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Abstract 

The limited regenerative capacity of the heart after a myocardial infarct results in remodelling 

processes that can progress to congestive heart failure (CHF). Several strategies including mechanical 

stabilisation of the weakened myocardium and regenerative approaches (specifically stem cell 

technologies) have evolved which aim to prevent CHF. However, their final performance remains 

limited motivating the need for an advanced strategy with enhanced efficacy and reduced deleterious 

effects. An epicardial carrier device enabling a targeted application of a biomaterial-based therapy to 

the infarcted ventricle wall could potentially overcome the therapy and application related issues. 

Such a device could play a synergistic role in heart regeneration, including the provision of 

mechanical support to the remodeling heart wall, as well as providing a suitable environment for in 

situ stem cell delivery potentially promoting heart regeneration. 

In this study, we have developed a novel, single-stage concept to support the weakened myocardial 

region post-MI by applying an elastic, biodegradable patch (SPREADS) via a minimal-invasive, 

closed chest intervention to the epicardial heart surface. We show a significant increase in %LVEF 14 

days post-treatment when GS (clinical gold standard treatment) was compared to GS + SPREADS + 

Gel with and without cells (p≤0.001). Furthermore, we did not find a significant difference in infarct 

quality or blood vessel density between any of the groups which suggests that neither infarct quality 

or vascularization is the mechanism of action of SPREADS. The SPREADS device could potentially 

be used to deliver a range of new or previously developed biomaterial hydrogels, a remarkable 

potential to overcome the translational hurdles associated with hydrogel delivery to the heart. 

 

Key words: Ventricular Stabilization; Epicardial Carrier Device; Extravascular Device; Hyaluronic 

Acid Hydrogel; Stem Cell Delivery; Myocardial Infarction 
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Graphical Abstract:  

 

 

 

Highlights:  

 Minimal-invasive delivery of biomaterial therapies to the epicardium is challenging 

 We have developed a device called Surface Prone EpicArdial Delivery System (SPREADS) 

 SPREADS can deliver a range of new or previously developed biomaterial hydrogels 

 SPREADS is delivered via a single-stage minimal-invasive, closed chest intervention 

 SPREADS showed significant improvement in heart function compared to gold standard 
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1. Introduction 

Cardiovascular disease (CVD) causes >17 million deaths globally per year, and is expected to reach 

23.6 million by 2030 [1]. Coronary heart disease including angina, myocardial infarction (MI) and 

coronary death, remain the largest contributors of CVD [1]. Left ventricular (LV) remodeling 

following MI encompasses progressive dilatation of the LV cavity, increase in LV wall stress, 

cardiomyocyte hypertrophy, interstitial fibrosis and numerous alterations in biochemical and 

molecular functions which leads to heart failure (HF) [2]. There is a critical need to develop novel 

strategies which are capable of effectively preserving myocardial integrity and enhancing cardiac 

function post-MI to improve patient outcomes. Modulation of myocardial scarring and stabilisation of 

the weakened LV wall post-MI could eliminate the cascade of events leading to the progression of HF 

[3].  

Stabilisation techniques, in which the weakened ventricle wall is mechanically supported to reduce 

wall stress (based on LaPlace’s Law) and prevent further LV remodeling, have received increasing 

attention over recent years as promising approaches to attenuate pathological mechanical changes 

occurring after MI. Even though whole heart passive restraint devices such as CorCap and HeartNet 

have shown promising clinical data, the efficacy of these devices remains limited [4]. These results 

can potentially be explained by the inability of the nonbiodegradable material used in these devices to 

conform to the LV wall as the morphological changes to the heart occur during reverse remodelling 

[5]. Lee et al. [6] reported that restraint level affects the rate and degree of reverse remodeling and 

show the importance of such an adaptive mechanical support for an optimized treatment. 

Significant potential has been attributed to regenerative approaches, specifically stem cell 

technologies, which aim to encourage cardiac regeneration, having also the potential to alter the 

pathological LV remodeling process after MI. However, the functional outcomes of such approaches 

have been limited to date; studies have unanimously shown poor retention/survival of delivered cells 

[7-9]. For stem cell therapy to achieve successful outcomes, it is necessary to enhance cell viability 

and retention during delivery and their ability to survive in the harsh post-MI heart environment [10, 

11]. Such regenerative approaches could be optimised by utilising biomaterials, specifically 

hydrogels, as delivery vehicles to enhance cell localisation and survival at the target site [10, 12]. 

Particular attention has been payed to catheter-based transendocardial delivery of injectable hydrogels 

which polymerize in situ within the myocardial wall. Such delivery strategies facilitate minimally-

invasive administration of a biomaterial to the myocardium and enable control of the cell distribution 

and tissue reinforcement through multiple injection sites [12-15]. However, intramyocardial injections 

may not be appropriate for the treatment of large infarcts where numerous injections would be 

required to provide adequate distribution of the respective biomaterial for an optimal therapy. 

Multiple injection sites maximize the risk of tissue trauma especially into a dynamic organ such as the 

heart [13]. The epicardial surface has shown promise as an alternative [16, 17]. An epicardial carrier 

device enabling a targeted application of a biomaterial-based stem cell therapy topically to the 
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infarcted ventricle wall could potentially overcome the therapeutic- and application-related issues 

discussed above. Such a device could imbibe a synergistic role in heart regeneration; provision of 

mechanical support to the remodeling heart wall, as well as providing a suitable environment for in 

situ stem cell survival, migration and the release of paracrine factors into the epicardial tissue. 

However, targeted local application of a biomaterial to the epicardial surface does pose challenges. 

Current hydrogels are mainly characterized by low viscosities [18, 19] in their pre-curing state, in 

addition to having intrinsic insufficient soft tissue and wet environment adhesion properties [20], 

making it difficult to apply them directly to the dynamic heart surface. Mechanical and chemical 

properties required to surrogate an appropriate extra cellular matrix (ECM) for stem cells differ 

significantly from favored features to facilitate a minimal-invasive delivery and stable attachment to 

the epicardial surface. There exists a need to generate a synergistic approach which encompasses 

material requirements for successful stem cell translation and minimally-invasive application of a 

biomaterial to the epicardial heart surface post MI. 

Numerous natural and synthetic biodegradable materials have been investigated for cell-free 

approaches to mechanically reinforce the infarcted myocardium [14, 21], as carrier material for cell-

based regenerative strategies [11, 22] and therapeutic agent delivery [23-26]. Natural materials are 

preferred in terms of cell and tissue compatibility provoking less cytotoxic effects and reducing the 

possibility of an immune response when implanted in vivo. Hyaluronic acid (HA) is a naturally 

occurring linear unbranched polysaccharide found in the connective, epithelial and neural tissues of 

vertebrates. HA has been used for tissue engineering, in particular cardiac approaches [27-33], due to 

its inherent biocompatibility, biodegradability and viscoelastic characteristics. Native HA is rapidly 

metabolized by hyaluronidases in vivo, however covalently crosslinkable derivatives of HA have been 

developed exhibiting an extended biological half-life and favourable mechanical properties. One such 

material is a hydroxyphenyl derivative (HA-PH) which is capable of forming a covalently crosslinked 

hydrogel via an oxidative coupling reaction catalysed by horse radish peroxidase (HRP) and hydrogen 

peroxide (H2O2) [34]. Contipro (Czech Republic) have synthesised a HA derivative (HA-PH-RGD) 

bearing both hydroxyphenyl moiety and RGD (an oligopeptide which stimulates integrin mediated 

cell adhesion [35]), which forms robust hydrogels favourable for cell attachment. Additionally, these 

chemistries are scalable to clinical quantities. The mechanical properties and degradation rate of the 

formed hydrogels can be customised by altering the cross-linking concentration [15].  

However, most natural materials lack adequate mechanical properties such as sufficient stiffness to 

provide ample mechanical support [36] and stability towards the frictional stress caused by the 

relative movement of the pericardium [22] negating their potential as epicardial patch materials. 

Synthetic materials present a more tunable adjustment of their input design parameters [22]. 

Segmented polyurethanes (PU) have been successfully employed as biostable polymers in elastomeric 

long-term implants for years due to their tunable mechanical and chemical properties, processability 

and appropriate biocompatibility [37]. Biodegradable PU’s have been developed with controllable 
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degradation rates and profiles, by varying the type and content of the polyester soft segment, as well 

as the hard segment and chain extender chemistry [38]. PU’s capability to be fabricated into porous 

structures addresses another central requirement by enabling and promoting cell ingrowth and 

incorporation into the surrounding tissue [39].  

