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Abstract
The administration of trophic factors (TFs) released by mesenchymal stromal cells (MSCs) as
therapy for cardiovascular diseases requires a delivery vehicle capable of binding and releasing the
TF in a sustained manner. We hypothesized that hydrogels derived from cardiac decellularized
extracellular matrix (cardiac dECM) bind MSC secretome-derived TF and release these in a
sustained fashion. Pig-derived ventricular tissue was decellularized, milled to powder, digested, and
assembled as a hydrogel upon warming at 37 ◦C. The conditioned medium (CMed) of adipose
tissue-derived stromal cells (ASC) was collected, concentrated, and incorporated into the
hydrogel at 1×, 10×, and 100× the original concentration. The release of 11 ASC-secreted
factors (angiopoietin-1, angiopoietin-2, fibroblast growth factor-1, hepatocyte growth
factor, platelet-derived growth factor-AA, vascular endothelial growth factor, interleukin-1β,
interleukin-6, interleukin-8, CCL2, and matrix metalloproteinase-1) from hydrogels was immune
assessed. Bioactivity was determined by endothelial cell proliferation, function, and assessment of
endothelial mesenchymal transition. We showed that dECM hydrogels could be loaded with
human ASC-secreted TFs, which are released in a sustained manner for several days subsequently.
Different trophic factors had different release kinetics, which correlates with the initial
concentration of CMed in the hydrogel. We observed that the more concentrated was the hydrogel,
the more inflammation-related cytokines, and the less pro-regenerative TFs were released. Finally,
we showed that the factors secreted by the hydrogel are biologically active as these influence cell
behavior. The use of dECM hydrogels as a platform to bind and release paracrine factors secreted
by (mesenchymal) cells is a potential alternative in the context of cardiovascular regeneration.

1. Introduction

The use of stem cells to treat heart failure has been
under investigation for two decades. Besides con-
structive stem cells that differentiate directly to cardi-
omyocytes or endothelial cells, reconstruction of the
damaged myocardium may prevent and reverse dis-
ease progression. Heart failure is both the result of
a deteriorated pump function along with an exag-
gerated response of the connective tissue in the form

of excessive extracellular matrix deposition [1–3]. We
argued that the derailed myocardial tissue requires to
be re-educated. In normal physiology, tissue homeo-
stasis is maintained by the tissue stroma, i.e. extracel-
lular matrix, mesenchymal cells and vasculature. As
it appears, cultured stromal cells from bone marrow
(BM-MSC) or adipose tissue (ASC) are potent tissue
remodelers via secretion of a plethora of paracrine
factors that suppress apoptosis, promote the prolif-
eration of parenchyma, modulate immune reactions
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and are pro-angiogenic [4–6]. These mesenchymal
stromal cells (MSCs), including ASC, also remodel
extracellular matrix through their secretion of, e.g.
matrix metalloproteinases (MMPs) and deposition
of extracellular matrix (ECM) components. These
MSC are widely used in cardiac cell-based ther-
apies, albeit their mode of action has become (par-
tially) clear only in recent years. The ASC secretome
comprises angiogenic factors, immunomodulatory
factors, mitogenic factors and ECM-remodeling pro-
teases, among others. That means MSC, by secreting
trophic factors (TFs), may augment repair of cardiac
tissue damage and to reinstate homeostasis [7, 8].
These factors may directly normalize the function
of already present cells or instruct surrounding cells
to facilitate repairs. Two significant mechanisms that
underlie cardiac fibrosis and thus heart failure and
which are influenced by TF are endothelial mesen-
chymal transition (EndMT) andmyofibroblast differ-
entiation of cardiac fibroblasts [9, 10].

Clinical cardiac stem cell therapy has proven of
marginal benefit to treating myocardial infarction
and cardiac fibrosis [11, 12]. The main reason is
the poor retention of stem cells, irrespective of the
route of administration. Thus, it is not only essen-
tial to warrant the retention of therapeutic cells in the
cardiac tissue, but also to ensure that their secreted
TF reaches the affected cardiac target cells to dir-
ect tissue regeneration. Instead of administration of
the TF-secreting MSCs, the administration of the
TF themselves is an alternative that reduces possible
donor- and disease-dependent variations in TF com-
position. The challenge, however, is to enable the sus-
tained release of injected TF because usually these
are rapidly drained from damaged tissue. To accom-
plish this task, it is necessary to use a delivery vehicle
capable of binding the TF and releasing these in a
sustained manner. Several synthetic hydrogels with
different tunable characteristics have been proposed
as injectable release vehicles to perform this task. In
general, these platforms show a burst-release kin-
etic profile while they efficiently bind all factors in
the MSCs’ secretome. Recently, our group demon-
strated the use of natural hydrogels based on decellu-
larized extracellular matrix (dECM) of adipose tissue
as a release platform for secreted paracrine factors in
the context of skin wound regeneration [13], corrob-
orating the hypothesis that proteoglycans and glyc-
osaminoglycans (GAG), but also non-fibrillar pro-
teins and matricellular proteins in the ECM, bind the
TF present in the cellular environment [14]. In vivo,
the ECM functions to store and on-demand release
these factors physiologically [15, 16]. Tissue-derived
ECM hydrogels are promising novel moiety to treat
myocardial disease because thesemold to the shape of
the damaged organ in combination with a sustained
release of therapeutic factors [14, 15, 17].

