrary, the 
release of the drug from MENDEP showed rapid growth in the first 2 h, 
then the curve slowed down showing a gradual and controlled release of 
Apelin-13. For this reason, the release test for MENDEP was prolonged 
up to 5 days showing a value of 2.3⋅10− 3 μg of drug respect to mg of 
patch at equilibrium. The release of the drug from MENDEP can thus 
persist for extended periods, allowing for the multiple functions of this 
drug, according to the literature data [31–34,39–41,64].

3.2. In vitro biological analysis of MENDEP

Several in vitro tests were conducted on MENDEP, as schematized in 
Fig. 5.

3.2.1. Cytocompatibility and skin sensitizing potential tests
PHB and hMMP-9-MIP NPs were analyzed for cytocompatibility 

across a broad range of doses (from 0.64 to 64 μg mL¡1) using the PI 
Flow Cytometry assay and H9C2 cardiomyoblasts, which are a valuable 
tool for studying cardiac aspects in vitro. H9C2 cells were exposed to PHB 
or MIPs at four different concentrations, and the viability of the cells was 
evaluated after 24, 48, and 72 h of exposure (Fig. 4A). The analysis 
demonstrated optimal cell viability at all doses tested. Then, cyto
compatibility on MENDEPs was proved with the same approach and 
time frame using both rat H9C2 cells and hMSCs (Fig. 4B).

In vitro analysis of the skin sensitizing potential of MENDEP was 
performed through the h-CLAT. According to this analysis, MENDEP did 
not show any sensitizing potential (Table S6).

3.2.2. Migration
According to previous studies, hMSCs are capable of active recruit

ment at sites of cardiac infarction where they can enhance cell viability, 
myocardial contractility, and other functions via paracrine signaling 
activity [64]. In addition, rNMCs represent a heterogeneous population 
containing fibroblasts, precursors of endothelial cells and, possibly, 
myocyte cells, that have chemotactic migration ability [65].

A three-dimensional transwell migration assay was performed with 
these two cell types to assess the chemotactic potential of MENDEP

rNMCs and/or hMSCs were seeded on the top wells of chemotaxis 
chambers in the presence of 0.5 % FBS and tested for their migration 
ability towards the lower chamber at different conditions: 0.5 % FBS 
(negative control), (ii) soluble chemoattractant (Apelin-13, 100 nM), 
(iii) MEP + MIPs, (iv) MEP + Ape-NPs, (v) MEDEP and (vi) MENDEP. 
After 24 h, the total number of migrated cells per membrane was 
determined using ImageJ® software. Interestingly, when the chemo
tactic efficacy of MENDEP (NP-enriched release of Apelin-13) was 
compared to MEDEP (hydrogel-mediated release of Apelin-13), it was 
found that MENDEP was significantly more effective in attracting MSCs 
(Fig. S7). This result confirms that the long-lasting release of Apelin-13 
from PHB NPs enhances patch effectiveness, likely by facilitating the 
sustained release of Apelin-13, a molecule known for its short half-life 
[42]. Results from both qualitative and quantitative observations 
showed that MENDEP was able to maintain the chemotactic behavior 
elicited by soluble Apelin-13 in rNMCs and even enhanced it in hMSCs 
(Fig. 4C). This difference in the extent of migration between MSCs and 
NMCs (5.2- vs 1.5-fold increase, respectively) in response to MENDEP 
compared to the Apelin-13 solution, is likely attributed to the higher 
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intrinsic migratory capacity of MSCs. When the MENDEP-induced 
migration of hMSCs was compared to patches with a single functional
ization, the chemotactic efficacy was preserved in the case of MEP +
Ape-NPs, whereas it was lost with MEP + MIPs (Fig. S8), confirming that 
the chemotactic ability of Apelin was responsible for the 
MENDEP-induced cell migration effect.

3.2.3. Cell growth and alignment
H9C2 cells were cultured on MENDEP and their viability and 

morphology were observed for at least seven days of culture, using 
Calcein-AM staining. It is important to note that the cells adopted a 
stretched morphology and aligned in parallel to each other as they 
adhered to the patch microstructure (Fig. 4D, first row). Moreover, these 
cells maintained a proper cytoskeletal organization during MENDEP 
colonization (Fig. 4D, second row).

As a next step, the cell sheet technology was applied to obtain a 
‘tissue-like’ structure, mimicking the native structure of the myocar
dium in vitro. Since recent works on heart composition reported that 
cardiomyocytes account for about 30 % only [66,67], cell sheets were 
obtained using 30 % H9C2 cells mixed with 70 % rNMCs. The cell sheets 
were cultured on MENDEP and demonstrated their ability to adhere to 
the scaffold (Fig. 4D middle panel). 3D reconstructions documented the 
ability of living cell sheets to colonize microstructured scaffold lanes and 
thickness already at early time points (4 days) (Fig. 4D, third row).

Finally, because of their beating capacity that better mimics human 
cardiomyocytes [68,69], hiPSC-CMs were employed. By day 1, sponta
neous contractions of monolayer hiPSC-CMs were observed on both well 
plates (data not shown) and MENDEP, and contraction persisted for at 
least 30 days (Video S9). Moreover, within 48 h from cell seeding, 
Calcein-AM staining revealed an elongated shape and extensive patch 
colonization by hiPSC-CMs that follow its microstructure, as also high
lighted by 3D reconstruction (Fig. 4D, fourth row).

Taken together, these results demonstrated that H9C2, NMCs and 
hiPSC-CMs remained viable on MENDEP. In addition, the cells acquired 
an elongated and stretched shape similar to the 3D cell arrangement in 
the myocardium. Therefore, we next focused on examining MENDEP’s 
potential to induce cell differentiation.

3.2.4. Cardioinductivity
To evaluate whether 7-day or 14-day culture on MENDEP affected 

gene expression in rNMCs, hMSCs and hiPSC-CMs compared to 2D 
control cultures, qPCR was conducted for selected genes involved in 
cardiomyogenesis and angiogenesis. After being grown on micro
structured scaffolds for 7 days, rNMCs demonstrated a decrease in 
stemness gene expression (relative Kit expression level, -ΔΔCt, corre
sponding to − 11.55 ± 0.617). In addition, there was an increase in the 
expression of early cardiac transcription factors Gata4 (-ΔΔCt 0.79 ±
0.26) and myocyte enhancer factor 2C (Mef2c) (-ΔΔCt 0.87 ± 0.03), as 
well as upregulation of the late cardiac gene Troponin C 1 (Tnnc1) 
(-ΔΔCt 0.65 ± 0.14) and Gap junction protein alpha 1(Gja1) (-ΔΔCt 