Previously, improved efficacy of stem cell therapy was shown in a rat model of myocardial infarction 

by applying an epicardial delivery device which enabled multiple refills with new cells [40]. This 

study aims to progress the feasibility of a similar delivery device in a large animal model to truly 

realise human clinical translation with the inclusion of novel hydrogel delivery scaffolds. A novel 

Surface Prone EpicArdial Delivery System (SPREADS) feasible of encapsulating a fast-gelling 

hyaluronic acid (HA-PH-RGD) hydrogel that can be delivered alone or loaded with cardiopoietic 

adipose derived stem cells (c-ADSCs) minimally-invasively to the epicardial heart surface was 

developed by AdjuCor (Germany). We hypothesize that this bioresorbable epicardial patch capable of 

acting as passive restraint and cargo device for biomaterials loadable with therapeutic agents will 

provide both temporary stabilization and biological support encouraging functional recovery of the 

weakened LV-wall post-MI, as shown in Figure 1. The mechanical and viscoelastic properties of the 

biomaterial hydrogels were determined, and viability of cells encapsulated in SPREADS was 

investigated. The pre-clinical feasibility of SPREADS was determined in an acute porcine in vivo 

study. Finally, the efficacy of SPREADS was assessed in a chronic porcine study whereby the device 

was implanted 14 days post-MI and compared to gold standard pharmacological therapy. The 

cumulative objective of our experiments demonstrates that a bioresorbable epicardial patch 

encapsulating biomaterial hydrogels with living cells can be implanted minimally invasively, and 

improve heart function post-MI. 
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Figure 1: A bioresorbable epicardial patch (SPREADS) encapsulating fast-gelling hyaluronic 

acid (HA-PH-RGD) hydrogel and cardiopoietic adipose derived stem cells (c-ADSCs) to provide 

mechanical and biological support to the weakened LV wall post-MI.  
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2. Materials and Methods:  

2.1 Design features of SPREADS 

The construction of SPREADS addresses current limitations for the targeted application of hydrogel 

biomaterials to the epicardial heart surface in a minimal-invasive approach ensuring their sustained 

contact to the epicardium. SPREADS’ novel design features are shown in Figure 2. SPREADS 

contains a central hydrogel reservoir for both pre-cured and in situ curing hydrogel biomaterials to 

facilitate their site-specific administration to the epicardial surface. SPREADS’ unique structure 

including two separate bioadhesive reservoirs enables the controlled release of an in situ applied 

bioadhesive to firmly attach SPREADS to the epicardial surface, without employing any surgical aids, 

thus ensuring the stable contact of the delivered hydrogel biomaterials with the myocardium. 

SPREADS was constructed of two individually manufactured polymer layers. The outer layer, made 

of an elastic poly(ester urea urethane) (PEUU) foam, forms a flat disk similar to previously reported 

epicardial patches [41, 42]. However, the PEUU foam also incorporates a bulge like structure in the 

center and circumferential grooves along its edge forming a central hydrogel reservoir and two 

separated bioadhesive reservoirs. Dome like structures were included on the outer surface of the 

PEUU foam serving as connection ports for the supply lines to the hydrogel and bioadhesive 

reservoirs. The ports aim to eliminate lesions of the permeable membrane during implantation and to 

improve the linkage of the supply lines to SPREADS. The permeable membrane was manufactured as 

flat, flexible, electro-spun poly(ester urethane) (PEU) fleece and thermally interconnected with the 

PEUU foam. Defined and separated lumina serving as hydrogel and bioadhesive reservoirs were 

generated by thermal interconnection (see red labelling in Figure 2) of the two polymer layers along 

the respective reservoir borders given by the PEUU foam.  

Both the PEUU foam and the PEU fleece are porous, a prerequisite for an adequate integration in the 

surrounding tissue [43, 44] and to encourage sufficient interaction of the delivered hydrogel with the 

weakened myocardium. Consequently, the PEUU foam and PEU fleece porosities were adapted to 

avoid undefined leakage when injecting fluid hydrogels as well as bioadhesive into the respective 

reservoirs. In addition, the permeable membrane was partially perforated in the region of each 

bioadhesive reservoir to ensure a defined release of the bioadhesive (see Figure 2) guaranteeing a safe 

fixation of SPREADS. The permeable membrane was additionally intended to provide partial self-

adhesion of SPREADS through capillary forces after positioning on the epicardium, thus adding 

stability in aid of bioadhesive deployment to securely and permanently adhere SPREADS to the heart 

surface.  

 

2.2 SPREADS preparation 

The outer layer of SPREADS was made of a lysine diisocyanate ethyl ester (LDI) based poly(L-

lactide-co-ε-caprolactone) polyurethane (PU) foam according to Laube, Weisser [39]. Briefly, a PLA-
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co-PCL-based, star-shaped oligoester was synthesized by ring opening polymerization of L-lactide 

and ε-caprolactone with meso-erythritol as starter molecule. The synthesized oligoester was 

subsequently converted with the LDI to form an isocyanate-endcapped, reactive PU-prepolymer. 

Following the prepolymer syntheses, the PU-prepolymer was thoroughly mixed with DMSO, LDI, 

water and DABCO to initiate the foaming process. The mixture was finally cast into a PTFE mold 

considering all the essential geometrical design features of SPREADS.  

The permeable membrane was synthesized from a biodegradable PEU as described by Gugerell, 

Kober [45]. Initially, the Octanediol-bis(L-lactide-co-e-caprolactone) polyester-prepolymer was 

synthesized. LDI was added in the next step to generate the isocyanate-terminated second prepolymer 

which was finally reacted with PEG1000. Scanning Electron Microscopy (SEM) was used to 

determine porosity of the membrane. Briefly, the membrane was mounted onto an aluminum stub 

using carbon adhesive tabs. This was gold coated using an Emscope SC500 sputter coater and imaged 

using a Hitachi S2600N Scanning Electron Microscope using secondary electron detector (Vacuum 

15kV, electron Beam 50). A solution of the polymer was finally used to fabricate the PEU fleece 

referring to Gugerell, Kober [45].  

After fabrication of the respective layers, the PEUU foam cast and the PEU fleece were thermally 

joined in specific areas to generate the hydrogel and adhesive reservoirs, spatially separated from each 

other. Finally, the supply lines were connected to the foreseen ports at the outer surface of PEUU 

foam.  

All SPREADS devices utilized to evaluate the pre-clinical feasibility and efficacy of the approach in 

vivo were sterilized by gamma-irradiation (> 25 kGy). 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

10 

 

 

Figure 2: A) HA-PH-RGD hydrogel preparation schematic, Design drawings of SPREADS 

showing B) superior and inferior view and C) cross-sectional view. D) Macroscopic sectional 

view of SPREADS loaded with a hydrogel and stable attached to the epicardial surface with 

bioadhesive.  
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2.3 In vitro degradation of SPREADS 

The long-term in vitro degradation of SPREADS was characterised by analysing the mass loss at 

accelerated oxidative conditions based on the experimental setup of Weems, Wacker [46]. Triplicate 

samples (10 – 50 mg) were incubated in 1 mL oxidative solution at 37 °C for up to 27 days. The 

oxidative medium consisted of a phosphate buffered saline (PBS) based solution with 20 % (w/w) 

hydrogen peroxide (H2O2) and 0.03 M cobalt chloride (CoCl2). Incubation in a medium consisting of 

20 % H2O2/ 0.03 M CoCl2 over 259 days corresponds to 1-year implantation in vivo based on a 

previously described correlation from Dempsey, Carranza [3]. The cobalt ions initiate the formation 

of several oxygen and hydroxyl radicals generated from the hydrogen peroxide, simulating the 

oxidative radicals present at the material-macrophage interface in vivo. The oxidative solution was 

changed every 3-4 days to maintain a relatively constant concentration of the radicals [3]. At 2, 7, 13, 

17 and 27 days, the samples (n=3) were removed, dried under vacuum at ambient temperatures 

overnight and weighed. The weight loss Wi was determined according the following equation 

    
     
  

      

with m0 corresponding to the initial mass and mt representing the weight of the dried sample at time t, 

respectively. 

