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The challenge of tissue engineering of the infarcted heart is how to improve stem cell engraftment, survival,
homing, and differentiation for myocardial repair. We here propose to integrate human adipose-derived
stem cells (ADSCs) and pharmacologically active microcarriers (PAMs), a three-dimensional (3D) carrier of
cells and growth factors, into an injectable hydrogel (HG), to obtain a system that stimulates the survival and/
or differentiation of the grafted cells toward a cardiac phenotype. PAMs are biodegradable and non-cytotoxic
poly(lactic-co-glycolic acid) (PLGA) microspheres conveying cells on their 3D surface that deliver continuously
and in a controlled manner a growth factor (GF) acting on the transported cells and on the microenvironment
to improve engraftment. The choice of the appropriate GF and its protection during the formulation process
and delivery are essential. In this study two GFs, hepatocyte growth factor (HGF) and insulin-like growth factor
(IGF-1), have been encapsulated under a solid state in order to limit their interaction with the polymer and con-
serve their integrity. GF precipitation conditions and release profile from PAMs have been first investigated be-
fore combining them to ADSCs. The released IGF-1 and HGF induced the protein synthesis of cardiac
differentiation markers GATA4, Nkx2.5, cTnI and CX43 after 1 week in vitro. Moreover, the GFs accelerated cell
cycle progression, as suggested by the increased expression of Cyclin D1mRNA and the widespread distribution
of Ki67 protein. Integrating PAMswithin the thermosensitive P407 hydrogel increased their elastic properties but
decreased the transcription of most cardiac markers. In contrast, CX43 expression increased in ADSC–PAM–GF
complexes embedded within the hydrogel compared to the ADSCs cultured alone in the absence of P407.
These results suggest that particulate scaffolds releasing HGF and IGF-1 may be beneficial for applications in
tissue-engineering strategies for myocardial repair and the association with a P407 hydrogel can increase sub-
strate elasticity and junction connections in ADSCs.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Heart failure that occurs as a consequence ofmyocardial infarction is
one of the first causes of morbidity in developed countries. Cell-based
strategies have emerged as encouraging ways to achieve a suitable car-
diac repair [1–3]. Beneficial effects on cardiac remodeling and left ven-
tricular function have been obtained on animal models of myocardial
infarction using adult stem cells [4–6]. These cells have been conve-
niently employed for cardiac regeneration therapies because of their
easy accessibility and safety, large differentiating potential, ability to
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secrete factors for tissue repair, and immune tolerance. However, the ef-
ficiency of stem cell transplantation is limited by several drawbacks,
such as insufficient cell retention, poor survival, and early stage of differ-
entiation. Indeed, regardless of the type of cells used, 90% of the cells die
within 24 h after their injection in the ischemic myocardium and this is
related to the slight improvement of cardiac contractility [1,7,8].

Several factors play a role in determining the final amount of func-
tional cells after their engraftment, including the ischemic environment
and related inflammatory reaction [9], the scarce room to home the
transplanted cells, and the transient availability of paracrine and circu-
lating factors that can stimulate the process of cardiac repair. Indeed,
several growth factors (GFs) have been demonstrated to improve myo-
cardial regeneration by increasing survival, proliferation and differenti-
ation of resident and transplanted cells [10–12], stimulating the
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recruitment of progenitor/stem cells [13,14], and promotingboth angio-
genesis and vasculogenesis [15,16]. Therefore, an appropriate choice of
GFs and the related strategy of delivery are believed to contribute in a
relevant manner to the amelioration of cell engraftment and function.