In this study, we hypothesized that hydrogels
derived from decellularized cardiac tissue bind MSC

secretome-derived TF and release these in a sustained
fashion. We investigated the feasibility of fabricat-
ing hydrogels derived from porcine myocardial ECM
and evaluated the uptake and release of human ASC-
derived paracrine factors by these hydrogels. Finally,
we explored the influence of the TF released by the
hydrogels on endothelial cell proliferation, function,
and EndMT.

2. Methods

2.1. Ethical statement
This study was carried out in accordance with the
principles outlined in IOP Publishing ethical policy.
Human fat tissue, considered waste material, was col-
lected after patients’ informed consent and their use
was approved for research purposes by the Institu-
tional Review Board of the University Medical Center
Groningen, the Netherlands. The study was judged as
not falling under the scope of the Medical-Scientific
Act for research with humans (METc 2015.584).

2.2. Study overview
An overview of the methods used in the present study
is illustrated in figure 1. The detailed information for
each method is described below.

2.3. Extracellular matrix decellularization,
characterization and dECM hydrogels fabrication
2.3.1. Decellularization protocol
Porcine hearts (16week pigs) were acquired through a
local slaughterhouse (Kroon Vlees, Groningen, Neth-
erlands) and dissected to separate the left ventricle
myocardial tissue. Tissue was washed in phosphate
buffer saline (PBS) and triturated in a commer-
cial blender until tissue fragments were smaller than
1mm. Following the 2ndwash in PBS, tissue was sub-
mitted to sonication for 1min, washed a 3rd time, and
incubated in 0.05% trypsin in PBS (Gibco, Thermo
Fisher Scientific, Waltham, USA) and constant shak-
ing at 37 ◦C for 3 h. After trypsin treatment, tis-
sue was rewashed with PBS and frozen overnight or
longer at−20 ◦C. After thawing, tissue was incubated
in demineralized water for 3 h and then in satur-
ated (6 M) NaCl for another 3 h, both steps in con-
stant shaking. Next, tissue was washed in 70% eth-
anol for 10 min and in water for another 10 min.
After ethanol wash, tissue was collected, centrifuged
at 3000 ×g for 3 min, discarded the supernatant fol-
lowed by tissue resuspension and incubation with
1% sodium dodecyl sulfate (SDS) in water (Sigma-
Aldrich, St. Louis, USA) for 12 h, washed three times
with water, incubated with 1% Triton X-100 (Sigma-
Aldrich, St. Louis, USA) for 12 h, washed three times
with water, incubated with 1% sodium deoxycholate
(Sigma-Aldrich, St. Louis, USA) for 12 h and, again,
washed three times with water, all steps under con-
stant shaking. After detergent treatment andwashing,
tissue was incubated for 24 h with DNAse solution
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Figure 1. Overview of the study design.

(30 µg ml−1 DNAse (Worthington Biochemical Cor-
poration, Lakewood, USA), 1.3 mM MgSO4, 2 mM
CaCl2) at 37 ◦C and constant shaking. After DNAse
treatment, tissuewaswashed overnight with 70% eth-
anol and stored at 4 ◦C in 1% penicillin/streptomy-
cin (#15 140 122, Gibco Invitrogen, Carlsbad, USA)
in sterile PBS. In the following the final product is
denoted as dECM.

2.3.2. DNA quantification
Genomic DNA was isolated as previously described
[13]. Briefly, dried native and dECM samples (n= 3)
were weighed and separated as samples of 10–15 mg
in a 1.5 ml Eppendorf tube. Each sample was diges-
ted at 55 ◦C overnight in a solution containing
162 µg ml−1 proteinase K, 10 mg ml−1 SDS, and
500 µl SE-buffer (75 mM NaCl; 25 mM EDTA; pH
8.0). Following the enzymatic digestion, samples were
added with 222 µl of 6 M NaCl and 777 µl of chlo-
roform, thoroughly shaken on a top-over-top rotator
for 1 in room temperature (RT) and centrifuged
at 2000×g at 20 ◦C for 10 min. After centrifuging,
two liquid layers were formed with a white layer
in between. The upper layer of the supernatant was
pipetted out of the original tube and transferred into
a new clean one, leaving the protein pellet behind.
In the new tube, a volume of ice-cold isopropanol
was added to the transferred supernatant and gently
mixed until white threads of DNA formed visible
clumps. The tubes were then centrifuged at 12 000×g
at 4 ◦C for 15 min, forming a pellet. The super-
natant was carefully pipetted out, without disturb-
ing the DNA pellet, and 500 µl of 70% ethanol was
added to wash the pellet. The tubes were centrifuged
again at 12 000×g at 4 ◦C for 5 min, the supernatant
was pipetted out, and the pellet was left to air-dry
at RT. Once the pellet was dissolved in 100 µl of
TE-buffer (10 mM Tris; 0.1 mM EDTA; pH 8.0) at

55 ◦C and quantified with NanoDrop spectrophoto-
metry (Thermo Scientific, Hemel Hempstead, United
Kingdom).