1.02 ± 0.15) (Fig. 4E, left panel). Basally, hMSCs express c-Kit, a 
stemness phenotype-related gene (Fig. S10). When cultured on MENDEP 
for 14 days these cells showed significant downregulation of c-Kit 
(-ΔΔCt − 3.68 ± 0.68) with concurrent increased expression of GATA4 
(-ΔΔCt 9.36 ± 1.06), MEF2C (-ΔΔCt 3.15 ± 0.98) and NKX2.5(-ΔΔCt 
3.47 ± 0.62) compared to 2D control. Lastly, hiPSC-CMs cultured on 
MENDEP for 7 days showed a significant enhancement in the expression 
of genes associated with cardiac function, such as sarcomeric structure, 
excitation-contraction coupling, and angiogenesis. This suggests that the 
maturation process of the hiPSC-CMs augmented over time on MENDEP 
(Fig. 4E, right panel). Specifically, the expression of cardiac Troponin I3 
(TNNI3) (-ΔΔCt 1.32 ± 0.49), myosin light chain 2 (MYL2) (-ΔΔCt 1.65 
± 0.36), GJA1 (-ΔΔCt 1.39 ± 0.22) and phospholamban (PLN) (-ΔΔCt 
1.30 ± 0.35) genes were significantly increased on day 7, as compared 
to the 2D control. The expression of platelet endothelial cell adhesion 
molecule (PECAM1) (-ΔΔCt 1.60 ± 0.71) and vWF (-ΔΔCt 1.14 ± 0.14) 
genes tended to increase, though not in a significant way. Altogether, 
these results showed the ability of MENDEP to direct initial rNMC and 
hMSC lineage specification towards cardiomyogenesis and to improve 
hiPSC-CM electrical and contractile function in the absence of any 
external stimuli. When the cardioinductivity of MENDEP was compared 
to patches with a single functionalization, no specific differences 
emerged, suggesting that the material components (PLGA/Gelatin/ 
Fmoc-FF) were per se responsible for the cardioinductive effect, irre
spective of the accompanying functionalization (Fig. S11).

3.2.5. Calcium imaging
It has been well established that the electrical activity at the car

diomyocyte membrane is controlled by ion channels and G protein- 
coupled receptors, often actuated by calcium transients [70]. 
hiPSC-CMs seeded on MENDEP, or cultured in control conditions, were 
loaded with the ratiometric calcium indicator Fura-2AM and imaged by 
fluorescence microscopy to investigate the ionic mechanisms underlying 
the spontaneous [Ca2+]i dynamics. For both conditions, at least three 
independent experiments were performed, acquiring calcium signals for 
about 15 min, from at least 20 cells per optical field. For each trace, both 
basal calcium level and calcium transients were then quantified by 
evaluating the field-averaged [Ca2+]i baseline and spike amplitudes, 
along with their respective intercellular variability (Fig. 4F from left to 
right). In addition, the time-averaged [Ca2+]i spiking rate was also 
measured as an estimate of the beating frequency, while no 
cross-correlation analysis was performed given the perfectly synchro
nous nature of all the observed oscillations. Notably, none of these pa
rameters, including the average beating rate and wave synchronicity, 
proved to be significantly different when comparing the hiPSC-CMs 
seeded on MENDEP with the hiPSC-CMs cultured in control conditions 
(Fig. 4F), thus confirming scaffold biocompatibility in the absence of any 
alterations in the physiological contraction-relaxation behavior. Simi
larly, no differences were found comparing the hiPSC-CMs seeded on 
MENDEP with those seeded on patches with single functionalization 

Fig. 4. Cellular in vitro validation of MENDEP. A. Cytocompatibility analyses of PHB and hMMP-9 MIP nanoparticles at different concentrations. H9C2 cells were 
cultured with nanoparticles at 24, 48 and 72 h (PHB: n = 9; hMMP-9 MIP: n = 6). ns by one-way ANOVA with Tukey’s HSD post-hoc tests. Control: cells seeded 
without nanoparticles. B. Biocompatibility of the MENDEP with H9C2 cells and hMSCs at 24, 48 and 72 h (n = 3). Control: cells seeded without scaffold. ns by 
Student’s t-test. C. Transwell migration assay with rNMCs (left) and hMSCs (right). The graphs show the fold change of migrated cells toward Apelin-13 and MENDEP 
(rNMCs: n = 3; hMSCs: n = 2). Images show the migration of rNMCs (left) and hMSCs (right), stained with 0.2 % Crystal Violet. Control: cells migrated toward 0.5 % 
FBS. *p < 0.05, **p < 0.001, by one-way ANOVA with Tukey’s HSD post-hoc tests. D. H9C2 cells cultured on MENDEP for 48 h, 4 days and 7 days stained with 
Calcein-AM (first row) and cytoskeleton structure of H9C2 cells cultured on MENDEP for 7 days, visualized with Vinculin and Tritc-phalloidin staining (second row). 
Production of a 2D cell sheet composed of NMCs and H9C2 cells (third row, left). Calcein-AM stained cell sheet cultured on MENDEP for 4 days and 3D reconstruction 
(third row, centre and right). Calcein-AM stained hiPSC-CMs cultured on MENDEP for 48 h and 3D reconstruction (fourth row). E. qPCR analyses of stemness and 
cardiac/vascular differentiation markers in rNMCs (left) or hiPSC-CMs (right) cultured on MENDEP for 7 days (n = 3), and in hMSCs (middle) cultured on MENDEP 
for 14 days (n = 4). Expression of the same genes in 2D control cultures was used for normalization. The graphs show Log2 fold changes relative to the RNA 
expression levels calculated using the 2− ΔΔCq method. *p < 0.05, by Student’s t-test. F. Traces from single cells are shown transparently in the background; field- 
averaged signals are shown thicker in the foreground. Right panel: quantitative analyses of intracellular calcium concentration dynamics of hiPSC-CMs cultured with 
MENDEP and alone (Control, n = 4). The graphs show, from left to right, field-averaged basal [Ca2+]i level, field-averaged [Ca2+]i spike amplitude, intercellular 
variability of spike amplitude, and time-averaged [Ca2+]i spiking rate.
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(Fig. S12).

3.3. In vivo implantation and analysis of heart explants

I/R plays a crucial role in the myocardial damage caused by MI in 
humans [71]. Indeed, murine models of I/R injury are commonly used to 
simulate acute or chronic heart disease for cardiovascular research [72]. 
To evaluate the therapeutic effects of MENDEP implantation, an MI 
model with I/R injury was utilized in this study. The patches were 
implanted onto the epicardium of adult Wistar rats and morphological 
and functional effects were assessed 4 weeks after implantation. The 
patches (8 mm diameter by 600 μm thickness in size) were entirely 
positioned over the infarcted area of the rat hearts (Fig. S13).

3.3.1. Post-operative trend
Animals did not show any particular symptoms referring to states of 

suffering. This is also demonstrated by the fact that their weight grad
ually increased, reaching values higher than baseline (Figs. S14A–B). 
There were no significant differences between the average weights of the 
four groups for the same experimental time.