2.4 HA-PH-RGD Hydrogel Preparation 

HA-PH-RGD (60-90 kDa) was synthesised as described in the Supplementary Material (Section1.1) 

and prepared as previously described [15]. HA-PH-RGD was rehydrated in phosphate-buffered saline 

(PBS) (pH7.4) on a rotational rocker (Stuart, SRT9D) overnight to form a 2% w/v solution. The 

polymer solution was crosslinked using HRP and H2O2, see Supplementary Figure 3. HRP powder 

was dissolved in 0.1% Bovine Serum Albumin (BSA) in PBS (pH 7.4) at 8 U/mL and vortexed to 

form a stock solution which was aliquoted and stored at -20°C. 0.1% (w/w) H2O2 solution was 

prepared fresh for every use. To prepare hydrogels, the 2% HA-PH-RGD solution was divided 

equally into two separate vials, which are referred to as hydrogel precursor solutions part A and part 

B. To part A HRP stock solution was added dependent on the required cross-linking density of the 

final hydrogel, as shown in Table 1. Similarly, 0.1% H2O2 solution as shown in Table 1 was added to 

part B. Parts A and B were agitated on a rotational rocker for 2 minutes to ensure a homogenous 

solution. Each precursor solution was drawn into a separate syringe and attached to the hydrogel 

mixer (Medmix Systems AG, Switzerland) which contains a static mixer to ensure homogenous 

gelation. The static mixer was finally mounted via a Luer-Lock to the respective supply line 

connected to the hydrogel reservoir of SPREADS to inject 2 mLs of the hydrogel into SPREADS’ 

central cavity.   

Inclusion of a high density of cells in the hydrogel has been shown to interfere with this crosslinking 

reaction reducing the mechanical properties of the hydrogel. For this reason, two crosslinking 

concentrations were used in this study to ensure that the mechanical properties of the hydrogels (+/-
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 cells) were comparable. Crosslinking concentration 1 from Table 1 was used when no cells were 

present, while crosslinking concentration 2 was used when 20 million c-ADSCs/mL were 

encapsulated (Section 2.6).  

Table 1: Concentration and activity of crosslinking agents 

 Crosslinking agents 

Crosslinking 

Concentration 

H2O2 

[µmol/mL] 

HRP [U/mL] 

1 1 0.24 

2 1.66 0.36 

 

2.5 Viscoelastic and Mechanical Characterisation of HA-PH-RGD Hydrogels 

Kinetics of Gelation of HA-PH-RGD Hydrogels 

Gelation was measured on an AR-G2 Rheometer (TA Instruments) using a parallel plate (40 mm) 

geometry and 400 µm gap as previously described [15, 47]. 525 µL of each precursor solution was 

added to the plate and pre-shear 2000 1/s for 1 second was used to homogenise the solutions. An 

oscillation time sweep at a frequency of 1 Hz and displacement 0.001 radian was performed at 37 °C 

(n=5). 

Hydrogel viscoelastic and mechanical properties  

Rheological properties of the hydrogels were measured by an AR-G2 Rheometer (TA Instruments) 

using a cross-hatched surface geometry to avoid slippage of hydrogel [21]. A strain sweep test with 

frequency of 1Hz, and a displacement range of 10
-3

 to 2 radians was performed (n=5). 

The mechanical properties of the hydrogels were measured using a Single Column Materials Testing 

System (INSTRON3342) in compression mode [15, 21]. The employed device is characterized by a 

total capacity of 500 N with a compression plate capacity of 100 N. The testing speed was set to 

2 mm/minute. 400 μL hydrogels were used for these experiments; the diameter of the hydrogels was 

11.1 mm corresponding to the diameter of the moulds, the height of the hydrogels was measured to be 

4±0.5 mm. The compressive Young’s modulus was determined as the slope between 0-10% strain of 

the resulting stress-strain curve (n=3-7).  

Swelling Ratio of hydrogels 

200 μL hydrogels were weighed immediately after preparation, placed into 3 mL of PBS (pH 7.4) at 

37°C for specified times (up to 8 weeks) and weighed. Swelling ratio was calculated from ratio of 

weight after and before swelling (n=5) as previously described [15, 48, 49].  

Degradation of Hydrogels in vitro  

3 hydrogels were weighed (400 ± 20 mg) and immersed in degradation medium consisting of bovine 

testicular hyaluronidase (BTH) solution in 0,01M acetate buffer (pH 5,3). The total weight of 

degradation medium and the hydrogel was 5 g, and enzymatic activity of BTH solution was 30 U/mg 
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(dry weight of hydrogel). Sampling was carried out by transferring 1.5 mL of medium to 2 mL tube 

and heating to 95°C for 10 minutes to terminate the reaction. After cooling the sample to room 

temperature, the precipitate was centrifuged (12500 rpm for 10 minutes at 25˚C), and the supernatant 

was transferred to a new 1.5 ml tube and frozen. The hydrogels were removed, dried and weighed, 

then returned to the empty vials where fresh degradation medium was added to give 5g total weight, 

as previously described [50]. The velocity of enzymatic reaction was determined by 

spectrophotometric quantitative estimation of terminal GlcNAc residues based on the colormetric 

reaction with Ehrlich’s reagent (20 g 4-(Dimethylamino)benzaldehyde, 26.4 mL concentrated (35%) 

hydrochloric acid and 173,6 mL concentrated (99%) acetic acid. 200 µL of the sample was added to 

75 µL of 0.8 mol/L sodium tetraborate solution and incubated at 100°C for 10 minutes and then 

cooled to room temperature. 1,5 mL of 10% DMAB solution was added and samples were kept at 

room temperature for 15 minutes. The terminal GlcNAc residues was determined by 

spectrophotometric analysis at 585 nm [51, 52]. 

2.6 Assessment of HA-PH-RGD Hydrogel Cytotoxicity and Viability and Migration of 

encapsulated Human Cardiopoietic Adipose Derived Stem (c-ADSCs) in vitro  

In vitro cytotoxicity assessment for the HA-PH-RGD Hydrogels 

In order to determine cytotoxicity, an EN ISO 10993-5 certified and accredited cytotoxicity assay was 

performed using a human keratinocyte cell line (HaCaT; DKFZ Heidelberg; mycoplasma free) as 

previously described [21]. HA-PH-RGD hydrogels were aseptically prepared as described and 

immediately transferred to the extraction medium (DMEM; #FG0435, Biochrom GmbH, Berlin, 

Germany), where they were incubated at 37°C and 5% CO2 for 72 ± 2 h. A blind control (DMEM 

without HA-PH-RGD hydrogel) was cultured under the same conditions. After extraction, 10% fetal 

calf serum (FCS) was added. In parallel, 20,000 HaCaT cells were seeded into each well of a 96-well 

plate. After 24 hours adhesion, the culture medium was removed and extracts (n=3) and controls 

(blind; positive control = 1% SDS in DMEM; negative control =DMEM with 10% FCS) were added, 

followed by another 24 h incubation time under cell culture conditions. Proliferation was determined 

with an MTS assay (#G3580 CellTiter 96® AQueous One Solution Assay, Promega GmbH, 

Mannheim, Germany). Briefly, the medium was removed and 120 µL MTS was pipetted into each 

well. After 60 minutes incubation at 37°C, the absorbance was measured at 492 nm and proliferation 

was calculated with respect to the corresponding negative (100% proliferation) control. A material is 

considered as non-cytotoxic if proliferation is >80%. The cytotoxicity assay described was repeated 

with human immortalized cardiac fibroblasts (iFC; #T0446, abm Richmond, Canada), a cell type 

which is more relevant for the heart. The protocol was the same as described above; however, in this 

case 30,000 iCFs were used per well in order to achieve the same confluence.  

In vitro c-ADSC viability after encapsulation in HA-PH-RGD Hydrogels 
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Human Cardiopoietic Adipose Derived Stem Cell (c-ADSC) isolation, culture and differentiation was 

carried out as described in Supplementary Material Section 1.2. ADSCs were chosen for this study as 

human adipose tissue is distributed throughout the body and is routinely discarded during liposuction 

and other cosmetic surgery, making it an ideal inexpensive source of mesenchymal stem cells. It can 

be harvested in large quantities and has been shown to contain more stem cells than bone marrow 

[53], making it an ideal source of starting material for an allogeneic product. Following ADSC 

expansion and priming towards the cardiovascular phenotype (c-ADSCs), the cells were stored in 

liquid nitrogen until use. Lineage specification was confirmed on cryopreserved samples by 

immunofluorescence to confirm the nuclear expression of MEF2C (Supplementary Figure 11). c-

ADSCs were incorporated into Part A (HA-PH-RGD + HRP) at 40 million cells/mL as previously 

described [15], SPREADS was loaded as described in Section 2.4 resulting in HA-PH-RGD hydrogel 

with a final cell concentration of 20 million c-ADSCs/mL. After 15 minutes, a 5 mm biopsy punch 

was used to obtain samples from 6 different positions throughout SPREADS. Each sample was placed 

in complete c-ADSC medium and incubated under normal growth conditions: 37°C, 5% CO2 and 

90% humidity. Cell viability was assessed after 24, 48 and 96 hours with LIVE/DEAD® 

Viability/Cytotoxicity Kit (BioScience Ltd.) and incubated for 30 minutes protected from light [15]. 