An appealing combinatorial approach for myocardium repair is the
injection of drug-releasing three-dimensional (3D) scaffolds conveying
stem cells. GFs that are contained in injectable gels or polymeric parti-
cles not only are more protected from the molecular changes induced
by the environment but can also be released in a sustained manner
stimulating muscle regeneration better than the bolus delivery of
factors [17]. In addition, it has been recently reported that a combined
delivery of different GFs promotes neovascularization in the ischemic
tissues better than a single GF [18,19]. Furthermore, microspheres cov-
ered with a biomimetic surface provide additional cues stimulating the
transported cell survival and differentiation [20–22]. Indeed, extracellu-
lar matrix molecules like laminin (LM) or fibronectin (FN) induce adult
stem cell cardiac differentiation and survival, respectively [23,24].With-
in this line, we have developed pharmacologically active microcarriers
(PAMs), which combine, in an adaptable and simple device, an implant-
able 3D biomimetic biomaterial-based scaffold transporting cells and
allowing in situ controlled and sustained drug delivery. In animal
models of neuronal and cartilage disorders we have shown that these
parameters promote and maintain survival, differentiation and integra-
tion of the transported cells within the host tissue after the complete
degradation of the carrier [21,22,26,27]. These PAMs are biodegradable
and biocompatible poly(lactic-co-glycolic) acid (PLGA) microspheres
and are coveredwithmolecules of the extracellularmatrix [25]. Howev-
er, the prolonged and complete delivery of GFs at physiological doses
still remains a technological challenge for effective clinical applications.
We have shown that proteins encapsulated under a nanosolid state
within the PLGA polymer preserve their structure and integrity,
allowing a better and prolonged release profile and the maintenance
of their biological activity [28–30]. In addition, the co-precipitation of
an amphiphilic polymer (poloxamer P188) with the protein further
protected it from the hydrophobic environment [27–31].

In the present studywe have formulated PAMs releasing the hepato-
cyte growth factor (HGF) or the insulin-like growth factor 1 (IGF-1),
both GFs having been specifically used for bone-marrow mesenchymal
stem cell commitment to the myocardial lineage [13,32,33] and cardiac
repair [34–36]. The optimum conditions to obtain solid nanoparticles of
these GFs were first determined with model proteins currently used in
the laboratory. After their encapsulation, the protein release profile
and bioactivitywere studied.We then evaluated the rheological proper-
ties of a thermosensitive injectable hydrogel (HG), poloxamer 407
(P407), as a vehicle of PAMs conveying adipose-tissue derived stem
cells (ADSCs), with elastic properties that may induce stem cell specifi-
cation and better support the mechanical activity of the heart [37,38].
The release profile of a model protein from the PAMs within this gel
was also evaluated. Finally, PAMs covered with LM or FN, simulating a
biomimetic surface in order to improve both survival and cardiac differ-
entiation of adult stem cells [23,24], were used to evaluate the commit-
ment of ADSCs to cardiomyocyte lineage [1,39] alone or within the
hydrogel.

2. Material and methods

2.1. Cell culture

Human ADSCs have been purchased from the American type culture
collection (ATTC, N. PCS-500-011). ADSCs were seeded at a density
of 1 × 103 cells/cm2 on 75 cm2

flasks containing Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco,
Invitrogen, CA, USA; normal culture medium), cultured in a humidified
atmosphere of 5%CO2 at 37 °C, and allowed to reach 80%–90% confluence.
The cells were then detached with 0.5 mM ethylenediaminetetraacetic
acid (EDTA)/0.05% trypsin (Gibco, Invitrogen) for 5 min at 37 °C and
replated onplastic dishes till thefirst or secondpassage, changing theme-
dium twice a week.

2.2. Precipitation of the protein

Protein, glycofurol and sodium chloride were used without further
purification. Experiments were carried out at 4 °C. The overall mixture
was prepared directly inside a centrifugation tube as follows. The pro-
tein powder was first dissolved in a non-buffered aqueous solution of
sodium chloride and this solutionwas introduced into glycofurol. Thirty
minutes later, the protein particles were recovered by centrifugation
(10,000 ×g, 30 min, 4 °C). Mixing and centrifugation times of 30 min
were selected in order to optimize the quantity of precipitated protein.

2.3. Experimental design for protein precipitation

To define the optimum conditions of precipitation, an experimental
design was used. Three parameters influencing protein precipitation
were modified: the ionic strength, the protein concentration and the
pH. The precipitation efficiency was considered as the percentage of ac-
tive protein recovered after precipitation and dissolution. The reference
was the initial activity, i.e. the activity measured for the initial protein
mass whose activity was 100%. The protein suspensions in glycofurol
were centrifuged, the supernatant was eliminated and the pellet of
protein particles was dissolved in the appropriate buffer.