3.3.2. Electrocardiographic monitoring and magnetic resonance imaging
During surgery, sinus bradycardia was found in T1 (7 cases), T2 (8 

cases), T3 (6 cases) and T4 (9 cases), without any difference among the 
experimental groups, likely due to mechanical ventilation and surgical 
manipulations.

At T1 (before patch apposition), in 4 rats belonging to the I/R + P 
group, electrocardiographic signs of ventricular conduction and repo
larization disturbance were highlighted, such as electrical alternation of 
the QRS complex and the T wave, and evidence of single ventricular 
premature complexes. At T3, electrical alteration of the QRS complex 
and the T wave, evidence of single atrial and ventricular premature 
complexes, and ventricular bigeminy were observed in 3 rats belonging 
to the I/R + P group (data not shown). No changes in the ECG were 
found at the other time points while the heart rate was normal 
(Figs. S14C–G). To better assess the in vivo conductivity of the MENDEP 
patch, ECG traces were recorded at multiple time points, allowing a 
more comprehensive evaluation of its effects on cardiac electrical ac
tivity. At T4 (immediately after surgical closure of the thorax), ECG 
recordings for both the I/R and I/R + P groups showed similar alter
ations consistent with the acute phase of ischemia/reperfusion (I/R), 
confirming that the patch does not introduce immediate conduction 
abnormalities. The evolution of the healing process was further moni
tored through weekly ECG traces (7d, 14d, 21d, 30d) for both groups. In 
the I/R group, a persistent QRS complex inversion was observed from 7d 
onwards, indicative of chronic post-I/R remodeling. In contrast, in the I/ 
R + P group, while QRS complex inversion was initially evident at 7d, a 
partial recovery was noted over time, suggesting a reduced extent of 
tissue damage with the implanted patch. Notably, no arrhythmic events 
or conduction abnormalities were recorded in the I/R + P group at any 
of the analyzed time points, supporting the safety and functional inte
gration of the MENDEP patch.

A preliminary study using cMRI was also performed on a few animals 

at 7 and 30 days. The implanted patch in an I/R + P rat was shown to be 
capable of adequate extensibility such as passive adaptation to the dy
namics of the cardiac cycle. Interestingly, LV ejection fraction and stroke 
volume of the I/R + P animal at 30 days increased (from 55.4 to 74.6 % 
and from 0.13 to 0.20 mL, respectively), while these parameters 
decreased in the I/R animal (from 53.4 to 39 % and from 0.09 to 0.06 
mL, respectively), thus suggesting positive MENDEP contribution to 
cardiac contractility (Fig. S15). Moreover, an MRI video of the Sham + P 
heart showed cardiac mechanical activity after 4 weeks of MENDEP 
implantation (Video S16).

3.3.3. Histology, immunohistochemistry, immunofluorescence, mRNA 
expression

After 4 weeks of implantation, optical images showed that MENDEP 
had a firm adhesion to the epicardium (Figs. S13 and S17). Robust 
epicardial engraftment of the patches was confirmed by H&E, as illus
trated in Fig. S17. The 4-week contact triggered an interaction between 
the scaffold and the heart tissue. Indeed, the pericardium incorporated 
the patch into a continuum (Fig. S17). Moreover, the space between the 
patch and the myocardium resulted in a new deposition of ECM 
(Fig. S18A). In addition, 4 weeks after MI the patch presented cellular 
elements (Fig. S18B and see below).

Based on histological analysis in the Sham + P group no evidence of 
damage was observed in the myocardial tissue beneath the center of the 
patch, where the single stitch was placed (Figs. S19A and B), apart from 
a minimal lesion found in one animal (Figure S19C, D and E).

The potential foreign body reactions were also evaluated. Apart from 
one exception (1 out of 14 animals) where a dense fibrous layer on the 
outer side of the patch was observed (Figs. S20C and D), Masson’s tri
chrome staining always evidenced a thin layer of loose and vascularized 
connective tissue (Figs. S20A and B) at the patch-cardiac tissue inter
face. In addition, in the few animals where the patch was removed after 
heart explant, MENDEP did not appear to be a rigid or compact struc
ture, nor did it exhibit any concerning thickness. Moreover, the patch 
was free of microcalcifications.

The total inflammatory infiltrate (both lymphocytes and macro
phages) evaluated in H&E sections was scored as rare in both Sham and 
Sham + P groups, indicating that MENDEP did not elicit any evident 
immune response in vivo (Table S21). The infiltrate was scored as mild in 
the I/R + P and moderate in the I/R groups, respectively, suggesting MI 
as the major inflammation cause (Table S21).

The total macrophage analysis based on Iba1 IHC staining was 
comparably low in the Sham and Sham + P groups, confirming that 
MENDEP implant does not favor macrophage infiltration (Table S21 and 
Fig. S22A). After I/R, the total macrophage score increased, irrespective 
of the presence of the patch (Table S21 and Fig. S22A). The M1/M2 
polarization analysis conducted with anti-CD68 (pan-macrophage 
marker), anti-CD80 (M1 macrophage marker) and anti-CD163 (M2 
macrophage marker) antibodies showed in I/R hearts an imbalance of 
macrophage polarization at the infarct area, with a predominance of M1 
pro-inflammatory phenotype over M2 anti-inflammatory phenotype 
(Figs. S22B and C). At variance, the M1/M2 ratio was completely 
balanced in the I/R + P group (Figs. S22B and C). These findings suggest 

Fig. 5. Epicardial MENDEP implantation reduces infarct size and promotes neovascularization in the I/R rat model. A. Representative Mallory’s trichrome stained 
cross-sections of the whole rat hearts for four experimental groups: Sham, Sham + P, I/R, and I/R + P (from left to right). B. Histological quantification analysis of 
interstitial fibrosis in the peri-infarct zone of myocardium in I/R and I/R + P groups (n = 3). C. Representative confocal microscopy image depicting low (first row) 
and high magnification views (from second row on) of immunofluorescent staining on left ventricular sections for each rat group. White arrows point out Cx43 
localization in the ventricular tissue. DAPI: blue; TnC: red; Cx43: green. D. Quantification of TnC (upper panel) and Cx43 (lower panel) immunofluorescence staining 
(n = 6). E. Representative confocal images showing vessels in the left ventricles of the four groups at low (upper panel) and high (lower panel) magnification. α-SMA: 
green, DAPI: blue. F. Quantification of total α-SMA positive vessels based on their size (upper panel) and vessels less than 20 μm in diameter (middle panel) in five left 
ventricle regions for each experimental group expressed as Vessel Density per mm2 (n = 6). Quantification of vWF-positive cells, expressed as fluorescence intensity 
(lower panel, n = 3). G. Representative confocal images of immunofluorescence staining of vessels in the patch implanted in Sham + P and I/R + P rat hearts. Arrows 
indicate some neovessels formed into the patch at low and high magnification. TnC (red), α-SMA (green), and DAPI (blue). H. Representative H&E micrographs 
showing the patch implanted in an infarcted rat heart (upper panel). Red arrows point to red blood cells showing some functional neovessels at higher magnification 
(lower panel). M: myocardium; P: patch. *p < 0.05, **p < 0.01, ***p < 0.001, by two-way ANOVA t with Tukey’s HSD post-hoc tests.
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that MENDEP supports favorable immune modulation minimizing pro- 
inflammatory reactions.