Samples were imaged by fluorescent microscopy (Nikon Eclipse-Ti) using NIS-Elements AR 

software to generate images. Image analysis was performed with CellProfiler software. 

In vitro c-ADSC migration after encapsulation in HA-PH-RGD Hydrogels 

To determine if the c-ADSCs can migrate out of the hydrogels into a surrounding matrix in vitro HA-

PH-RGD hydrogels were prepared with a final cell concentration of 20 million c-ADSCs/mL as 

described above. Hydrogels were placed into Costar transwell inserts (Fisher Scientific, Ireland) with 

a pore size of 8 µm suitable for insertion into a 12-well plate (n=3) as previously described [54, 55]. 

Following this a macroporous collagen scaffold was placed under the transwell insert to act as a 

surrogate matrix to entrap any migrating c-ADSCs from the HA-PH-RGD hydrogel. The collagen 

scaffold utilised had a pore size of 100 µm and a diagrammatic representation of the set-up is shown 

in Figure 6C. Apical media was added without the presence of platelet lysate, while basolateral media 

contained 10% platelet lysate [56]. After 72 hours, HA-PH-RGD hydrogels and collagen scaffolds 

were removed and stained with LIVE/DEAD® Viability/Cytotoxicity Kit (BioScience Ltd.) for 30 

minutes protected from light to assess presence of migrating cells in the collagen scaffold. Hydrogels 

were imaged by confocal laser scanning microscopy (Carl Zeiss LSM710) using Zen®2008 software 

to generate image mosaics at 100x, as previously described [12]. 

2.7 Assessment of pre-clinical feasibility of the SPREADS In Vivo  

The pre-clinical feasibility study to verify the anatomically appropriate delivery and stable attachment 

of SPREADS to the epicardial heart surface by a minimal-invasive approach, as well as the site-

specific application of a hydrogel was approved by the Italian Ministry of Health (protocol 

n°904/2015-PR) and was performed at Explora Biotech Srl (Italy). Prior to the experiments, the 
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animals were housed in single cages following the Directive 2010/63/EU and were subjected to an 

acclimatization period. Four female Landrace pigs, weighting 40.5 ± 3.2 kg, were utilized for the 

study. 
 

Animal preparation 

200 mg amiodarone (Sanofi, Italy) were administered 24 hours before surgery per os and 50 mg 

immediately pre-OP via a single bolus injection. Prior to surgery animals received an intramuscular 

injection of a premedication mixture consisting of 0.02 mg/kg atropine (ATI, Bologna, Italy), 0.5 

mg/kg diazepam (Hospira, Naples, Italy) and 10 mg/kg ketamine (KetaVet 100, MSD, Rome, Italy). 

The induction of anaesthesia was accomplished by intravenous administration of 0.5 mg/kg diazepam 

and 1.5 mg/kg ketamine. Anaesthesia was maintained after intubation with 2-3% isoflurane (IsoFlo, 

Esteve, Rome, Italy) by mask and a constant infusion rate of atracurium (1 mg/kg). Animals 

additionally received 150 mg amiodarone dissolved in 500 mL NaCl infusion during the entire 

procedure as well as 2 additional single bolus injections immediately before the first incision and the 

first manipulation at the pericardium. Prior to the intervention the animals were prepared according to 

a defined sterile surgical instrumentation protocol with 10% Poviderm (Farmec, Italy) and Neoxinal 

Alcolico 0.5% + 70 % (Farmec, Italy).  

Implantation procedure 

SPREADS was implanted via a minimally-invasive sub-xiphoidal access as shown in Figure 5A, 

illustrating the handling of SPREADS with straight forceps to achieve the implantation. The 

pericardium was horizontally incised by a 3 cm cut. After placement of the substance carrier on the 

heart surface, the bioadhesive (BioGlue
®
, CryoLife Inc., USA) was injected into the respective 

adhesive reservoir to firmly attach the device to the heart while carefully holding the substance carrier 

with the forceps in position. After confirming the stable fixation by visually inspecting the motion of 

the supply lines synchronically with the heart beat and slightly pulling on the respective adhesive 

supply lines, 2.4 mL of the HA-PH-RGD hydrogel stained with Coomassie blue were injected into the 

hydrogel reservoir at an injection rate of 0.2 mL/s. After finishing the injection, the hydrogel supply 

line was maintained in position until the hydrogel was completely cured (30 seconds) before 

removing all supply lines. After completing the intervention, the pericardial incision was left alone 

due to the very small pericardial access required to implant SPREADS, the skin incision (site for the 

sub-xiphoidal access) was sutured and the animal remained under anesthesia for 2 hours. A full 

sternotomy was performed afterwards to perform the position and attachment validation of 

SPREADS. After opening the pericardium, the adhesion quality and the retention of the injected 

hydrogel was assessed. The animals were euthanized by injection of saturated KCl-solution into the 

left ventricle.  

2.8 Assessment of pre-clinical efficacy of the SPREADS In Vivo 

This study was approved by Italian Ministry of Health (protocol n°904/2015-PR) and was performed 

at Explora Biotech Srl (Italy). Before the experiment the animals were housed in single cages 
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following the Directive 2010/63/EU and were subjected to an acclimatization period. Fifteen female 

Landrace pigs, weighting 39.0 ± 3.4 kg, were enrolled in the study and randomized to the following 

treatment groups (n=5/ group):  

I) AMI plus gold standard treatment (GS),  

II) AMI plus gold standard treatment plus SPREADS plus HA-PH-RGD (GS + SPREADS + 

Gel),  

III) AMI plus gold standard treatment plus SPREADS plus HA-PH-RGD plus 20 million c-

ADSCs/mL (GS + SPREADS + Gel + cells),  

All pigs were treated with GS therapy consisting of 25 mg Aldactone (Sanofi, Milano, Italy), 5 mg 

bisoprolol (Recordati, Milano, Italy), 20 mg Enalapril (MSD, Roma, Italy), 100 mg aspirin (Bayer, 

Milano, Italy) daily over the study from the day of treatment (day 14) until euthanasia (Tanax (3ml/10 

Kg, IV), MSD, Roma, Italy). Animal body weight was monitored over the whole study period. Acute 

myocardial infarction (AMI) was induced at D0 and the treatment was applied 2 weeks after 

infarction at D14. The follow-up period was 28 days. At D7 and D28, midterm checks were 

performed through echocardiography and electrocardiography (ECG). At D42 the animals underwent 

euthanasia to proceed with histological analysis. Prior to all surgeries animals were pre-medicated by 

intramuscular injection of 10 mg/Kg ketamine (KetaVet 100, MSD, Rome, Italy), 0.5 mg/Kg 

diazepam (Hospira, Naples, Italy), 0.02 mg/Kg atropine (ATI, Bologna, Italy). Anaesthesia was 

induced by 1-5 mg/Kg ketamine and 0.5 mg/Kg diazepam. After intubation, 2-3% isoflurane (IsoFlo, 

Esteve, Rome, Italy) was administrated by mask to maintain anaesthesia. 

Induction of Acute Myocardial Infarction (AMI)  

AMI was induced by a temporary occlusion of the left anterior descending (LAD) coronary artery for 

90 minutes as previously described [57-59]. Briefly, the LAD engagement was performed under 

angiographic guidance (OEC 9800 Plus, GE HealthCare, Salt Lake City, Utah, USA) and a 2.5x 6 mm 

balloon catheter (Euphora, Medtronic, Minnesota, USA) was used to embolize the artery distally to 

the second diagonal branch (D2). After balloon deflation, reperfusion was confirmed by angiography, 

as shown in Supplementary Figure 12. The animals were continuously monitored in the post-

anaesthesia recovery period and during the following 48 hours post-intervention. One week before 

treatment, intravenous amiodarone was administered daily at a dose of 200 mg to prevent arrhythmias 

during the surgery of patch deployment. The day before treatment (D13) immunosuppressive therapy 

started by cyclosporine (15 mg/kg/day; CyS A, Sandimmun Neoral, Novartis Camberley, UK).  