The measured response was the precipitation efficiency of three
model proteins, lysozyme, peroxidase and human serum albumin
(HSA). Nanoprecipitated lysozyme was dissolved in Tris–HCl 0.01 M
buffer, pH 7.4, peroxidase in potassiumphosphate buffer, pH6.0 and bo-
vine serum albumin (BSA) in PBS, pH 7.4 as previously described [22,
29]. The two nanoprecipitated GFs, HGF and IGF-1, were dissolved in
PBS, pH 7.4 and the amount of precipitated protein was readily recog-
nized by two antibodies measured by ELISA sandwich (R & D system,
Lille, France). The biological activity of lysozyme was determined by
measuring the turbidity change in a Micrococcus lysodeikticus bacterial
cell suspension as previously reported [27,30]. The enzymatic activity
of peroxidase was determined with pyrogallol as substrate.

2.4. Protein encapsulation in PAMs

Poly(lactic-co-glycolic acid) (PLGA)-microspheres of an average di-
ameter of 60 μm were prepared using a previously described emulsion
solvent extraction–evaporation process [29]. Accurate delivery of thera-
peutic proteins at physiological levels requires low encapsulation load-
ing, so according to our previous reports [22,27,30] the total protein
loading was 0.6% w/w of the amount of microspheres, i.e. 0.1% HGF,
0.1% IGF-1 (Peprotech, Neuilly sur Seine, France), and 0.5% HSA. First,
NaCl and glycofurol were used to precipitate the proteins separately,
as previously described [29]. For HGF and IGF-1 (50 μg), a NaCl solution
at 0.5 M and 2 M, respectively, was used. This solution, maintained at
4 °C, was added to a poloxamer 188 excipient (poloxamer/NaCl ratio
1/1 v/v) in an additive to protein ratio of 20:1 and further mixed to
glycofurol to form a 1 mL suspension. The same procedure was used
for 250 μg of HSA with a NaCl solution at 0.3 M. The nanoprecipitates
were then carefully dispersed in the organic solution, water was
added and the resulting o/w emulsion formed the imprint of the micro-
particles, which were filtered after organic solvent extraction, as previ-
ously described [26,31]. Unloaded microparticles were prepared in the
same manner without adding the protein. PLGA microspheres were
either coated with FN-like sequences (FN; Sigma, Saint-Quentin
Fallavier, France) or with LM combined with poly-D-lysine molecule
(PDL; Sigma, France) to obtain LM-PAMs and FN-PAMs, as previously
described [22,27]. Briefly, microspheres were suspended in Dulbecco's
phosphate buffered saline (DPBS), sonicated until full dispersion and
were then incubated with a mixture of both molecules (9 μg/mL LM
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and 6 μg/mL PDL for a final concentration of the coating molecules of
15 μg/mL) by continuous stirring at 15 rpm for 90 min. The micro-
spheres were formulated in aseptic conditions and were thereafter in-
cubated for 10 min with antibiotics after the coating step. Each tube
was covered with Sigmacote® (Sigma, France) to prevent product loss
on the tube walls. PAMs were then freeze-dried and stored at 4 °C for
the experiments or immediately used for release kinetics studies.

2.5. Protein encapsulation efficiency

Protein encapsulation yield was determined by measuring the
entrapped proteins using ELISA kits for HGF and IGF-1 (R&D systems,
France). For the lysozyme, biological activity was measured as
previously reported [26]. Briefly, protein PLGA PAMs (5 mg) were
dissolved in 1mL acetone in a silanized glass tube for 1 h, the entrapped
proteinwas separated from the dissolved polymer by centrifugation (15
min, 14,000 rpm) and the acetone was removed. To ensure that the en-
tire polymer was dissolved and removed, the step was repeated and the
pellet was resuspended in PBS. Controls performed with unloaded
PAMs have no effect on the ELISA assay. Only PAMs containing a growth
factorwith a loading efficiency of at least 80%were considered acceptable,
while formulations with lower loading efficiencies were not used.