Mallory’s staining analysis of infarcted hearts showed that the 
fibrotic areas in the I/R + P group (14.6 %) were smaller than in the I/R 
group (20.6 %), suggesting that the patch can effectively prevent LV 
remodeling (Fig. 5A and B). In fact, in the I/R + P group, the patch 
implant limited the LV wall thinning compared with the I/R group 
(Fig. 5A).

Fluorescent images showed that cardiac Troponin and Connexin-43 
protein content was markedly reduced 4 weeks after MI, whereas it 
was significantly preserved in the I/R + P group (0.64 ± 0.23 and 0.25 
± 0.09 RFI vs 1.16 ± 0.18 and 1.40 ± 0.19 RFI, respectively), reaching 
values more similar to the Sham group (1.38 ± 0.13 and 2.15 ± 0.35 
RFI, respectively) (Fig. 5C and D). Connexin-43 lateralization was 
observed in the I/R group, as expected, being this altered gap junction 
distribution a typical feature of survived cardiomyocytes around the 
infarcted tissue (border zone). In the I/R + P group, instead, correct 
Connexin-43 distribution at the level of intercalated discs was evidenced 
(Fig. 5C). Although Connexin-43 appeared to be significantly reduced in 
the Sham + P compared to the Sham group, an in-depth analysis showed 
that this was true only after normalization against DAPI (Fig. S23A), 
while the unnormalized Cx43 was comparable in the two groups 
(Fig. S23B). This result suggests that an increased number of cells 
recruited in and under the patch (Fig. S23C and see below) might result 
in an apparent Cx43 reduction in the Sham + P group.

mRNA expression of important biomarkers was then evaluated 
through Real-Time PCR. Natriuretic peptides are autacoids with auto/ 
paracrine effects that appear to protect cardiomyocytes from ischemia- 
reperfusion injury [73,74]. The expression and release of these natri
uretic peptides by the myocardium can be sustained for many months or 
years after MI [75], and their levels have been shown to correlate with 
the magnitude of LV remodeling and dysfunction [73]. Specifically, a 
great deal of interest has focused on the relationship between cardiac 
performance following MI and the local release of natriuretic peptide B 
(BNP) [76], which has been investigated as a biomarker of acute coro
nary syndromes [77] and as a potential therapeutic agent [78]. BNP 
plays a role during the physiological growth of the heart and can stim
ulate proliferation and differentiation of fetal cardiomyocytes into 
mature ones [74,79]. The trend of BNP gene expression we observed in 
I/R + P animals was in line with previous studies [79] where it was 
hypothesized that the trend during phenotype differentiation was 
caused by differences in sequence genes, rate of transcription, and dif
ferential stabilization of the mRNA [80] (Fig. S24A).

Osteopontin, an extracellular matrix glycoprotein functioning as a 
cytokine, has been discussed in mediating vascular and myocardial 
damage in cardiovascular diseases [81] and in our study, as expected, it 
resulted significantly higher in animals with infarct compared to Sham 
and significantly decreased after MENDEP insertion (Fig. S24B).

3.3.4. Neovessel formation
Fluorescent image analysis of α-SMA revealed that in I/R + P hearts 

the region below MENDEP had a higher vessel density compared to the 
controls (Fig. 5E). Interestingly, quantification analysis of tubular 
structures and relative size in the tissue below the patch confirmed a 
significant increase in small vessels (<20 μm) in the I/R + P group 
compared to all the other groups. This increment was confirmed by vWF 
fluorescent intensity quantification (Fig. 5F–S25A and B).

α-SMA + circularly oriented cells were also observed inside the 
patches (Fig. 5G). In addition, at high magnification, the histological 
analysis highlighted the presence of cells, likely red blood cells, in the 
lumen of some neovessels, thus proving the active formation of func
tional blood vessels connected to host coronary circulation (Fig. 5H). 
The quantification of these neovessels inside the patch showed no sig
nificant difference between I/R + P and Sham + P groups (Fig. S25C) 
suggesting that MENDEP could promote neovessel formation irre
spective of the presence of an infarct.

Together, these results indicated that epicardially implanted MEN
DEPs exhibited robust integration and enhanced blood vessel neo
formation in the myocardium after I/R.

3.3.5. In vivo cell recruitment
It was demonstrated in vitro that MENDEP was able to attract cells. 

Consistently, cell recruitment was also observed in the in vivo model. In 
the hearts with the implanted patch, it was possible to observe several 
cells (both inside and under the patch) that stained positive for c-Kit and 
GATA-4 markers (Fig. 6A and C).

Based on literature findings, c-Kit + cells emerge as a stem cell 
population, either residing locally within specific cardiac niches or 
migrating from the circulatory system, exhibiting the capability to 
mainly differentiate into endothelial cells [82–89]. In our animal model, 
c-Kit + cells significantly increased in both Sham + P and I/R + P groups 
(Fig. 6A and B). While we cannot univocally infer the origin of these 
c-Kit + cells, however, the increased number of capillaries observed in 
the I/R + P group would suggest that some of them were resident and 
circulating precursors which are both responsible for neovessel 
formation.

GATA-4, a cardiogenic transcription factor essential during heart 
development, plays critical roles in cardiomyocyte proliferation, dif
ferentiation, survival, and hypertrophy [90–99]. In the adult heart, it is 
expressed by cardiomyocytes, albeit at low levels, and by NMCs, 
including some cardiac fibroblasts, where it contributes to enhancing 
angiogenesis [100]. In our study MENDEP induced a similar increase in 
GATA-4+ cells in both I/R + P and Sham + P groups, indicating that the 
recruitment of these cells was due to the properties of the patch 
(including controlled release of apelin) rather than to the infarction 
(Fig. 6C and D).

Lastly, it was possible to observe the recruitment of a few spindle- 
shaped cells both in the patch (Fig. 6E) and in the damaged area 
under the patch (Fig. 6F), where these cells became TnC-positive 
(Fig. 6F). Though interesting, however, this was an anecdotal observa
tion and did not represent any demonstration that complete differenti
ation toward the cardiomyocyte lineage would follow.

3.3.6. In vivo degradation study
The in vivo degradation of the patch post-explant was assessed 

through morphological analysis (stereo optical microscopy and SEM) 
and FT-IR Chemical Imaging. Morphological characterization of the 
explanted patches was compared to pre-implantation samples, while FT- 
IR Chemical Imaging provided insights into the chemical composition of 
the patches retrieved from both Sham and I/R tissues, allowing for a 
detailed evaluation of their integration within the surrounding 
environment.