SPREADS placement 

At D14, the pigs were anaesthetized as described in Section 2.8 and intubated with a cuffed tracheal 

tube (7 mm; Medtronic, Italy). The animals were ventilated with oxygen (2-3 % inhaled isoflurane) at 

a respiratory rate of 12-20 per minute, employing mechanical controlled ventilation. SPREADS + 

HA-PH-RGD +/- cells were delivered to the epicardial heart surface similarly as described above. 

Briefly, SPREADS was loaded with HA-PH-RGD+/- cells before implantation to visually confirm 
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adequate hydrogel distribution within SPREADS’ foreseen cavity. After hydrogel curing, pre-loaded 

SPREADS was implanted as specified in Section 2.7. Vital parameters were monitored throughout the 

procedure.  

Assessment of cardiac function 

Cardiac function was evaluated by echocardiography and Electrocardiograms (ECG), as shown in 

Supplementary Figures 12 and 13. Echocardiographic images were obtained under general 

anaesthesia and in right lateral recumbency at day 0 (pre-infarction) and 7, 14, 28, and 42 days post 

infarction. Long parasternal axis images were used to measure left ventricular ejection fraction 

(LVEF) while left ventricular end diastolic (LVED) and systolic (LVES) diameters were surveyed in 

M-mode short axis view. All 2D images and analysis were performed by MyLab30 Gold VET 

software (Esaote). Left ventricular systolic function was also evaluated by measuring Fractional 

Shortening (FS) (LVEDd – LVESd / LVEDd X 100). To confirm myocardial injury 

electrocardiograms (ECG) were acquired at D1 before infarction and 30 minutes after LAD occlusion 

and reperfusion, respectively. The ECG were analysed blindly by a cardiologist for the assessment of 

infarct injury. 

2.9 Histology and Immunohistochemistry 

After euthanasia, hearts were harvested and stored overnight at 4°C in phosphate buffered saline 

(PBS). Tissues were then sectioned below the atria to obtain basal (B), mid-ventricular (M1-3) and 

apical (A) slices (1 cm thick). Myocardial slices were weighed and digitally photographed in anterior 

and posterior views. After fixation in 10% buffered formalin, slices underwent tissue processing and 

were embedded in paraffin wax. Subsequently, 5 μm sections were cut and mounted onto glass slides 

and stained using a number of histological stains.  

For assessment of infarct quality, sections were deparaffinized in xylene, rehydrated through graded 

ethanol washes (100–70% v/v) to water before mounted samples were stained for Haematoxylin and 

Eosin as well as Masson’s trichrome staining as previously described [60-62]. The extent of infarct 

scar was assessed using picrosirius red and stained in 0.1% fast green (pH 7, Fast Green FCF; Sigma 

Aldrich) and 0.1% Sirius red in saturated picric acid (picrosirius red stain), both in the same solution 

at a 1:1 ratio for 1 hour according to previously established protocols [60]. Following this, the sections 

were rapidly dehydrated through graded ethanol washes (70–100% v/v). Staining was performed 

using a Leica ST5010 Autostainer XL (Leica Biosystems; Wetzlar, Germany). The slides were then 

mounted using DPX mountant (Sigma Aldrich) and left to dry horizontally for five hours. Polarised 

light micrographs were captured using an Olympus BX4 polarised light microscope (Mason 

Technology Ltd. Dublin, Ireland) at 20x magnification. The polarising lenses were positioned on the 

light path before the sample and the second polariser (analyser) after the sample. Images were taken 

whereby maximum polarisation was achieved by adjustment of the polarising filters, and again 

orthogonal to this maximum polarisation. The two captured images were merged using the MAX 

function in ImageJ software (freely available from https://imagej.nih.gov/) which enables a complete 
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visualisation of the collagen fibres present [63]. The total area covered by collagen was first 

calculated in number of pixels using ImageJ. This was achieved excluding the dark background of the 

images and with colour thresholding, selecting consistent hue ranges to quantify the areas of collagen 

that polarised red, orange, yellow or green within each pixel. The recorded data was input into the 

following equations:  

              
          

                           
 

                 
             

                           
 

                 
             

                           
 

                
            

                           
 

 

The isotropy of the polarised collagen fibres was evaluated using the OrientationJ plugin on ImageJ. 

This method can characterize the orientation and isotropy properties of a region of interest (ROI) in an 

image, based on the evaluation of the gradient structure tensor and in particular analyse collagen 

orientation (direction) and the degree to which a dominant direction exists in a tissue sample [64]. The 

coherency indicates if the local image features are oriented or not: C is 1 when the local structure has 

one dominant orientation and C is 0 if the image is essentially isotropic in the local neighbourhood.  

Immunohistochemical analysis was conducted on 5 μm paraffin sections. Samples were dewaxed and 

rehydrated followed by heat mediated antigen retrieval in sodium citrate buffer with tween. Samples 

were blocked (peroxidase) and incubated with a rabbit primary CD31 antibody (Ab28364, Abcam,) 

for 1 hour in a 1:150 dilution at room temperature. Primary antibody was visualized using a goat anti 

rabbit secondary antibody according to manufacturer’s instructions in the DakoTM EnVision kit 

which resulted in the formation of 3,3 diaminobenzadine. Samples were then counterstained using 

hematoxylin, dehydrated, and cleared in xylene before being mounted in DPX. Images were then 

taken using a virtual slide microscope (Olympus VS120) and viewed using Olympus software 

(OlyVIA Ver2.9). Slides were quantified based on the availability of tissue in the infarct zone, border 

zone and adjacent myocardium at the M2 region to give comparable data between the groups. CD31 

quantification was performed on ten random fields per zone in each section and quantified by two 

blinded counters. For histology and immunohistochemistry, sections of the infarct zone (GS n=4, GS 

+ SPREADS + Gel n=5, and GS + SPREADS + Gel + Cells n=3), border zone (GS n=4, GS + 

SPREADS + Gel n=5, and GS + SPREADS + Gel + Cells n=3), and adjacent myocardium (GS n=4, 

GS + SPREADS + Gel n=4, and GS + SPREADS + Gel + Cells n=3) were analyzed (where n refers 

to the number of animals/group).  

2.10 Statistical Analysis 
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Normal distribution of data was determined using Shapiro-Wilk test. For assessment of SPREADS’ 

degradation at accelerated oxidative in vitro conditions, a one-tailed, unpaired t-Test comparison of 

two samples was performed (considered significant for p<0.05). For assessment of cardiac function a 

two-way ANOVA with a Tukey’s post-hoc test was performed (considered significant for p<0.05). 

For Young’s moduli, CD31, birefringent fiber and coherency analysis a one-way ANOVA with a 

Tukey’s post-hoc test (normal distribution) and Kruskal-Wallis post-hoc test (not normal distribution) 

was performed to measure differences between the groups (considered significant p<0.05). Data is 

expressed as mean ± standard deviation unless otherwise specified. 

 

 

3. Results 

3.1 In vitro porosity and degradation of SPREADS 

SEM analysis showed a homogeneous pore distribution, see Figure 3A, with the average pore size of 

3.52 ± 1.44 µm.  

At accelerated oxidative conditions an initial mass loss of 5.6% was detected after 2 days incubation 

which did not significantly increase for the next 11 days (to a total mass loss of 6.5% after 13 days), 

see Figure 3B. After this point, faster degradation rate was observed at a constant rate of ~1.2% mass 

loss per day for the following 14 days with a significant mass loss of 4.47% between day 13 and day 

17 (p=0.03). After 27 days incubation SPREADS could no longer be identified as foam, a viscous 

paste could be recovered with no recognizable porosity as shown in Figure 3C. At that time, 22.5% of 

the original weight was degraded (p=0.006 compared to day 13, p=0.002 compared to day 17).   

3.2 Viscoelastic and Mechanical Properties of the HA-PH-RGD Hydrogels in vitro 

Gelation of HA-PH-RGD Hydrogels 

The gelation curve of HA-PH-RGD is presented in Figure 3D, which shows that gelation occurs 

between 0-3 minutes. Additional information regarding the properties of the hydrogel can be found in 

Supplementary Figures 8, 9 and 10, where we show the viscosity as a function of shear rate, zero rate 

viscosity of 0.4 Pa.S, gelation time of 19 seconds, and the gelation curve of 2% HA-PH-RGD (60-

90 kDa).  