2.6. Characterization of functionalized surface of PAMs

Five milligrams of PAMswas suspended in DPBS and sonicated until
full dispersion of the PAMs. FN-PAMs or LM-PAMs were washed three
times in sterile distilled water, lyophilized, and kept at −20 °C. The
FN and LM surfaces were characterized by optical and confocal micros-
copy after FN and LM immunostaining. Lyophilized PAMs (1 mg) were
suspended in DPBS containing 4% BSA and 0.2% Tween 20 (DPBSBT)
and incubated for 30 min at room temperature under 15 rpm stirring.
Samples were then washed three times with DPBS and centrifuged
(9000 g, 5 min). Anti-FNmouse or anti-LMmousemonoclonal antibody
(100 μg/mL in DPBSBT) was incubated at 37 °C for 1.5 h under rotation.
Samples were then washed four times before incubation with biotinyl-
ated anti-mouse IgG antibody (2.5 μg/mL in DPBS) for 1 h, at room
temperature, under rotation. After threewashes, sampleswere incubat-
ed with streptavidin–fluoroprobe 547 (1:500 in DPBS) at room temper-
ature, for 40 min, under rotation. Samples were observed under optical
microscopy (Axioskop, Carl Zeiss, LePecq, France) and confocal micros-
copy (Olympus FluoviewTM TU 300, Rungis, France). Three indepen-
dent experiments were performed and every condition was observed
in triplicate.

2.7. Release kinetics, in vitro study

The in vitro release profile of protein from PAMs was determined
fromn=3 experiments by adding 250 μL of PBS buffer, pH 7.4, contain-
ing 1% w/v BSA to 2.5 mg of microspheres into Eppendorf tubes. The
tubes were closed and incubated in a shaking water bath (37 °C,
125 rpm). At different times, the tubes were centrifuged for 5 min at
3000 rpm and 250 μL of the supernatant was collected for analysis and
replaced by fresh buffer. The percentage of released GF was evaluated
by ELISA (R&D systems, France). The ratio of cumulative release (in per-
cent)was calculated based on the total amount of protein obtained from
the encapsulation yield. Then, the GFs that were released from PAMs at
different time-points were checked for their bioactivity by performing a
proliferation assay (Alamar Blue assay) with an appropriate cell type
(HUVECs for HGF and NIH3T3 fibroblasts for IGF-1). Their effects on
cell expansion were compared to the stimulation exerted by the corre-
sponding native, non encapsulated, standard GFs. Since this response is
concentration dependent, we first tested different concentrations of
each native GF in order to obtain the best dose that most appropriately
stimulated cell proliferation. Indeed, very high concentrations aswell as
too low concentrations may be either toxic or may not induce any cell
response. Hence, we first collected each aliquot at each time-point of
the release kinetics assay andmeasured the concentrations of the GF re-
leased from PAMs by ELISA. Then, each aliquot at a known GF concen-
tration was diluted to the same GF concentration that had provided
the best cell proliferating response obtainedwith the standardGF. Final-
ly, each of these normalized aliquots (all with the same concentration of
GF) was used to stimulate the proliferation of HUVECs, for HGF, and
NIH3T3 fibroblasts, for IGF-1. At the end of the proliferation assay the
amount of expanded cells was measured and expressed as percentage
of the number of cells grown in the presence of the same concentration
of the standard GF. For both HGF and IGF-1, we obtained values of bio-
activity ranging from 90% to 100%.

2.8. Hydrogel preparation and rheology

Poloxamer 407 (P407, pluronic F127) HG was prepared by dissolv-
ing P407 (Sigma Aldrich, St. Louis, MO) in phosphate buffered saline
(PBS) (pH 7.4) at 4 °C under sterile conditions. Once completely dis-
solved at low temperature, P407 formed a clear solution which turned
into a transparent gel when brought up to room temperature or 37 °C.
To obtain PAM-loaded HG, PAMs were dispersed in P407 solution at
4 °C, at 1%w/v concentration and in vivo injection concentration, corre-
sponding to 10% w/v, before the gel formation increasing temperature.
The viscoelastic properties of three HG concentrations (18%, 20%, and
22% w/v), with or without dispersed PAMs, were investigated with a
Kinexus® rheometer (Malvern S.A., Worcestershire, UK), used with
plate–plate geometry (20 mm-diameter) with an 800 μm gap.

The HG rheological properties were evaluated in triplicate as
follows:

Strain sweep experiments: Frequencywas fixed at 1 Hz and elastic (G′)
and viscous (G″) moduli were determined vs. strain variation from
0.01 to 100%. Experiments were performed at 37 °C.