2.3.3. dECM gelation
For dECM gelation, the decellularized extracellular
matrix of left ventricle myocardial tissue in PBS was
centrifuged at 12 000×g at 4 ◦C for 5 min. The super-
natant was discarded and the tissue pellet lyophilized
and milled to a fine powder. Digestion was done on
20% w/v dECM powder in 0.01 M HCl with 2% w/v
pepsin (#P6887; >3200 IU; Sigma-Aldrich, St. Louis,
USA) at RT under constant stirring for 6 . After diges-
tion, the pH was neutralized by adding 1/10 volume
0.1 M NaOH and brought to 1× PBS by adding 1/10
volume 10× PBS. The resulting solution could be
stored in liquid form (pre-gel) at 4 ◦C for months
or converted into a hydrogel by warming to 37 ◦C,
which induced spontaneous gelation. The hydrogel
characterization was performed as described in pre-
vious work from our group [13, 14, 18].

2.4. Grow factors from ASC-CMed released
by dECM hydrogels
2.4.1. Conditioned medium collection, concentration
and resuspension in dECM hydrogel
Human ASC were isolated and characterized as
described previously [9, 19, 20]. Briefly, human
abdominal fat was obtained by liposuction, washed
with PBS and digested enzymatically with 0.1% col-
lagenase A (#11088793001, Roche Diagnostic, Man-
nheim,Germany) in PBSwith 1%bovine serumalbu-
min (BSA; #A9647, Sigma-Aldrich, Boston, USA).
The tissue was shaken constantly at 37 ◦C for
2 h. After this, the digested tissue was mixed with
1% PBS/BSA, filtered, centrifuged and the cell pel-
let was resuspended in Dulbecco’s Modified Eagle’s
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Medium (DMEM; #12-604F, Lonza, Basel, Switzer-
land) with 10% fetal bovine serum (FBS; #F0804,
Sigma-Aldrich, Missouri, United States), 1% peni-
cillin/streptomycin (#15140122, Gibco Invitrogen,
Carlsbad, USA) and 1% L-glutamine (#17-605E,
Lonza Bio Whittaker, Verviers, Belgium). Cells were
cultured at 37 ◦C in a humidified incubator with 5%
CO2. The mediumwas refreshed every 2 d. Cells were
passed at a ratio of 1:3 after confluency had reached.

ASC conditioned medium (ASC-CMed) was
obtained from confluent cultures of ASC between
passages 3 and 6 from at least three different donors.
Cells were cultured in DMEM, and the serum-free
CMed (5 ml cm−2) was harvested after 48 h, filtered
through 0.22µmfilters. ASC-CMedwas concentrated
with the use of 3 kDa cutoff Amicon® Ultra Centrifu-
gal filters (Sigma-Aldrich). ASC-CMed was concen-
trated 2000-fold by repeating the concentrating pro-
cedure with previously concentrated samples. After
concentration, ASC-CMed was diluted in DMEM to
reach the following concentrations: 2000×, 200×,
and 20×. These ASC-CMed solutions were then
added as 1/20 final volume to dECM pre-gel, result-
ing in pre-gels containing, respectively, 100×, 10×,
and 1× ASC-CMed.

2.4.2. Trophic factors release from dECM hydrogel
ASC-CMed-containing dECM pre-gels were fabric-
ated as described above. In sequence, 500 µl of each
pre-gel (1× ASC-CMed, 10× ASC-CMed, and 100×
ASC-CMed) was added to 1.5 ml microtubes and
placed in an incubator for 1 h at 37 ◦C to allow for self-
assembly gelation. This yields 2% w/v dECM hydro-
gels. After gelation, 500 µl of serum-free DMEM,
without any additional factors, was added to the
dECM hydrogel, and the microtubes were kept closed
inside a 37 ◦C incubator. The supernatant was col-
lected from the microtubes and refreshed at 1, 3,
and 5 d, constituting, respectively, the 1st, 2nd, and
3rd waves of TF release. The collected supernatant
was used to determine trophic factors released from
dECM hydrogel over time.

The factor release profile of dECM hydrogel
was determined by the concentration of 11 factors
that are representative for tissue regeneration and
remodeling (angiopoietin-1, angiopoietin-2, fibro-
blast growth factor 1 (FGF-1), hepatocyte growth
factor (HGF), platelet-derived growth factor-AA
(PDGF-AA), vascular endothelial growth factor
(VEGF), interleukin-1β (IL-1β), interleukin-6 (IL-
6), interleukin-8 (IL-8), monocyte chemotactic
protein 1 (CCL2/MCP-1), and matrix metallo-
proteinase 1 (MMP-1)) in the medium collected
from the dECM hydrogel. For this purpose, Mag-
netic Luminex Human Premixed Multi-Analyte Kit
(R&D Systems) was used according to the manu-
facturer’s protocol. Serum-free DMEM only and
DMEM extracted from dECM hydrogels without
ASC-CMed were used as negative controls, while

the concentrated ASC-CMed was used as a positive
control.