Increasing the crosslinking concentration when 20 million c-ADSCs/mL are present maintains the 

mechanical properties 

Inclusion of a 20 million c-ADSCs/mL of hydrogel was found to physically interfere with this 

crosslinking reaction reducing the mechanical properties of the hydrogel. To maintain the hydrogel 

mechanical properties when 20 million cells/mL were incorporated, it was necessary to increase the 

crosslinking, as shown in Table 1 (Crosslinking concentration 1 = without cells, crosslinking 

concentration 2 = with 20 million cells/mL). There was a statistical reduction in the Young’s modulus 

in the hydrogels prepared at cross-linking concentration 1 (see Table 1) with without and with 20 

million c-ADSCs/mL (9.7 versus 5.6 kPa, p<0.01). There was a statistical reduction in the Young’s 
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modulus in the hydrogels prepared at cross-linking concentration 2 (see Table 1) prepared without and 

with 20 million c-ADSCs/mL (12.6 versus 8.6 kPa, p<0.01). However, there was no statistical 

difference in the Young’s modulus of the hydrogels prepared at cross-linking concentration 1 without 

cells and at cross-linking concentration 2 with 20 million c-ADSCs/mL, see Figure 3E. To maintain 

the hydrogel mechanical properties when 20 million cells/mL were incorporated crosslinking 

concentration 2 was used. No cytotoxic effects were associated with the cross-linking concentrations 

used in this study as measured using CellTiter-Glo assay (Promega, USA) (data not shown). 

In vitro Degradation of HA-PH-RGD Hydrogels  

At accelerated conditions sample degradation (cumulative product formation) shows that 50% of the 

HA-PH-RGD hydrogel was degraded after 800 minutes, see Figure 3F. Kinetic parameters were 

determined by integration of Michaelis-Menten equation, HA-PH-RGD hydrogel KM = 205,6 ± 41,9 

µmol.l-1, vlim=0,88 ± 0,11 µmol.l-1.min-1. 
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Figure 3: A) SEM of SPREADS membrane (scale bar=50µm). B) Weight loss of SPREADS after 

in vitro incubation at accelerated oxidative conditions (0.03 M CoCl2/ 20 % H2O2) (n=3). 

Unpaired t-Test was performed (considered significant for p<0.05 compared to control). C) 

Representative macroscopic images of SPREADS samples 0, 13, 17 and 27 days after in vitro 

incubation at accelerated oxidative conditions (0.03 M CoCl2/ 20 % H2O2). D) Representative 

gelation curve of HA-PH-RGD hydrogel (n=5), E) Young´s modulus of HA-PH-RGD hydrogel 
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with/out 20 million cells/mL at crosslinking concentration 1 and 2 (n=3-7). One-way ANOVA 

with a Tukey’s post-hoc test was performed (considered significant for p<0.05 compared to 

control), F) Degradation of HA-PH-RGD hydrogel (n=3). *p<0.05, **p<0.01. 

 

In vitro Stability of HA-PH-RGD Hydrogels  

After 8 weeks (long-term stability) in PBS the swelling coefficient was increased by 78.9% and the 

Young’s Modulus was reduced from 9.7 to 6.4 kPa, as shown in Table 2. 

Table 2: Stability of HA-PH-RGD hydrogels in PBS (pH 7.4) for 8 weeks (n=5). 

 

 

H2O2 

(µmol/mL) 

HRP  

(U/ml) 
Time  

Swelling Coefficient (Q)  

+/- standard deviation 

(%) 

Young´s modulus (Y)  

+/- standard deviation 

(kPa) 

HA-PH-RGD 

 

 

 

 

1 24 

0 days 100.0 9.7+/-1.2 

1 days 143.3+/-2.0 8.4+/-1.1 

7 days 145.4+/-2.4 8.1+/-1.1 

14 days 152.0+/-0.6 6.8+/-0.2 

21 days 161.8+/-12.8 5.6+/-0.7 

28 days 169.1+/-4.0 6.7+/-0.9 

6 weeks 183.1+/-5.5 6.1+/-1.9 

8 weeks 178.9+/-0.5 6.4+/-1.2 

 

3.3 Cell Viability 

In vitro cytotoxicity of HA-PH-RGD Hydrogels  

The HA-PH-RGD hydrogel did not exert cytotoxic effects on HaCaT cells (see Figure 4A; 

proliferation: 101 ± 2%). Additionally, there was also no cytotoxic effect detectable on iCFs (see 

Figure 4A; proliferation: 97 ± 5%) confirming the innocuousness of the HA-PH-RGD hydrogel. 

Viability 

No significant difference in c-ADSC distribution and viability was observed between the samples. c-

ADSC viability was 77%, 77.2% and 76.7% at 24, 48 and 96 hours respectively.  

Migration 

After 72 hours, the presence of c-ADSCs was detected in the collagen scaffold, demonstrating the 

ability of c-ADSCs to migrate from the HA-PH-RGD hydrogel in response to a stimulus of 10% 

platelet lysate. 
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Figure 4: A) HA-PH-RGD Biocompatibility with HaCaT and iCF cell lines (n=4), B) c-ADSC 

Viability in HA-PH-RGD hydrogels (scale bar = 100 um) (n=6), C) and D) c-ADSC Migration 

from HA-PH-RGD hydrogel in response to a stimulus of 10% platelet lysate in vitro (n=3). 

 

3.4 Pre-clinical Feasibility of SPREADS In Vivo 

The implantation of SPREADS to the epicardial heart surface via a sub-xiphoidal access (see 

Figure 5A) had no effect on vital signs and hemodynamic (see Supplementary Figure 14) and did not 

provoke any cardiac arrhythmias during the respective implantation procedures. The average 

difference between the minimum and maximal value for heart rate (HR) and oxygen saturation 

(SpO2) during the entire procedure was 17.5 BPM and 2.1%, respectively. SPREADS tolerated the 

required folding to get inserted into the pericardial space via a 3 cm apical cut in the pericardium and 

expanded inherently after loosening the forceps without detaching the supply lines connected to the 

hydrogel and adhesive reservoir during the manipulation. The expanded device retained its position 
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but could be also shifted on the heart surface if a repositioning was required. SPREADS was 

successfully attached to the epicardial heart surface by injecting BioGlue in the foreseen 

circumferential reservoir evidenced by a movement of the connected supply lines synchronically with 

the heartbeat. The subsequent filling with the hydrogel could be carried out without any interruptions 

and the supply lines could be finally pulled out of the ports without inadvertently detaching 

SPREADS form the epicardial surface. The entire procedure including the positioning, the adhesion to 

the epicardial surface and the hydrogel administration was ≤30 minutes on average.  

2 hours post implantation, SPREADS was found in position after exposing the pericardium by a full 

sternotomy (see Figure 5B). The shape of SPREADS was adapted to the heart curvature fitting closely 

to the epicardial surface. Examination of the heart surface after opening the pericardium revealed no 

evidence of hydrogel or BioGlue leakage around the attached substance carrier. After removing the 

pericardium, SPREADS remained in position attached to the heart surface and moving in synchrony 

with the cardiac movement. Only active pulling of SPREADS from the heart surface resulted in a 

detachment. Figure 5C shows the equal distribution of BioGlue
®
 in the respective circumferential 

reservoir with BioGlue
®
 residues spread over the area on the heart surface where the adhesive 

reservoir was originally positioned. The PEU fleece was not damaged and the injected HA-PH-RGD 

hydrogel stained with Coomassie blue was successfully retrieved (see Figure 5D).  
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Figure 5: Minimal-invasive implantation of SPREADS via a subxiphoidal access (A). Position 

(B) and attachment validation (C) 1 hour after implantation, and hydrogel retention validation 

(as shown by the broken line) (D) Representative images (n=4 animals).  