3.3.6.1. Morphological analysis before and after explant. SEM analysis 
was performed to compare the patch’s surface and cross-section before 
implantation and after explantation from cardiac tissue. Fig. 7A–F 
illustrate the morphology of the explanted patches retrieved from I/R 
tissue, revealing their structural integration with ECM components, as 
corroborated by the histological analysis (Fig. S17). The epicardium- 
contacting surface of MENDEP appeared covered with globular ECM 
structures and cellular elements (Fig. 7D).

High-magnification SEM images (Fig. 7F) highlighted porosities 
(ranging from 2 to 7 μm in width, and from 10 to 20 μm in length, 
despite the treatment of the sample subjected to SEM analysis which 
may have collapsed the pores), which are conducive to cell colonization 
and vascularization (Fig. 5H and 6C).

The thickness of MENDEP was measured pre-implantation (216–220 
μm) and post-explantation (ranging from 138 to 346 μm), suggesting 
non-uniform degradation due to the integration with the tissue. Addi
tionally, gravimetric analysis on the retrieved patch indicated a 40–46 % 
mass loss under both I/R and Sham conditions compared to the original 
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weight, confirming partial in vivo degradation. Stereomicroscope images 
(Figs. S26A and S26B) further illustrate the morphological changes of 
the patch.

3.3.6.2. -IR chemical imaging of the patch after explant. FT-IR Chemical 
Imaging was employed to analyze the chemical composition of the 
explanted patches and to better discriminate between the polymeric 
component of MENDEP and the biological matrix incorporating it. The 
analysis was performed on both sides of the explanted patch from Sham 
+ P (Fig. 7G and H, S26C, S26E) and I/R + P (Fig. 7I and J, S26D, S26F) 

groups.
In Fig. 7G and I, on the left, the chemical maps of side A of the patch 

(epicardium-contacting surface) are reported, for the Sham + P and I/R 
+ P groups respectively. These maps are plotted using as reference the 
characteristic peak of PLGA at 1750 cm− 1 [16] showing that PLGA 
distribution in the sample is heterogeneous, indicating partial degra
dation. The presence of ECM components is confirmed by characteristic 
absorption bands, particularly at 1080 cm− 1 (phosphodiester groups of 
nucleic acids [16,101]), at 1040 cm− 1 (glycosaminoglycans, GAGs 
[16]), and a small band at 1730 cm− 1 (cellular components, membrane 

Fig. 6. MENDEP promotes stem cell recruitment. A. Representative confocal images showing c-Kit positive cell recruitment in both left ventricle of rat hearts and 
patch. Red arrows indicate c-Kit positive cells. B. Quantification of total c-Kit positive cells in three left ventricle regions for each experimental group, expressed as 
the number of cells per mm2. c-Kit: green; DAPI: blue (n = 3). C. Representative confocal images showing GATA-4 positive cells recruited in both left ventricle of rat 
hearts and patch. Red arrows indicate GATA-4 positive cells. D. Quantification of total GATA-4 positive cells in three left ventricle regions for each experimental 
group, expressed as number of cells per mm2. GATA-4: green; DAPI: blue (n = 3). E. Overview of the myocardium with implanted patch stained with H&E. Red 
arrows point to spindle-shaped into the patch at higher magnification (right). M: myocardium; P: patch. F. Representative confocal image of initial recruitment of 
TnC-positive spindle-shaped cells (red arrows) in rat hearts after MENDEP implantation. *p < 0.05, **p < 0.01, ***p < 0.001, by two-way ANOVA with Tukey’s HSD 
post-hoc tests.
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Fig. 7. SEM and FT-IR Chemical Imaging analysis of MENDEP (n = 3). A. SEM image of the microstructured and nano-functionalized surface of MENDEP (before 
implant). B. SEM image of the cross-section of MENDEP (before implant). C. SEM image showing a higher magnification of A., highlighting the nanoparticles inside 
one of the microstructure’s cavities. D. SEM image of the epicardium-contacting surface of MENDEP retrieved from I/R explant. E. SEM image of the cross-section of 
MENDEP retrieved from I/R explant, showing the continuum of the patch merged with ECM. F. SEM image showing a higher magnification of E., highlighting the 
longitudinal form of the pores in the continuum of the patch merged with ECM, with dimensions suitable for vascularization. G. Chemical map (left) plotted using as 
reference the characteristic peak of PLGA at 1750 cm− 1 and FT-IR spectra (right) corresponding to three selected points of the map (A, B, C) of “Side A” (epicardium- 
contacting surface) of MENDEP after Sham explant. Top, right: second derivative of the spectra highlighting the band at 1730 cm− 1. H. Chemical map (left) plotted 
using as reference the characteristic peak of PLGA at 1750 cm− 1 and FT-IR spectra (right) corresponding to three selected points of the map (A, B, C) of “Side B” 
(epicardium-non-contacting surface) of MENDEP after Sham explant. Top, right: second derivative of the spectra highlighting the band at 1730 cm− 1. I. Chemical 
map (left) plotted using as reference the characteristic peak of PLGA at 1750 cm− 1 and FT-IR spectra (right) corresponding to three selected points of the map (A, B, 
C) of “Side A” (epicardium-contacting surface) of MENDEP after I/R explant. J. Chemical map (left) plotted using as reference the characteristic peak of PLGA at 
1750 cm− 1 and FT-IR spectra (right) corresponding to three selected points of the map (A, B, C) of “Side B” (epicardium-non-contacting surface) of MENDEP after I/ 
R explant.
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phospholipids [16]) visible mostly in second derivative (Fig. 7G and I, 
top right). This landscape is further confirmed by the 3D visualization of 
the maps in Fig. S26; considering for example surface A (epi
cardium-contacting, Sham + P), it is possible to appreciate a residual 
profile of the microstructure of the polymeric patch (1750 cm− 1 band, 
Fig. S26C, left), with an overlying layer of cellular components (1730 
cm− 1, 1080 cm− 1, 1040 cm− 1 bands Fig. S26E, left). Notably, structural 
preservation of the micropatterning is particularly significant as it sug
gests that MENDEP retains its bioactive topographical features, which 
are useful for continuing to direct cell signals for new tissue formation. 
Furthermore, chemical mapping of side B (external surface, epicardium 
non-contacting, Fig. 7H, left), indicates a higher PLGA content 
compared to side A, suggesting that degradation occurs more actively at 
the cardiac tissue interface. Spectral analysis (bottom right) reveals: 
similar ECM-related bands as side A, but with higher intensity at 1040 
cm− 1 (GAGs) and reduced absorption at 1730 cm− 1, indicating less 
cellular infiltration on side B. This suggests that tissue remodeling and 
polymer breakdown are more prominent on the epicardium-facing side 
(side A), where direct interaction with host cells and ECM deposition 
occurred.