2.5. Endothelial cells’ proliferation, function, and
transdifferentiation under ASC-CMed release by
dECM hydrogels
2.5.1. Cell sources and cell culture
Human umbilical vein endothelial cells (HUVEC)
were obtained from the endothelial cell culture facil-
ity of our institution and comprised pools of at least
three donors, as previously described [10]. Cells were
seeded on gelatin-coated plates (1% gelatin solution
in PBS) at a density of 35 000 cells cm−2 and cul-
tured until confluency in endothelial cell medium
(ECMed) composed of RPMI-1640 basal medium
(#BE04-558F, Lonza, Basel, Switzerland) with 10%
heat-inactivated FBS (#F0804, Sigma-Aldrich, Mis-
souri, United States), 1% penicillin/streptomycin
(#15140122, Gibco Invitrogen, Carlsbad, USA), 1%
L-glutamine (#17-605E, Lonza Bio Whittaker, Ver-
viers, Belgium), 5 U ml−1 heparin (LEO Laborat-
ories Limited, Ballerup, Denmark), and 50 g ml−1

bovine brain extract (BBE, in-house preparation).
HUVEC between passages 3 and 6 were used for the
experiments.

2.5.2. Endothelial cells proliferation
A transwell membrane insert ThinCert™with 0.4µm
(#662640, Greiner Bio-One International, Krems-
münster, Austria) was used with hydrogel and/or the
concentrated CMed on top of 24 well tissue culture
plates of HUVEC. After 5 d of culture with ECMed
with 10% FBS and endothelial cell growth factor
(ECGF), cells were fixed at RTwith 2%paraformalde-
hyde (PFA) for 30min and stained as described below
(see Immunofluorescence section)

2.5.3. Endotshelial cell function
ASC-CMed-containing dECM pre-gels were gener-
ated as described above. In sequence, 500 µl of each
pre-gel (without ASC-CMed, 1× ASC-CMed, 10×
ASC-CMed, and 100× ASC-CMed) was added to 1.5
ml microtubes and placed in an incubator for 1 h at
37 ◦C to allow for self-assembly gelation. After gela-
tion, 500µl of ECMed,without any additional factors,
was added to the dECMhydrogel, and themicrotubes
were kept closed inside a 37 ◦C incubator for 24 h.
After this time, the 500 µl of ECMed were pipetted
out from the microtubes and stored for use in the
endothelial sprouting assay.

HUVEC were cultured with ECMed in 75 cm2

culture flasks. After reaching confluency, cells were
detached from the flasks, counted, and, for each
group, 15 000 cells were resuspended in 50 µl of the
ECMed collected from the microtubes as described
above. Pure ECMed was used as a positive control.
Subsequently, cells were seeded in wells of a µ-Slide
Angiogenesis Plate (Ibidi GmbH, Martinsried, Ger-
many) previously coated and incubated at 37 ◦C with
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Table 1. Experimental groups.

Group EndMT Hydrogel Secretome

Control — — —
Control+ Induction + — —
Hydrogel — + —
Hydrogel+ Induction + + —
Hydrogel with 1× ASC-CMed — + 1×
Hydrogel with 1× ASC-CMed+ Induction + + 1×
Hydrogel with 10× ASC-CMed — + 10×
Hydrogel with 10× ASC-CMed+ Induction + + 10×
Hydrogel with 100× ASC-CMed — + 100×
Hydrogel with 100× ASC-CMed+ Induction + + 100×
EndMT: Induction of endothelial mesenchymal transition.

10µl ofMatrigel® (#356231,BDBiosciences, San Jose,
USA) for 2 h. The sprouting was allowed to pro-
ceed for 4 h. Every condition was done in triplic-
ate, and the experiment was performed three times
independently. Formation sprouting networks was
imaged with a DM2000 LED inverted microscope
(Leica, Wetzlar, Germany) using 2.5× magnifica-
tion and analyzed using ImageJ Fiji with Angiogen-
esis Analyzer plugin. The number of branches was
determined.

2.5.4. Endothelial cell mesenchymal transition
(EndMT)
Confluent HUVECwere divided into ten groups with
different induction/dECM hydrogel combinations, as
described in table 1, and cultured for 5 d. Human
recombinant IL-1β (#200-01B, PeproTech, New Jer-
sey, USA) and human transforming growth factor-
beta 2 (TGF-β2; #100-35B, PeproTech, New Jersey,
USA) both at 10 nlml−1, were used to induce EndMT.