 

3.5 Pre-clinical Efficacy of SPREADS In Vivo  

14 days post-treatment (28 days post-MI) the GS + SPREADS + Gel group and the GS + SPREADS 

+ Gel + Cells showed a significant improvement in % LVEF (p≤0.002) compared to the GS control 

(see Figure 6). The addition of cells to the device (GS + SPREADS + Gel + Cells) did not 

significantly improve the result when compared to GS + SPREADS + Gel. 28 days post-treatment (42 

days post-MI) the GS + SPREADS + Gel group showed a significant improvement in % LVEF 

(p=0.028) compared to the GS control, Figure 6. There was no significant difference between the GS 

+ SPREADS + Gel + Cells compared to the GS control (p= 0.150) at this time-point. There was no 

statistically significant difference observed in FS, LVEDd or LVESd between any treatment groups at 

any time point, see Figure 6. Weight of the animals was recorded at each time point and no significant 

difference was seen between treatment groups, as shown in Supplementary Figure 15. 
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Figure 6: Left ventricular ejection fraction (LVEF), Left ventricular end diastolic diameter 

(LVEDd), Left ventricular end systolic diameter (LVESd) and Fractional Shortening (FS) as 

measured from echocardiography (n=5 animals/group). Two-way ANOVA with a Tukey’s post-

hoc test was performed (considered significant for p<0.05 compared to control).  

 

The sampling scheme of the heart showing parts A (Apex), M3-M1 (Mid Ventricular) and B (Basal 

slice) is shown in Figure 7A. Gross histological micrographs of M2 region infarcts stained with 

Picrosirius red (infarct and epicardium) and Fast Green (myocardium) are shown in Figure 7B. 

Polarized light microscopy of picrosirius stained sections under orthogonal polarized light to enhance 

bifringence of collagen fibres are shown in Figure 7C. Directionality of fibers based on coherency and 

fast fourier transform analysis, with color coded angle wheel (each angle is assigned a different colour 

and this allows visual orientation analysis of the collagen fibres direction) are shown in Figure 7D. 

Quantification of birefringent fibers using color threshold segmentation for mature fibers (red/orange) 
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and immature fibers (green) showed no statistically significant difference between any of the 

treatment groups, irrespective of polarisation colour (p > 0.05). Quantification of the directional 

uniformity (coherency) of the collagen fibres for location M2 showed no statistically significant 

difference in the fraction of fibres (p > 0.05). Treatments of SPREADS + Gel with/out cells does not 

impact on infarct scar composition or orientation when comparted to gold standard (GS) treatment. 

 

Figure 7: Histological analysis of heart sections at the M2 region A) Sampling scheme of the 

heart showing parts A (Apex), M3-M1 (Mid Ventricular) and B (Basal slice) B) Gross 

histological micrographs of M2 region infarcts stained with Picrosirius red (infarct and 

epicardium) and Fast Green (myocardium), scale bar = 5mm. C) Polarized light microscopy of 

picrosirius stained sections under orthogonal polarized light to enhance bifringence of collagen 

fibres, scale bar = 200 µm. D) Directionality of fibres based on coherency and fast fourier 

transform analysis, scale bar=200 µm with color coded angle wheel (Each angle is assigned a 
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different colour and this allows visual orientation analysis of the collagen fibres direction). E) 

Quantification of birefringent fibers using color threshold segmentation for mature fibers 

(red/orange) and immature fibers (green). F) Quantification of the directional uniformity 

(coherency) of the collagen fibres for location M2. (n=3-5 animals/group).  One-way ANOVA 

with a Tukey’s post-hoc test was performed to measure differences between the groups 

(considered significant p<0.05). 

 

Histochemical staining revealed the presence of the three distinct regions; the infarct zone (IZ) 

characterized by hypocellular fibrotic tissue, the border zone (BZ) composed of hypertrophic 

cardiomyocytes with pleomorphic cells and the adjacent myocardium (AM) composed of long spindle 

cells with prominent striations, as shown in Figure 8A. Blood vessel formation was quantified in the 

M2 region (directly beneath the SPREADS device) due to the presence of the LAD, and Masson’s 

trichrome staining has shown prominent scar tissue stained blue/green, see Figure 8A IZ (M) in this 

region. CD31 immunohistochemistry staining shows CD31 positive blood vessels represented by 

brown staining (DAB) in the IZ, BZ, and AM, see Figure 8B. Quantification of the number of CD31 

positive blood vessels/field for location M2 showed no statistically significant difference (p > 0.05) 

between any of the treatment groups in any of the regions of interests, see Figure 8C, which suggest 

that treatments of SPREADS + Gel with/out cells does not impact local vascularization. 
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Figure 8: A) Infarct Zone (Masson’s trichrome) demonstrating scar tissue (blue/green stain) by 

Masson’s trichrome, Infarct Zone showing H&E of hypocellular and fibrotic tissue, Border 

Zone showing hypertrophic cardiomyocytes with pleomorphic cells and nuclei, Adjacent 

Myocardium showing spindle shaped cardiomyocytes with striations, B) CD31 

immunohistochemistry CD31 positive capillaries represented by brown staining (DAB) in all 

three regions, C) Quantification of number blood vessels per field in each region (n=3-5 

animals/group). One-way ANOVA with a Kruskal-Wallis post-hoc test for the infarct zone (data 

not normally distributed) and Tukey’s post-hoc test for border zone and adjacent myocardium 

was performed to measure differences between the groups (considered significant p<0.05). 
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4. Discussion 

The limited regenerative capacity of the adult mammalian heart after a myocardial infarct results in 

remodelling processes that can progress to congestive heart failure (CHF), where the heart is unable to 

pump enough blood to maintain physiological function. Several strategies including both mechanical 

stabilisation of the weakened myocardium and regenerative approaches (specifically stem cell 

technologies) have evolved which aim to prevent this pathological cascade. However, their final 

performance remains limited, motivating the need for an advanced strategy with enhanced efficacy 

and reduced deleterious effects [14]. In this study, we have developed a novel, single-stage concept to 

support the weakened myocardial region post-MI by applying an elastic, biodegradable patch 

(SPREADS) via a minimally-invasive, closed chest intervention to the epicardial heart surface. We 

show a significant recovery in %LVEF with GS + SPREADS compared to GS (clinical gold standard 

treatment) alone.  

PEUU was chosen as material for SPREADS due to its suitable mechanical properties (adequate 

stiffness, flexibility, structural integrity), processability (to meet the structural design features of 

SPREADS), expected biocompatibility and biodegradability. Adequate conformity of mechanical 

support devices with the healthy myocardium in terms of mechanical properties is essential to 

successfully transfer stress from the infarcted myocardium and border zone while preserving the 

native cardiac contractility [4, 6, 22]. However, former whole heart passive restraint devices [4] are 

characterized by a much higher stiffness than the native myocardium at the end of the systole, such as 

500 kPa [22], and as a result impair diastolic function of the right ventricle [65]. Chitsaz, Wenk [65] 

determined that the CorCap device has a minimal stiffness of 3 MPa in its cross-fiber direction. In this 

study, there was no evidence of diastolic or systolic function impairment following implantation of 

SPREADS when measured by echography and ECG indicating that the mechanical properties of 

SPREADS conformed well with those of the ventricular wall.  

After 4 weeks in vivo, the HA-PH-RGD gel was completely degraded while SPREADS appeared 

partially degraded but with an almost preserved geometrical shape (see Supplementary Figure 16). 

Sufficient interaction of the encapsulated hydrogel with the target environment was consequently 

facilitated, avoiding undesired leakage of the fluid hydrogel during filling. In vitro degradation of 

SPREADS at accelerated oxidative conditions agreed well with the in vivo results and with previously 

published data of a LDI-based PU incubated in phosphate buffered saline (PBS) at 37 °C [39]. After 

17 and 27 days incubation of SPREADS in vitro (corresponding to 23.5 and 37.5 days implantation in 

vivo) 11% and 23% of SPREADS’ initial mass was degraded, respectively. Laube, Weisser [39] 

determined a mass loss of 17% after 28 days for a LDI-based PU scaffold composed of a poly(L-

lactide-co-ε-caprolactone). The bioreabsorbable material of SPREADS enables a one-time procedure 

and the hydrogel encapsulated within the device can be further modified to adjust the degradation rate 

to suit stabilization needs of the patient.  
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Acellular injectable hydrogels have gained increasing attention over the years as an alternative 

strategy to whole heart passive restraint devices due to their capacity in being applied locally in a less 

invasive intervention. Their tunable mechanical properties may enhance therapeutic efficacy. Algisyl 

(LoneStar Heart, Inc., USA) is one such therapy which is currently in an advanced stage of clinical 

development. Algysil consists of an alginate hydrogel with considerable mechanical strength (storage 

modulus of 3-5 kPa in vivo) and is delivered via an anterior thoracotomy and epicardial injections [66, 

67]. This therapy relies on ventricular wall thickening and geometry restoration to provide its 

mechanism of action, in a similar manner to the proposed mechanism of action for SPREADS. 