Compared to the Sham + P samples, a greater reduction in PLGA 
content in I/R + P ones was observed (Fig. 7I and J), suggesting that 
MENDEP degrades more readily in infarcted tissue, likely due to the 
altered biochemical environment and increased enzymatic activity in 
the remodeling myocardium.

3.3.7. FT-IR chemical imaging of the tissue under the patch after explant
FT-IR Chemical Imaging was also used to evaluate the eventual 

differences in the biochemical signals of different sections of myocardial 
tissue (Figure S27 A-F). To give a quantitative evaluation, two param
eters were examined: a. band ratio between glycosaminoglycan (GAG) 
and amide I (indicative of a cellularization process); b. band ratio be
tween amide I and amide II (indicative of a protein asset). The obtained 
data showed how the highest value of the GAG/amide I ratio resulted in 
the one registered for I/R + P (0.10–0.30) against Sham (0.06–0.15) and 
I/R (0.15–0.20), indicating a proliferative and regenerative activity at 
the tissue level under the patch. On the contrary, the value of amide I/ 
amide II ratio is higher for I/R tissue (1.7–2.1), indicating an alteration 
of the protein structure of the infarcted tissue, while in the sample I/R +
P, the value of amide I/amide II ratio (1.6–1.8) is identical to that 
observed for Sham, that is indicative of the restoration of a more correct 
protein structure.

To evaluate the distribution of biodegradation products of the patch, 
(Figure S27 G-K), the maps were correlated with the characteristic peak 
of PLGA at 1750 cm− 1 at two different areas of the cardiac tissue 
(proximal and distal to the patch). In the proximal point, peaks attrib
utable to PLGA were observed, whereas in the distal point, no traces of 
the patch or its by-products were detected. This suggests the absorption 
of the by-products of the polymeric component relative to the bio
degraded parts of MENDEP.

A more in-depth analysis was performed to evaluate the asset of the 
protein structure of myocardial tissue after explant. FT-IR Chemical 
Imaging enabled the second derivative analysis of protein spectra. PCA 
analysis obtained from chemical maps in μ-ATR for Sham, I/R and I/R +
P groups were reported in Fig. 8A, B and C, respectively. From PCA 
analysis, showing a similar spectral variability characterized by a 

Fig. 8. FT-IR Chemical Imaging to evaluate protein conformational profile of myocardial tissue after MENDEP explant (n = 3). A. PCA analysis of deconvolution of 
amide I band for Sham myocardial tissue. B. PCA analysis of deconvolution of amide I band for myocardial tissue of I/R + P group. C. PCA analysis of deconvolution 
of amide I band for myocardial tissue of I/R + P group. D. Corresponding spectrum of amide I region acquired in A. E. Corresponding spectrum of amide I region 
acquired in B. F. Corresponding spectrum of amide I region acquired in C. Arrows indicate the bands at 1663 cm− 1 (IR signal of collagen deposition) and 1638 cm− 1 

(IR signal of collagen triple helix deposition) showed in D, E and F.
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predominant red area in all three samples, the second derivative spectra 
of the protein band were achieved (Fig. 8D, E and F). A conformational 
profile for the myocardial sample under the patch (Fig. 8F) was obtained 
resulting in a much more similar profile to that observed for the Sham 
(Fig. 8D) compared to the profile derived from the I/R chemical band 
(Fig. 8E). For example, the intensity of the band at 1663 cm− 1 obtained 
by the deconvolution of amide I and indicative of collagen deposition for 
I/R + P (Fig. 8F) is comparable to that of the same band for Sham while 
it is much more intense in I/R tissue (Fig. 8E).

The same trend was observed for the band at 1638 cm− 1 attributed to 
the triple helix of collagen which in I/R tissue is very evident, on the 
contrary, the intensity of this band in I/R treated with the patch is 
reduced moving towards the intensity of the Sham band.

Overall, the results suggest that the patch has both regenerative and 
protective effects in the area where the infarct occurred.

4. Discussion

To overcome the limitations of current MI therapies, in this study we 
developed MENDEP, an innovative bioartificial acellular cardiac patch 
endowed with (i) an electroconductive material, aiming at modulating 
cellular response and tissue regeneration; (ii) in situ release capability for 
delivering Apelin-13, a pleiotropic molecule exerting multiple biological 
effects including cardioprotection, fibrosis counteraction, chemo
attraction, anti-inflammatory activity and angiogenesis promotion; (iii) 
MIP for correction of MMPs and their tissue inhibitors TIMPs unbalance 
involved in cardiac fibrosis.

MENDEP is a biomimetic scaffold specifically designed to replicate 
both the composition and structural organization of cardiac tissue, 
spanning from the micro-to the nanoscale. Its biomimetic properties are 
evident in several key aspects. The scaffold features a microstructured 
surface engineered to resemble the ECM of myocardial tissue, providing 
an environment conducive to cell adhesion and function [15]. At the 
nanoscale, the self-assembly of Fmoc-FF leads to the formation of 
nanofibers with diameters ranging from 20 to 100 nm, closely approx
imating the scale of collagen fibers, which are fundamental structural 
components of the ECM. These nanofibers not only mimic the 
morphology of natural ECM proteins and proteoglycans but also exhibit 
secondary structures such as β-sheets and α-helices, which play a crucial 
role in supporting cellular attachment and signaling. Supramolecular 
nanofibers with similar architectures have been demonstrated to be 
biocompatible [102,103] and capable of influencing cellular behavior 
through mechanotransduction and biochemical signaling pathways 
[104].

Another key biomimetic feature of MENDEP is its controlled biode
gradability, reflecting the dynamic and transient nature of the native 
ECM. This property ensures gradual integration with the host tissue, 
allowing for progressive remodeling without generating undesirable 
inflammatory responses. Furthermore, MENDEP incorporates bioactive 
functionalization through the sustained release of Apelin-13, an 
endogenous cardiovascular regulatory molecule, which is stabilized by 
polymeric nanoparticles of natural origin. This targeted bioactivity en
hances cell-matrix interactions and supports the physiological function 
of the repairing tissue. Additionally, MENDEP integrates molecularly 
imprinted nanoparticles designed to recognize and regulate MMP-9, a 
matrix metalloproteinase involved in ECM remodeling in cardiac tissue. 
By mimicking natural molecular recognition mechanisms such as 
antigen-antibody or ligand-receptor interactions, these nanoparticles 
help modulate MMP-9 activity, thereby preventing excessive ventricular 
remodeling and fibrosis.