ASC-CMed-containing dECM pre-gels were gen-
erated as described above. In sequence, 500 µl of pre-
gel was added to the inner part of ThinCert™ Cell
Culture Inserts 24Well (Greiner Bio-One) and placed
in an incubator for 1 h at 37 ◦C to allow for gela-
tion.Wells of 24-well plates seededwithHUVECwere
allocated within the experimental groups described
above. The ThinCert™ Cell Culture Inserts con-
taining dECM hydrogels were then placed above
the HUVEC culture according to their experimental
groups. The culture medium was refreshed every 2 d,
while dECM hydrogel was not changed during the
experiment. After 5 d of culture with ECMed with
10% FBS and ECGF, cells were fixed at RT with
2% PFA for 30 min and stained as described below
(see section 2.5.5).

2.5.5. Immunofluorescence
After the appropriate period for each experiment, the
cells were fixed at RT with 2% PFA in PBS for 30 min.
Cells were permeabilizedwith 1%Triton-X100 in PBS
at RT for 15 min and blocked with 5% donkey serum
in PBS and 1% BSA at RT for 15 min. Subsequently,
cells were incubated with primary antibodies diluted
in 5% donkey serum in PBS at RT for 2 h.

For cell proliferation, rabbit anti-Ki67 (1:400;
#ab15580, Abcam, Cambridge, UK) polyclonal
antibody was used. To visualize EndMT, rabbit
anti-SM22α (1:400; #ab14106, Abcam, Cambridge,
UK) and mouse anti-human VE-Cadherin (1:200,
#AF1002, R&D Systems, Minnesota, United States)
were used as mesenchymal and endothelial markers,
respectively. Controls were incubated with 5% don-
key serum in PBS instead of the primary antibody.

Next, the cells were washed with 0.05% Tween-
20 in PBS and incubated with secondary antibodies
in 5% donkey serum in PBS with 4′,6-diamidino-2-
phenylindole (DAPI; 1:5000; #D9542-5 MG, Sigma-
Aldrich, Missouri, United States) at RT for 1 h. For
the transdifferentiation experiment, cells were also
incubated with Alexa Fluor® 488 phalloidin (1:400;
#A12379, Life Technologies, Carlsbad, United States).
The following secondary antibodies were used: don-
key anti-rabbit IgG (H+ L) Alexa Fluor® 594 (1:400;
#A-21207, Life Technologies, Carlsbad, United States)
anddonkey anti-mouse IgG (H+L)Alexa Fluor® 594
(1:400; #ab150108, Abcam, Cambridge, UK). Finally,
cells were washed 3 times with PBS and the plates
were imaged with Evos FL System (Thermo Fisher
Scientific, Waltham, United States) using Texas Red,
DAPI and Green Fluorescent Protein channels with
20×magnification.

2.6. Statistical analysis
All data were obtained from at least three independ-
ent experiments performed in duplicate or triplicate.
Data are presented as mean ± standard error of the
mean. Graphs and statistical analyses were done using
GraphPad Prism (Version 6.01; GraphPad Software,
Inc., La Jolla, United States). Differences among mul-
tiple groups were analyzed by Kruskal–Wallis with
Dunn’s multiple comparison test for the two groups
of interest in each scenario.

3. Results

3.1. Effective decellularization
The presence of remaining DNA in the dECM was
assessed by genomic DNA quantification. The dry
myocardial tissue before decellularization contained
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Figure 2. Trophic factor proportion in the collected ASC-CMed (cumulative after 5 d) at different concentrations (1×, 10×, and
100×). ∗IL-1β was below the detection limit for 1× concentrated hydrogel and ∗∗CCL2 was above the detection limit for 100×
concentration hydrogel; in these cases the lower and upper thresholds, respectively, were considered for proportion calculation
(n= 4 independent experiments).

3617± 342.1 ngmg−1 vs. 14.3± 3.6 ngmg−1 after the
process (t-student test, p < 0.0001). Genomic DNA
quantification showed around 99% of reduction in
DNA content, with dECM presenting less than 50
ng mg−1 of DNA per dry weight, the standard value
for successful decellularization [21].

The complete characterization of the myocardial
dECM hydrogel was previously performed, demon-
strating the maintenance of sulfated GAG, struc-
tural ECM proteins and also minor ECM-related
proteins [14].

3.2. Trophic factor relative concentration varies
according to the level of concentration of the CMed
The relative concentration, i.e. the proportion of
each released TF, for all the three release waves,
in the analyzed medium varied according to the
level of concentration of the CMed (figure 2).
While in the hydrogels loaded with 1× concen-
trated CMed the most prevalent released TFs were
MMP-1 (616 pg ml−1 or 33.53%), angiopoietin-1
(300 pg ml−1 or 16.33%), and FGF-1 (261 pg ml−1

or 14.24%), for the 10× concentrated CMed they
wereCCL2 (2397 pgml−1 or 40.15%), angiopoietin-1
(1071 pgml−1 or 17.94%), andMMP-1 (948 pgml−1

or 15.89%). Finally, for the 100× concentrated
CMed, the three most prevalent TF were CCL2
(>7820 pg ml−1 or >23.87%), VEGF (6804 pg ml−1

or 20.77%), and IL-8 (6068 pg ml−1 or 18.53%).
In general, the more concentrated was the medium,
more inflammation-related cytokines and less pro-
regenerative TFs were present.