However, intramyocardial injections may not always be an appropriate treatment option as multiple 

injections site may cause trauma to the ventricle wall. Over the past decade progress has been made in 

the development of both cellular, acellular, physical and covalently cross-linked hydrogels for 

cardiovascular applications [28, 32, 33, 66, 68, 69]. Despite the advances of these biomaterial 

therapies, there has been a lag in the development of minimally invasive devices suitable to translate 

these therapies to the clinic. In this paper, we have demonstrated SPREADS’ capability to enable an 

atraumatic site-specific application of a hydrogel to the epicardial heart surface, offering a new unique 

therapeutic option after myocardial infarction. Owing to the mechanical properties of SPREADS in 

combination with its structural design features, the localized delivery of SPREADS via minimal-

invasive access to the pericardial space could be performed without any complications. The 

preservation of SPREADS’ intended position without any surgical sutures has been successfully 

proven, since SPREADS remained in position at 28 days implantation. SPREADS is intended for 

percutaneous pericardial access, via sub-xiphoid access and pericardial puncture. Current 

interventional procedures for pericardial diseases include pericardiocentesis and percutaneous balloon 

pericardiotomy, demonstrating utility of this route for cardiac applications [70, 71]. While the intent 

of this device is not for delivery during open-chest surgery, patients with advanced coronary heart 

disease, undergoing coronary artery bypass graft surgery could also be a target population. This 

approach provides an attractive alternative to effectively apply biomaterials loadable with 

regenerative therapeutics, to the weakened myocardium for cardiac repair. In this case SPREADS 

successfully delivered a cell-loaded HA-PH-RGD hydrogel whose mechanical properties and 

degradation rate can be customised by altering its cross-linking concentration. The SPREADS device 

could potentially be used to deliver a range of biomaterial hydrogels [22] previously reported, which 

could swiftly overcome translational hurdles associated with hydrogel delivery to the heart. 

Additionally, the SPREADS delivery strategy offers the opportunity to apply regenerative substances 

with higher therapeutic efficacy, since biomaterial development can exclusively focus on meeting the 

requirements of the delivery cargo (e.g. cells, drugs etc.). 

The functional outcomes associated with stem cell technologies for cardiac applications have been 

limited to date and studies have unanimously shown poor retention/survival of delivered cells [7-9]. 

The recent C-Cure clinical trial for cell therapy via saline required 10-20 injections to deliver the 
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desired cell dose of 600 million cells whereby 2-25% retention has been reported [9, 72]. In this 

study, a novel epicardial carrier device (SPREADS) was designed to overcome the limited cell 

retention at the target site and applied 40 million c-ADSCs/pig. Interestingly, a significant difference 

in %LVEF was not observed between the groups with and without cells (although they both had 

significantly higher %LVEF at day 28 when compared with GS). The de facto reasons for the absent 

additional therapeutic benefit of the applied stem cells in this study remains unknown. Efficient 

hydrogel retention by SPREADS, stable attachment of SPREADS to the epicardial surface and in 

vitro c-ADSC viability analyses however provide evidence of SPREADS’ capacity to successfully 

carry living cells to the heart surface and ensure adequate cell retention. Potentially, the restricted 

regenerative capacity of the employed stem cells could be attributed to the insufficient cell survival 

caused by the harsh environment post-MI. Repeated cell administration has been recently proven to 

successfully overcome this issue [40]. Enhanced in situ stem cell survival could alternatively be 

realized by further progress regarding hydrogel biomaterial development, such as additional post 

survival agents, providing a more suitable cell environment for a one-time procedure. Future work 

could include a more therapeutically potent cell source [73] and a more detailed characterization and 

tracking of the delivered stem cells for an extended observational period to elucidate potential reasons 

why the cardiac function was not further improved compared to the acellular approach.  

The improvement of the cardiac function observed in this study can be attributed to several factors. 

Both SPREADS and the encapsulated HA-PH-RGD hydrogel provide mechanical reinforcement to 

the infarcted myocardium, consequently reducing the wall tension according to LaPlace’s Law. The 

targeted administration of SPREADS at the beginning of the fibrotic response [74] may also preserve 

myofibroblasts and endothelial cells [75] by extending the presence of granulation tissue in the infarct 

region, a hypothesis Fujimoto, Tobita [41] have proposed. Ultimately however, a modest fibrotic scar 

is evident at explantation (42 days post-MI) in all treatment groups. Analysis of the resultant infarct 

fibrosis M2 regions of the myocardia, treated with SPREADS + Gel with or without cells, revealed no 

statistically significant difference in the scar architecture when compared with the GS control 

treatment. Of particular importance in this preclinical study is that treatments were applied 14 days 

following induction of acute myocardial infarction. More often than not, biomaterial injection or 

epicardial placement following myocardial infarction in preclinical models takes place within the hour 

of MI induction due to the fragility and healthcare considerations of rodent models [76, 77]. However, 

studies are increasingly reporting administration of experimental therapies during the chronic 

inflammatory stage prior to peak remodeling of the myocardium [78, 79]. Our study presents the 

cascade of events present during such a chronic inflammatory/initial fibrotic phase. The timeline in 

this study has much more relevance to the clinic whereby a patient has presented to the emergency 

department most likely hours to days following MI, requires stabilization and involves logistics 

associated with the organization of intervention. The cascade of fibrotic deposition is intimately 

linked with inflammation and it is the hypothesis of this preliminary study that some fibrosis 
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(although modest) had occurred before the administration of the treatments (including GS) and 

continues still to compensate for cardiomyocyte slippage and necessary remodelling. Although the 

infarcted myocardia are mechanically weaker (as determined by their contributions to functional 

output at day 14, %LVEF), the application of the SPREADS device in all cases restored to a degree, 

cardiac %LVEF when applied at day 14 with functional metrics significantly higher at days 28 and 

42. Quantification of CD31 positive blood vessels in the M2 regions of the myocardia, treated with 

SPREADS + Gel with/out cells, revealed no statistically significant difference when compared with 

the GS control treatment.   

It must be highlighted that although improved %LVEF is due to the supportive action of SPREADS 

and modulation of the wound-healing, this wound healing in itself cannot be considered in the 

‘classical sense’ as SPREADS device brings with it an altered cascade of wound healing. A more 

long-term study is warranted with SPREADS that will elucidate its mechanism of action further and 

also to determine the potential of SPREADS to limit hypertrophy following MI. Although the use of 

SPREADS in this instance to deliver ADSCs yielded no standalone benefit of using this cell source; 

SPREADS could potentially deliver a myriad of potent therapeutic cells to elicit regeneration of neo-

myocardium. It is known that the endogenous turnover of resident cardiomyocytes is only 0.1-1 % 

annually [80], therefore delivery of therapeutic cells capable of replacing the massive loss of 

cardiomyocytes following MI could be a future avenue. These cargos could include patient derived 

cardiac progenitor cells, cardiomyocytes/cardiac progenitor cells derived from patient specific 

induced pluripotent stem cells [81, 82] and even therapeutic extracellular vesicles [83]. Considering 

the fact that mechanical stimuli significantly affect differentiation of these cells and, therefore, their 

regenerative capacity [84], a multimodal approach of combining SPREADS with a mechanical 

augmentation device [85, 86] capable of providing spatially adjustable epicardial augmentation 

outlines a further encouraging strategy to improve cardiac regeneration. The mechanical augmentation 

device would have the potential to act on the delivered cells as well as mediate both diastolic and 

systolic augmentation to the weakened myocardium post-MI. 

 

5. Conclusion 

We have successfully accomplished the targeted application of a fluid hydrogel to the 

epicardial heart surface via a minimal-invasive, closed chest intervention by developing the novel 

epicardial carrier device SPREADS. Cardiac function was found to be significantly improved by 

regional administration of SPREADS with an encapsulated HA-based hydrogel compared to the GS in 

terms of increasing %LVEF. Additionally, no statistical difference in infarct quality, as demonstrated 

by directionality and coherency of collagen fibers, or vascularization, as shown by CD31 positive 

blood vessels, were seen between any of the treatment groups. This result suggests that neither infarct 

quality or local vascularization is the mechanism of action for the functional improvements following 

application of the SPREADS device. Future studies will determine the mechanism of action. Although 
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one particular type of hydrogel and stem cell combination is presented in this study, this approach 

provides an attractive alternative to effectively apply biomaterials loadable with regenerative 

therapeutics, to the weakened myocardium for cardiac repair.   
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