In previous studies we have investigated a microfabricated PLGA/ 
Gelatin bilayer scaffold incorporating an intermediate hydrogel layer for 
controlled drug release. Results demonstrated that, compared to the 
pure PLGA/Gelatin membrane (m-MP), the bilayer patch (MP) retained 
favorable mechanical properties - including elastic modulus and 
anisotropy - and exhibited similar biodegradation behavior under 

physiological conditions [15]. The possibility of providing a double 
microstructured interface for a better integration with the tissue, and an 
extensive surface nano-functionalization, stood for an interesting 
advancement. Furthermore, the bilayer consents the incorporation of an 
intermediate hydrogel layer to provide a versatile platform for sustained 
and controlled drug release, as demonstrated in adenosine delivery 
studies. In particular, we demonstrated that a multi-layered micro
structured PLGA/Gelatin patch functionalized with adenosine 
(ADMMP) was able to favor in vitro stem cell adhesion, proliferation and 
early cardioinductivity [15]. Though endowed with full potential only 
for the treatment of acute disease, ADMMP showed an optimal adhesion 
on epicardial surface, cardioprotective effect and a non-fibrotic outcome 
at 3 months as results of an in vivo feasibility study using minipigs [16]. 
Leveraging on those previous achievements, we developed further to 
obtain MENDEP. In the present work, we deeply analyzed the properties 
of this acellular, clinically feasible, off-the-shelf potential therapeutic for 
cardiac repair.

A wide series of characterizations were performed on MENDEP, 
including physico-chemical (FT-IR Chemical Imaging, DSC, TGA), me
chanical (DMA, Instron), degradation (GPC) and functional analyses 
(HPLC). Moreover, a conductivity analysis was carried out to verify the 
contribution of the Fmoc-FF peptide to the assembled system conduc
tivity, using an impedance spectrometer. Considering the importance of 
good mechanical compliance of the patch with the myocardial tissue, an 
extensive study was performed by evaluating the viscoelastic properties 
of the patch at varying degradation time and frequency while providing 
mechanical support and preserving the mechanical anisotropy. More
over, the patch resistance test to the suture and the burst resistance test, 
to simulate the biaxial forces to which the patch is subjected in vivo and 
to determine its resistance to prevent rupture or bleeding during the 
heartbeat, were performed using specific ISO standards for cardiovas
cular implants. Overall, MENDEP showed good mechanical properties 
and controlled biodegradability. In addition, Fmoc-FF incorporation 
increased the conductivity of the patch, thus reducing the electrical 
impedance of polymeric components. As expected, pure PLGA mem
branes exhibited high impedance, with Gelatin incorporation leading to 
an increase of the conductivity values. The addition of Fmoc-FF resulted 
in a further increase in conductivity. Moreover, the results showed 
improved conductivity when the Fmoc-FF hydrogel was used in the 
formulation of the patch, as shown by the comparison of MNDEP vs 
MENDEP. We have recently demonstrated [24] that Fmoc-FF alone or 
chemically conjugated with saccharides (e.g., glucosamine-6-sulphate) 
improves the conductivity of hydrogel patches targeting cardiac 
repair. This is an advantage to allow the intercellular electrical signal 
propagation, which combines maintaining biocompatibility and com
plete biodegradability of the patch. The combination of these properties 
can be considered an important advancement in developing patches for 
myocardial regeneration to facilitate clinical translation. Recently, 
epicardium patches were produced using non-degradable electroactive 
polymers by elevating electrically coupled contractility in infarcted 
myocardium. This approach allows in situ monitoring of 
mechano-physiological function and improvement of myocardial 
fibrosis. However, our study was oriented to obtain mainly a completely 
biodegradable and biocompatible patch for a passive electro
conductivity approach, without the need for conductive activity as 
required in bioelectronic diagnosis [20]. Based on the above charac
terizations, MENDEP was demonstrated to possess high potentiality to 
be implanted on the infarcted wall where it acts as reinforcement, pre
venting wall stress and scarred area bulging. Indeed, several authors 
reported that mechanical support per se can reduce collagen synthesis 
and alignment, thus limiting the consequent adverse remodeling of the 
heart [105]. In addition, MENDEP also showed molecular recognition 
ability and controlled drug release activity that would further augment 
its therapeutic potentiality. In vitro evaluations confirmed that MIPs 
exhibited significantly higher affinity for MMP-9 compared to MMP-2 
and TIMP-1. This selectivity suggests that, upon in vivo implantation, 
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the MIPs could effectively sequester excess MMP-9 without altering 
TIMP-1 or MMP-2 physiological levels, thereby mitigating pathological 
ECM remodeling while preserving essential proteolytic activity.

A key challenge in this system is the ability to prolong the activity of 
Apelin-13. Studies show that (Pyr)1Apelin-13, the predominant circu
lating isoform in cardiac tissue, exhibits an extremely short half-life 
[42]. To enhance the stability and prolong its release, we developed a 
formulation with PHB nanoparticles loaded onto the patch, demon
strating that MENDEP can prolong Apelin-13 release in vitro, ensuring a 
sustained and stable dose up to five days.

To prepare for the in vivo study, in vitro cytocompatibility, absence of 
sensitizing potential and cardioinductivity of patches were 
demonstrated.

The reported cardiomyogenic effect of our patch on NMCs, MSCs and 
hiPSCs is in our opinion a demonstration of the cardiac biomimetic 
environment offered by the patch per se, i.e., a 3D ambient, which re
sembles the native tissue histoarchitecture and is, therefore, able to 
dialogue on a molecular level with cardiac relevant cells. Indeed, a 
starting differentiation step could be obtained in both MSCs and NMCs, 
certainly not sufficient to direct their full cardiomyocyte specification. 
Regarding MSCs, the most prominent effect produced by our patch was 
GATA-4 upregulation, which we believe to not lead to their trans
differentiation into cardiomyocytes, but rather to a fine-tuning of MSC 
secretory activity toward a protective and pro-angiogenetic secretome. 
Indeed, there is recent compelling evidence that overexpression of 
GATA-4 in MSCs can promote cardioprotection and vascular angiogen
esis effects through paracrine action [106,107]. A similar fine-tuning 
effect might be exerted on the NMC secretome as well, a possibility 
that deserves further investigation.

Further, in vitro migration tests showed that the chemoattractive 
capacity of MENDEP is due to Apelin-13 release, and conductive assays 
evidenced unaltered cell-cell interactions and cell beating synchronicity 
irrespective of patch functionalization.

MENDEP was then epicardially implanted in an experimental rat 
model of I/R. Overall, several positive effects could be experimentally 
evidenced. Our analyses revealed minimal fibrotic responses and robust 
tissue integration of MENDEP, highlighting its biocompatibility and 
ability to limit adverse foreign body reactions. By minimizing fibrotic 
encapsulation and promoting an anti-inflammatory microenvironment, 
MENDEP demonstrated its potential as a promising therapeutic platform 
for cardiac applications. MENDEP exerted neither adverse effects on the 
normal host myocardium (Sham + P group) nor vulnerability to ar
rhythmias. Further, MENDEP exhibited high levels of in vivo epicardial 
engraftment and improved the cellularized environment in the infarct 
area by, at least in part, promoting neovascularization and increasing 
cell retention. In particular, we hypothesize that prolonged and 
controlled patch-mediated Apelin-13 release allowed for the continued 
attraction of endogenous precursor cells, both c-Kit+ and GATA-4+, that 
could be observed at 4-week post-MI. Notably, NMCs comprise c-Kit+
and GATA-4+ cells as evidenced in the present and previous studies [52] 
and MSCs are c-Kit positive cells that acquire GATA-4 expression in 
response to culture on MENDEP. The recruitment of c-Kit+ and 
GATA-4+ cells, in both I/R + P and Sham + P groups, is thus consistent 
with the in vitro results showing MENDEP’s ability to stimulate the 
migration of both NMCs and circulating MSCs. Therefore, we believe 
that some of the c-Kit+ and GATA-4+ cells recruited in vivo are indeed 
NMCs and MSCs.