3.3. dECM hydrogels can release trophic factors in
a sustained manner, but each factor has its own
release kinetics
The TF release profile of dECMhydrogel was determ-
ined by the measurement of 11 different factors in
the medium collected from the dECM hydrogel after
three consecutive waves of release, i.e. a 1st of 24 h
and a 2nd and 3rd wave of 48 h, using the Magnetic
LuminexHuman PremixedMulti-Analyte Kit. Empty
control gels did not release detectable amounts of
factors (not shown). The release of CCL2 from dECM
hydrogels loadedwith 100× concentratedASC-Cmed
was above the maximal detection level, while the

release of IL-1β from dECM hydrogels loaded with
1× concentrated ASC-CMed was below the detection
limit.

Although the increase in ASC-CMed concentra-
tion in the hydrogels was exponential (tenfold), this
pattern was not observed in the release behavior of
individuals by the hydrogels. In general, the hydro-
gels loaded with 1× and 10× concentrated CMed
showed a similar release pattern, with low TF con-
centration and a relatively constant TF release speed.
The 100× concentrated hydrogels, on the other hand,
showed different behaviors for each TF (figures 3(A)
and (B)), each of them either presenting a sustained
release (angiopoitin-1, angiopoitin-2, FGF-acid, and
MMP-1) or a strong release in the 1st wave, that
leveled off in subsequent waves (PDGF-AA, HGF,
VEGF, CCL2, IL6, and IL8).

3.4. Release of regeneration-related trophic factors
Among the 11 TFs investigated in this study,
seven potentially augment to tissue regeneration:
angiopoietin-1, angiopoietin-2, FGF-1, PDGF-AA,
HGF, VEGF, and MMP-1.

The release curve of angiopoietin-1 and
angiopoietin-2 showed the same pattern, although
the concentration reached by angiopoietin-1 was
higher in all time points comparedwith angiopoietin-
2. During the 1st 24 h (1st wave), 100× CMed hydro-
gels released a mean concentration of 1111 pg ml−1

of angiopoietin-1, followed by 542 pg ml−1 and
125 pg ml−1 for 10× and 1× CMed hydrogels. On
the 3rd wave, the mean concentration of this TF was
still considerable in all groups, representing at least
around 50% of the concentration found in the 1st
wave (1st 24 h). For angiopoietin-2, in turn, the
mean concentration reached in the 1st wave was
430.3 pgml−1, 133 pgml−1, and 64 pgml−1, respect-
ively, for the hydrogels loaded with 100×, 10× and
1× CMed. After the 3rd wave, a similar behavior to
angiopoietin-1 was observed, with a mean concen-
tration of about 50% of the concentration of the 1st
wave’s release.

FGF-1 and PDGF-AA showed the lowest release
among all the regeneration-related TFs investigated
in the present study. While for FGF-1 the mean con-
centrations during the 1st release wave (1st 24 h)
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Figure 3. Cumulative concentration of trophic factors over a 5 d release period. (A) Regeneration-related trophic factors release
pattern after 1, 3, and 5 d of release. (B) Inflammation-related trophic factors release pattern after 1, 3, and 5 d of release. CCL2
was above the detection limit in 100× concentrated CMed, and IL-1β was below the detection limit in 1× concentrated CMed
(n= 4 independent experiments).

were 194 pg ml−1, 128 pg ml−1 and 116 pg ml−1,
respectively for the hydrogels loaded with 100×, 10×
and 1× CMed, for PDGF-AA it was 123 pg ml−1,
7.5 pg ml−1 and 3.8 pg ml−1. The release kinet-
ics differed between TFs, and there was disparity on
concentrations between the most and least concen-
trated hydrogels, so for FGF-1, hydrogels containing
1× and 100× concentrated CMed did not differ on
the released TF amount, while for PDGF-AA, these
two concentrations led to a different final load of
released TF.

The release of HGF reached amean concentration
in the 1st wave of 647 pg ml−1 for the 100× CMed,
which decreased fivefold to 127 pg ml−1 in the next
wave. The 1× and 10× concentrated CMed reached
lower maximum concentrations of 35 pg ml−1 and
75 pg ml−1 in 24 h, and 52 pg ml−1 and 25 pg ml−1

after the 3rd wave (5 d). VEGF, in turn, showed a
more controlled release, with amaximumTF concen-
tration of 3490 pg ml−1 for the 100× concentrated
CMed at 1st wave, representing the most abundant of
all analyzed regeneration-relatedTFs. Even after 5 d of
the experiment, VEGF concentration remained high,
with a mean value of 1003 pg ml−1. On the other
hand, the 10× and 1× concentrated CMed showed

low TF concentrations, 209 pg ml−1, and 40 pg ml−1,
respectively, after the 1st wave.