Frequency sweep experiments: Strain was fixed at 0.1% and elastic (G′)
and viscous (G″) moduli were determined vs. frequency variation
from 0.01 to 100 Hz. Experiments were performed at 37 °C.
Temperature ramp experiments: Elastic (G′) and viscous (G″) moduli
were determined vs. temperature cycles from 37 °C to 4 °C and from
4 °C to 37 °C. Strain and frequency were fixed at 0.1% and 1 Hz,
respectively.

2.9. Protein release profile from PAMs within the hydrogels

PAMs releasing lysozymewere formulated as described by Giteau A.
et al. [29] and were then coated with extracellular matrix proteins. One
percent w/v of PAMs were then added within the HG at the three
established concentrations. The tubes were closed and incubated in a
shakingwater bath (37 °C, 125 rpm) and, at interval times, were centri-
fuged for 5 min at 3000 rpm. The supernatants were collected for
analysis and replaced by fresh buffer. The biological activity of lysozyme
released was determined by measuring the turbidity change in a
M. lysodeikticus bacterial cell suspension as reported above [29].

2.10. Cell number and differentiation in 3D culture conditions

For 3D cell studies, culture-expanded ADSCs were harvested
and cultured with FN- or LM-coated PAMs for cell quantification and
compared to 2D cell culture (standard plates). LM coated PAMs were
used for cell differentiation. Three independent experiments were
performed.

HG was synthesized in the characterized stiffness range of 18–22%
total polymer content. We prepared 18%, 20% and 22% HG by dissolving
sterile poloxamer 407 (P407; Sigma Aldrich, St. Louis, MO) in DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL strep-
tomycin (Gibco, Invitrogen, CA, USA; normal culture medium) at 4 °C.
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For quantification studies, ADSCs were suspended within the HGs
with and without PAMs at a concentration of 0.5 × 106 cells/cm3 into
anultra-lowattachmentmicroplate. Prior PAM–cell complex incorpora-
tionwithin the HGs, an adhesion step incubating cells with PAMs for 4 h
was necessary. These cell-loaded HGs were then incubated at 37 °C in
5% CO2 for 5 days and HGs were removed at 1, 2, 3 and 5 days. HG sam-
ples were then assayed for cell number using the Cyquant Cell Prolifer-
ation assay (Molecular Probes, Eugene, OR) against generated cell
number standards.

For differentiation studies only the 22% P407 was prepared. ADSCs
were then cultured with a mixture of equal amounts of LM-PAMs re-
leasingHGF and LM-PAMs releasing IGF-1 (PAM-GFs)with andwithout
the HG. Briefly, 0.5 mg of LM-PAM-HGF and 0.5 mg LM-PAM-IGF-1
were first incubated for 4 h with 4 × 105 ADSCs without any agitation
in a 24-well ultra low attachment plate (Costar) in DMEM supplement-
ed with 3% FBS. Once adhered, PAM–cell complexes were added
within the 22% P407. Cardiomyogenic commitment of ADSCs adhered
to PAM-GFs with and without HG was assessed by qRT-PCR and
immuno-cytochemistry.

2.11. Cardiac primer design and validation

A panel of cardiac genes, the transcription factors GATA binding pro-
tein 4 (GATA4), myocyte enhancer factor 2C (MEF2C), and NK2 homeo-
box 5 (Nkx2.5), the sarcomeric ATPase, Ca2+ transporting, cardiac
muscle, slow twitch 2, variant a (SERCA2a), the cardiac myosin light
chain 2 (MLC-2V), the cardiac troponin I (cTnI), the gap junction protein
alpha 1, connexin 43 (CX43/GJA1), and Cyclin D1 have been used to
study ADSC mRNA levels during commitment (Table 1).

To ascertain whether ADSCs were committed toward cells other
than cardiomyocytes, we also investigated specific transcripts that
have been approved in the literature as markers of chondrocytes
(Col2a1/collagen type II-alfa1), osteoblasts (BGLAP-osteocalcin), adipo-
cytes (FABP4/fatty acid binding protein 4), endothelial cells (PECAM1/
CD31), and neurons (TUBB3/tubulin beta 3-class III) (Table 1).

The following experimental details were performed following the
guidelines of the SCCAN core facility (Service Commun de Cytométrie
et d’Analyse Nucléotidique, Angers, France). Human sequences were
Table 1
Human specific cardiac primers.