Though the microstructured patches, mimicking the native tissue 
histoarchitecture, provided favorable niche conditions for the attracted 
endogenous cells, none of them exhibited mature 3D sarcomeric orga
nization. However, neovascularization effects of MENDEP at the infarct 
region were evidenced, suggesting the attraction of resident and circu
lating precursors and their full differentiation as a major contributing 
factor, possibly in synergy with apelin-induced sprouting enhancement 
from existing vessels [41,108]. Interestingly, c-Kit + NMCs show the 
potential to give rise to new vessel formation [87,109,110]. In addition, 

NMCs and MSCs are widely recognized as capable of exerting important 
pro-regenerative and protective paracrine activities [82,111–115] on 
the surrounding injured myocardium.

Indeed, it is well known that an increase in vascularization can 
induce an improvement in cardiac function and vice versa [100,
116–119].

The findings of our in vivo study provide strong evidence of MEN
DEP’s biodegradability and integration with cardiac tissue over the 4- 
week implantation period. The FT-IR Chemical Imaging maps and 
spectral data confirmed advanced polymer degradation at the tissue 
interface, active ECM deposition and cellular recruitment. Moreover, 
under the patch, the myocardial tissue appeared well preserved and 
cardiac gap junctions were found correctly distributed at the level of the 
intercalated discs. FT-IR Chemical Imaging allowed also to evaluate the 
tissue under the patch at a distal level of the myocardium, showing no 
traces of the patch or its by-products. This suggests the absorption of the 
by-products of the polymeric component relative to the biodegraded 
parts of MENDEP.

As for the efficacy of MIP-hMMP-9 functionalization to cardo LV 
remodeling, this was not easy to demonstrate. However, we observed 
that the mean fibrotic area detected in the I/R group (~21 %) was 
partially reduced in the I/R + P group (~14 %), suggesting that also this 
goal may have been, at least partially, achieved. The characteristics of 
this area were evaluated also in terms of protein asset using FT-IR 
Chemical Imaging. The results confirmed the capability of MENDEP of 
restoring a more correct asset of proteins suggesting the activation of the 
normal tissue reparative processes evolving in a non-fibrotic tissue. 
Altogether, both cardioprotective mechanisms and regenerative mech
anisms appeared to be at the basis of the observed beneficial effects.

A few aspects that need more investigation could also be pointed out 
by the authors. Although in vitro results showed that MENDEP improved 
the cardiogenic maturation of both cardiac resident non-myocyte pre
cursors and iPSC-CM, however, this effect could not be fully observed in 
the in vivo MI model. Only a few scattered TnC + cells showing an 
immature spindle-shaped appearance were observed in I/R + P cardiac 
slices, possibly representing an initial maturation step of cardiac pre
cursors. Both immunofluorescent and histological assessments proved a 
wider surface of healthy cardiac tissue in I/R + P compared to I/R hearts 
and this was also supported by OPN increase; however, the assessment 
method adopted did not allow for discrimination between repair and 
prevention of cardiac damage. Also, whether the enhanced cellulariza
tion and neovascularization of MENDEP would significantly improve the 
cardiac function of the MI rat requires further investigation. We con
ducted a preliminary study of cMRI, demonstrating the firm fixation of 
MENDEP at rat heart and its passive extensibility following rhythmic 
contraction and relaxation motions. Interesting indications on the 
improvement of ejection fraction and stroke volume were observed in I/ 
R + P rat compared to I/R rat, so further in vivo studies on evaluating the 
effects of MENDEP also on cardiac functions would be worthwhile.

The current work has multiple distinctive characteristics: (i) a greatly 
improved material design, good mechanical properties, high resistance 
to suture and burst, and reduced electrical impedance, while main
taining biodegradability; (ii) functionalization 1 consisting of Apelin-13 
release to provide cardioprotection and chemotactic recruitment of 
endogenous precursors (mesenchymal, endothelial, cardiac), necessary 
to maintain a complex cardiac tissue; (iii) nano-functionalization 2 (MIP- 
hMMP-9) for contrasting ventricular remodeling through the restoration 
of the correct balance between MMP-9 and TIMP, thereby enhancing 
cardiac function; and (iv) in vivo 4-week development of MENDEP in a 
murine I/R-induced MI model to evaluate its potential therapeutic 
effect.

Although a detailed analysis of MENDEP degradation and interaction 
with host tissue after in vivo implantation was provided, a study of ab
sorption over time in vivo would be interesting to be explored. However, 
to provide a reference point for long-term degradation, we highlight the 
MP patch (PLGA/Gelatin) study in minipigs, where complete 
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biodegradation and bioresorption were observed at 3 months post- 
implantation [16]. Given that the pig heart is a closer model to the 
human heart, this study serves as a valuable benchmark for MENDEP’s 
expected degradation kinetics in future clinical applications.

In the future, a physiologically relevant large animal study, such as a 
porcine MI model, and a longer follow-up time will be employed as a 
more realistic experimental model to study the MENDEP integrated 
functional repair that was not fully observable in the current investi
gation. Moreover, developments in regulatory/safety aspects and scale- 
up of MENDEP production will significantly impact the ultimate clinical 
success of this innovative acellular cardiac engineering therapy. Further, 
mechanistic studies on myocardial repair pathways could also help 
extend the modes of action of this off-the-shelf cardiac therapy.

5. Conclusions

In conclusion, as a proof of concept, a microstructured, bioartificial, 
electroconductive and drug-eluting acellular patch, which is designed to 
attract endogenous precursor (stem) cells, favor their differentiation and 
contrast ventricular remodeling in situ, has been produced for the in vivo 
engineering of cardiac tissue. The developed MENDEP has a great po
tential to provide the desired therapeutic effect through endogenous cell 
recruitment and maturation, cardioprotection and ventricular remod
eling counteraction, based on a previously unidentified implemented 
engineering design combining optimal biomimicry, controlled drug 
release, effective nano-functionalization, and simple manufacturing 
process. Although the mechanisms of action require further clarification, 
a paradigm has emerged for how adult epicardium may be activated for 
heart repair via our engineered, acellular, clinically feasible, in vivo 
cardiac patch application.
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