Finally, MMP-1 showed a sustained release along
with the experiment. At 1st wave (1st 24 h), the
100× CMed group reached a mean concentration of
761 pgml−1, which remained stable at 568 pgml−1 at
the end of the experiment. The same was true for 10×
and 1× concentrated CMed, which reached, respect-
ively, 364 pg ml−1 and 232 pg ml−1 at 24 h and kept
the concentration at 279 pg ml−1 and 172 pg ml−1,
respectively, by the end of the experiment. Thus,
MMP-1 showed a smaller difference between CMed
concentrations and themost sustained release curves.

3.5. Release of inflammation-related trophic
factors
Among the 11 TFs investigated in this study, four of
them were related to inflammation: CCL2, IL-1β, IL-
6, and IL-8.

The concentration of released inflammation-
related TFs was, in general, higher than that observed
for pro-regenerative TFs. CCL2 was, by far, the most
released factor. Its concentration was so high that, in
the 100× CMed, it surpassed the upper limit of the
assay (7820 pg ml−1). Even for the 10× concentrated
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Figure 4. Endothelial cell proliferation after 5 d of co-culture with trophic factors-loaded dECM hydrogel. Blue staining (DAPI)
delimitates the nuclei and pinkish staining (Ki-67) is a marker of proliferation. The four dots in the graph represent outliers
according to Tukey plotting methodology (n= 3 experiments in duplicate).

CMed, the released concentration at 1st wave was
high, 1514 pg ml−1, and quickly dropped after that,
reaching 263 pg ml−1 on the 3rd wave. The 1× con-
centrated CMed, however, showed lower initial con-
centrations, 97 pg ml−1 in the 1st wave, but a stable
release, reaching 43 pg ml−1 on the 5th day. In con-
trast to CCL2, however, was the behavior of IL-1β, for
which theminimal concentrationwas below the lower
limit of the assay (2 pg ml−1). Even at 100× con-
centrated CMed, the cytokine reached no more than
27 pg ml−1, remaining relatively stable at 18 pg ml−1

on the 3rd wave. IL-6 and IL-8 showed similar release

kinetics, with both cytokines reaching concentrations
close to 3000 pg ml−1 during the 1st wave for the
100× concentrated CMed (2613 pgml−1 for IL-6 and
2978 pg ml−1 for IL-8), but lower than 100 pg ml−1

for the 10× and 1× concentrated CMed.

3.6. Influence of the trophic factors released from
dECM hydrogels on cell proliferation, endothelial
function, and transdifferentiation
The proliferation capacity, endothelial func-
tion, and transdifferentiation of HUVEC were
accessed after culturing these cells with the TFs
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Figure 5. Endothelial cells sprouting after 4 h under the influence of trophic factors released from dECM hydrogels for 24 h.
∗p < 0.001 (n= 3 independent experiments in triplicate).

released by the dECM hydrogel loaded with
ASC CMed.

Neither hydrogel alone nor the hydrogel loaded
with TFs, irrespective of CMed concentration (1×,
10×, and 100×) influenced HUVEC proliferation
(figure 4). For all the experimental groups, about 60%
of the endothelial cells were proliferative, with no
significant differences among them (Kruskal–Wallis,
p= 0.128).

In contrast to proliferation, endothelial cell
sprouting changed markedly upon the application
of dECM hydrogels loaded with ASC secretome
(figure 5). Factors released from hydrogels loaded
with 1× and 10×CMed inhibited in vitro endothelial
sprouting as observed by a decreased number of
branches compared to controls (Kruskal–Wallis,
p = 0.0003; 1× CMed vs. control, p = 0.0009;
10× CMed vs. control, p = 0.0005). In contrast,
the release of factors from cardiac dECM hydrogels
loaded with 100× Cmed did not affect endothelial

sprouting. Similarly, bare dECM hydrogel did not
affect sprouting.

Finally, we assessed the influence of dECM-
released CMed factors on TGF-β-induced EndMT.
Controls, i.e. HUVEC without induction, did
not show signs of EndMT because mesenchymal
marker expression was undetectable (figure 6). Co-
incubation of HUVECs with dECM hydrogels in
transwells did not induce EndMT, nor did the CMed
factors released from these hydrogels (irrespective of
their concentration factor). Under these conditions,
the endothelial phenotypewasmaintained as determ-
ined by the expression of the endothelial marker VE-
Cadherin (figure 6). Induction of EndMT caused the
cytoplasmic expression of SM22α (figure 6) in con-
trols and HUVECs exposed to bare dECM hydrogels
in transwells. Although there was a trend towards
a decreased expression of mesenchymal markers in
the experimental groups loaded with 10× CMed,
these did not differ from controls (Kruskal–Wallis
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Figure 6. Influence of trophic factors released from dECM hydrogels on endothelial cells transdifferentiation. (A) VECadherin in
yellow and phalloidin in green. (B) SM22α in red and phalloidin in green (n= 3 independent experiments in duplicates).

p = 0.284; 10× CMed vs. control, p = 0.1220). Con-
cerning VE-Cadherin expression, EndMT induction
reduced VE-Cadherin expression on the endothelial
cell membrane. This loss was not rescued by the
TFs released from the hydrogel (Kruskal–Wallis
p= 0.653).