Gene Full name

GATA4 GATA binding protein 4

MEF2C Myocyte enhancer factor 2C

Nkx2.5 NK2 homeobox 5

SERCA2a ATPase, Ca2+ transporting, cardiac muscle, slow twitch 2 (ATP2A2) vari

MLC-2V Myosin light chain 2, cardiac, slow

cTnI Troponin I type 3 (cardiac)

CX43 Gap junction protein alpha 1, 43 kDa

Cyclin D1 G1/S-specific Cyclin-D1

Col2a1 Collagen type II alpha 1

BGLAP Osteocalcin

FABP4 Fatty acid binding protein 4

PECAM1 CD31

TUBB3 Tubulin beta 3 class III
determined using PubMed nucleotide search (www.ncbi.nlm.nih.gov)
and Ensembl (www.ensembl.org)websites. The online freeware Primer
blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used for
primer modeling, ClustalW (www.ebi.ac.uk) to align nucleotidic se-
quences, and nucleotide blast (www.ncbi.nlm.nih.gov) to confirm the
specificity of the defined primer sequences. When possible, pairs of
primers were designed across intron-spanning regions to avoid geno-
mic DNA contamination. Sense and antisense desalted primer pairs
(Eurogentec, Angers, France) were mixed in RNAse free water at a
final concentration of 5 mM and validated using cDNA from human
adult or fetal heart and commercial quantitative polymerase chain
reaction (PCR) Human Reference cDNA (Clontech, Takarabio, Saint-
Germain-en-Laye, France). The melting peak of the amplicon had to
be narrow and unique, and its size and specificity were confirmed by
electrophoresis. Finally, a serial dilution of the PCR product was
reamplified to draw a linear curve Ct = f (quantity). The efficiency of
the primer was calculated from the slope of the linear curve: E =
[10(−1 / slope) − 1] × 100. Only primer pairs with efficiency greater
than 80% were validated for use (Table 1).

2.12. Quantitative real-time PCR (qRT-PCR)

ADSCs were washed in DPBS. Following the manufacturer's
guidelines, cells were lysed in a 1% β-mercaptoethanol containing
buffer and RNA was extracted following a treatment by DNAse to re-
move any traces of genomic DNA (Total RNA isolation Nucleospins®
RNA II, Macherey Nagel, Hoerdt, France). First strand cDNA synthesis
was performed with a Ready-To-Go You-Prime First-Strand Beads®
kit in combination with random hexamers (Amersham Biosciences,
Orsay, France) using 1 μg RNA according to the manufacturer's
guidelines. Following first-strand cDNA synthesis, cDNAs were puri-
fied (Qiaquick PCR purification kit, Qiagen, Courtaboeuf, France) and
eluted in 50 μL RNAse free water (Gibco). Five microliters of cDNA
(1:20) was mixed with iQ SYBR Green Supermix (Biorad) and primer
mix (0.2 mM) in a final volume of 15 μL. Amplification was carried
out on a Chromo4 thermocycler (Biorad) with a first denaturation
step at 95 °C for 3 min and 40 cycles of 95 °C for 10 s, 55 °C for 15 s
and 72 °C for 15 s. After amplification, amelting curve of the products
NM accession number Sequences

NM_002052.3 Fwd: AGATGCGTCCCATCAAGACG
Rev: GGAGCTGGTCTGTGGAGACT

NM_001131005.2 Fwd: CTAATCTGATCGGGTCTTCCTTCAT
Rev: TTTTTCTCCCCATAGTCCCCG

NM_004387.3 Fwd: CTATCCACGTGCCTACAGCG
Rev: GCCGCTCCAGTTCATAGACC

ant a NM_001681.3 Fwd: ACCTGGAACCTGCAATACTGG
Rev: TGCACAGGGTTGGTAGATGTG

NM_000432.3 Fwd: GATGGAGCCAATTCCAACGTG
Rev: ACGTTCACACGCCCAAGAG

NM_000363.4 Fwd CCTGCGGAGAGTGAGGATCT
Rev: CAGTGCATCGATGTTCTTGCG

NM_000165.3 Fwd: TCTGAGTGCCTGAACTTGCC
Rev: CACCTTCCCTCCAGCAGTTG

NM_053056 Fwd: GGACAGGAAGTTGTTGGGC
Rev: TCTCTCCTAATATGCCAGAGG

NM_033150 Fwd: GAGGGGATCGTGGTGACAAAGG
Rev: TTGCATTACTCCCAACTGGGCG

NM_199173 Fwd: GGCGCTACCTGTATCAATGG
Rev: TCAGCCAACTCGTCACAGTC

NM_001442 Fwd: ACAGCACCCTCCTGAAAACTGC
Rev: TGTTAGGTTTGGCCATGCCAGC

NM_000442 Fwd: ACAGTGGGACGTATATCTGC
Rev: GGACTTCGATGGTCTGTCC

NM_006086 Fwd: CCAGTATGAGGGAGATCG
Rev: CACGTACTTGTGAGAAGAGG

http://www.ncbi.nlm.nih.gov
http://www.ensembl.org
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ebi.ac.uk
http://www.ncbi.nlm.nih.gov
ncbi-n:NM_002052.3
ncbi-n:NM_001131005.2
ncbi-n:NM_004387.3
ncbi-n:NM_001681.3
ncbi-n:NM_000432.3
ncbi-n:NM_000363.4
ncbi-n:NM_000165.3
ncbi-n:NM_053056
ncbi-n:NM_033150
ncbi-n:NM_199173
ncbi-n:NM_001442
ncbi-n:NM_000442
ncbi-n:NM_006086
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determined the specificity of the primers for the targeted genes. A
mean cycle threshold value (Ct) was obtained from at least two mea-
surements for each cDNA. Several reference genes, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, NM_002046), hypoxanthine
phosphoribosyltransferase 1 (HPRT1, NM_000194), β-actin (Actb, NM_
001101), 30S ribosomal protein S18 (Rps18, NM_001093779) and heat
shock 90 kDa protein 1β (Hspcb, NM_007355) were tested and the
three best ones, those that are stable during the differentiation process,
were chosen for normalization using the GeNorm software described
previously [39]. The relative transcript quantity (Q) was determined by
the ΔcT method Q = E(Ct min in all the samples tested − Ct of the sample),
where E is related to the primer efficiency (E = 2 if the primer
efficiency =100%). Relative quantities (Q) were normalized using
the multiple normalization method with the geometric mean of the
relative transcript quantity (Q) of the three best reference genes as
described in Vandesompele et al. [40].

2.13. Immunofluorescence

ADSCs adhered on empty PAMs or LM-PAMs releasing GFs were used
for GATA4, Nkx2.5, MEF2C, cTnI and CX43 immunocytofluorescence.
Briefly, PAM/cell complexes were transferred into a 1.5 mL tube and
washed three times with DPBS, and the PAM/cell complexes were fixed
with 4% paraformaldehyde at 4 °C for 15 min and then permeabilized
with 0.2% TritonX 100 (Sigma) for 5 min. They were then blocked with
DPBS, 10% normal goat serum (Sigma) and 4% BSA at room temperature
for 45min. After washing, PAM/cell complexes were incubated overnight
at 4 °C with goat anti-GATA4 (1:100, Abcam, Paris France), mouse anti-
Nkx2.5 (1:200, Abcam), mouse anti-cTnI (1:100, Abcam), rabbit anti-
MEF2C (1:100, Abcam) and rabbit anti-CX43/GJA1 (1:100) in DPBS, 4%
BSA and 0.2% TritonX-100. Isotypic controls were made with IgG1k
(BD Biosciences, Rungis, France) and IgG2bk (BD Biosciences). After rins-
ing, the PAM/cell complexes were incubated with the corresponding sec-
ondary biotinylated anti-mouse or anti-goat or anti-rabbit antibody
(1:200, Eurobio, Courtaboeuf, France) in DPBS, 4% BSA, and 0.2%
TritonX-100 for 1 h. Finally, after rinsing again and following incubation
with streptavidin–FITC (1:500, Dako, Trappes, France) or streptavidin–
rhodamine (1:500, Dako) in DPBS for 40 min, a 2 min centrifugation at
1000 rpmwas done to remove the supernatant. The PAM/cell complexes
were mounted on slides (Mounting Media, Dako) and observed with a
fluorescence microscope (Axioskop, Carl Zeiss, LePecq, France).