4. Discussion

In the present study, we investigated the use of por-
cine left ventricle-derived decellularized extracellu-
lar matrix hydrogels to release TFs secreted by cul-
tured human adipose tissue-derived stromal cells.
We developed a method to produce this TF-loaded
hydrogel system and assessed the release pattern
of 11 different TFs related to tissue regeneration
and assessed their biological activity on endothelial
cells. Firstly, we showed that porcine dECM hydro-
gels could be loaded with human ASC-secreted TFs,
which are released in a sustained manner for sev-
eral days subsequently. Secondly, we demonstrated
that these TFs had different release kinetics, which
correlates with the initial concentration of CMed
in the hydrogel. We observed that the more con-
centrated was the hydrogel, the more inflammation-
related cytokines, and the less pro-regenerative TFs
were present. Finally, we showed that the factors
secreted by the hydrogel are biologically active as
these influence cell behavior, particularly concerning
endothelial cell function.

The differential release of the 11 TFs herein
investigated points to the possibility that each TF
has a different binding saturation threshold. This
finding directly affects the outcomes from CMed-
based therapies based on the release of TF by
hydrogel, particularly dECM hydrogels. We showed
that in low concentrations, i.e. hydrogels loaded
with 1× CMed, the most prevalent TF released
were MMP-1, angiopoietin-1, and FGF-1, all pro-
regenerative factors. At this level of CMed concen-
tration, however, the concentration of these factors
is also low, probably not enough to produce bene-
ficial results. On hydrogels loaded with 10× CMed,
the TF release profile starts to alter towards a more
inflammatory-related set of factors, so that, at this
concentration, themost prevalent TF isCCL2, already
in a considerable concentration (2397 pg ml−1).
In fibrotic disease, pro-inflammatory chemokines
such as CCL2, orchestrate endothelial cell prolifer-
ation and apoptosis resulting in reduced cell repair
capacity [22–26] and contributing to EndMT [27–
29]. At 100× concentrated hydrogels, the concen-
tration of CCL2 surpassed the upper limit of the
assay (7820 pg ml−1), and the two factors that had
higher concentrations and were under the upper
limit detection of the test were VEGF and IL8. At
this concentration, VEGF seems to be the respons-
ible factor for restoring the endothelial cell func-
tion, which was lost in hydrogels loaded with 1× and
10× CMed.

10



Biomed. Mater. 16 (2021) 025022 T T A Liguori et al

The release of TFs has been previously shown
to be modulated by several factors, such as GF-
scaffold binding, hydrogel material and, in the case
of dECM hydrogels, the ECM donor and the pres-
ence of diseased matrix, e.g. matrix from diabetic
patients [13, 30, 31]. Certainly, one of the main
aspects involved in TF release by dECM hydrogels is
the binding of such TF to the GAG. These are large,
negatively charged polysaccharides that bind both the
cells, the other ECM proteins, and the TF. It has been
previously shown that even the same TF, in two dif-
ferent isoforms, show variable behavior when bind-
ing to GAG [32]. Another factor that can contrib-
ute to the release behavior of TF is the presence of
MMPs, which cleaves not only ECM proteins but
also the binding of these proteins to others [33]. In
our study, we investigated only MMP-1 (an intersti-
tial collagenase), but probably other MMPs are also
present in the CMed and possibly also expressed in
high concentrations, as MMP-1. Thus, the release of
the different TFs could be affected by the presence and
concentration of MMP.

The use of mesenchymal cells secreted factors,
delivered by the dECM hydrogel, was initially pro-
posed, in our study, as a potential approach to inhibit
endothelial-mesenchymal transition and maintain
endothelial function. Although we sought the oppos-
ite effect, with loss of the HUVEC sprouting capacity,
we did demonstrate that the factors released by the
dECM hydrogels are biologically active, considering
the same outcome was not present in the group with
dECM hydrogel only. We consider that this negative
effect, however, is in accordance with the findings of
our LUMINEX assay, which demonstrated a partly
inflammatory secretome. Future studies using single
or few TFs could better elucidate this issue.

Still, the use of dECM hydrogels as a platform to
bind and release paracrine factors secreted by (mes-
enchymal) cells is a potential alternative to the use
of synthetic hydrogels in the context of cardiovas-
cular regeneration. Recently, our group also pro-
posed the use of adipose tissue dECM hydrogels as a
release platform to deliver secreted paracrine factors
for wound healing applications [13]. To the best of
our knowledge, this work is the 1st to demonstrate
the use of myocardial dECM hydrogels loaded with
TFs derived from mesenchymal cells as a potential
approach to cardiac regeneration. The fine-tuning of
the manufacturing methods and the appropriate bal-
ance between CMed concentration and the release of
the right TF remains to be investigated. Herein, how-
ever, we demonstrated the feasibility of the method
and the differenceswhich can be foundwhen themes-
enchymal cells secretome is concentrated on a log-
arithmic scale. Future studies should focus on how
hydrogels from different tissues differ regarding the
release of TFs—in different concentrations—but also
on the in vivo behavior of these hydrogels and the out-
comes achieved by dECM hydrogels-based therapies.
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