2.14. Statistical analysis

Data were expressed asmean± SD. The values were analyzed using
one-way ANOVA and Tukey multiple comparison test as post-ANOVA
test. Differences were considered significant for p b 0.05.

3. Results

3.1. Protein precipitation conditions

An excess of water-miscible organic solvent, glycofurol, and sodium
chloridewas conjunctively added to protein solutions to induce the for-
mation of fine protein particles. As the efficiency of precipitation varies
Table 2
Recapitulative table of protein characteristics and precipitation conditions.

Mw (kDa) Isoelectric point NaCl concentration

Lysozyme 14 11 0.3 M
Peroxidase 40 7.2 0.01 M
HSA 66.7 4.7 0.5 M
HGF 80 7.8 0.5 M
IGF-1 7.6 7.8 2 M
with the process conditions, the composition of themediumwas varied
in a defined experimental domain at 4 °C and in an excess glycofurol set
at 1.04 g/mL. The pH of the protein solution showing the best protein
precipitation efficiency corresponds to the isoelectric point of the pro-
tein, so for each experiment the pH of the medium was adjusted to
the isoelectric point of the considered protein. Peroxidase and HSA
showing different molecular weights and isoelectric points were used
as model proteins (Table 2, Fig. 1). These physicochemical parameters
have been shown to influence protein precipitation as described by
Giteau et al. [29,31]. Precipitation optima corresponded to the recovery
of more than 90% of the initial protein mass in its biologically active
state. For peroxidase, salt-induced ionic strength of 0.01 M permitted
to obtain a precipitation efficiency of 100.1 ± 9.8% while for HSA at
0.5 M the precipitation efficiency was 100.4 ± 7.1% (Table 2). We
found that the protein concentration also greatly influenced protein
precipitation and should be taken into consideration. Combined analy-
sis of these results underlines that protein precipitation optima corre-
spond to higher protein concentrations (at least at 5.5 mg/mL) (Fig. 1).

We could precipitate 50 μg of HGF in a solution of 0.5 M NaCl at
the final concentration of 5.5 mg/mL, with an output of precipitation
of 90.0 ± 10.3% of the initial HGF determined by an ELISA (Table 2).
For IGF-1 with a very low molecular weight we applied a screening
method placing the pH equal to the isoelectric point and varying
the protein concentration and ionic strength. We could precipitate
10 μg of IGF-1 in a solution of 2 M NaCl at the final concentration of
5.5 mg/mL with 1.04 g glycofurol (Table 2). Under these conditions,
81.3 ± 20% of the initial IGF-1 could be precipitated. Lysozyme, the cur-
rent model protein used in the laboratory [27,29], was precipitated at
0.3 M NaCl, with a protein concentration of 5.5 mg/mL (Table 2).

3.2. PAM characterization and GF release profile

Microspheres with a bell-shaped size distribution (mean diameter =
62 ± 5 μm) were obtained for all the formulations performed (Fig. 2A).
After coating the microspheres, an immunofluorescence study showed a
homogeneous distribution of LM on the surface of the PAMs (Fig. 2B).
The encapsulation yield of HGF and IGF-1 was 95 ± 13% and 99 ± 4%,
respectively.

A continuous HGF release profile from PAMs was observed for at
least 3 weeks consisting in a cumulative release of 1204 ng/mL and
representing 24% of the entrapped protein (Fig. 2C, black line). The
HGF collected from each sample of the release kinetics assay was able
to stimulate HUVEC proliferation as well as the standard HGF (Fig. 2C,
red line). Indeed, the cumulative release profile of the bioactive HGF
overlapped over time the curve of HGF measured by ELISA. Finally, the
IGF-1 release profile from PAMs was quantified in vitro by ELISA and
showed a 32% protein release after 3 weeks, representing 1565 ng/mL
(Fig. 2D, black line). The IGF-1 collected from each sample of the release
kinetics assay was able to stimulate NIH3T3 proliferation similar to the
standard IGF-1 (Fig. 2D, red line).

3.3. Pluronic F127/poloxamer 407 hydrogel characterization

The viscoelastic moduli (G′: elastic modulus and G″: viscous
modulus) of P407 increased with the concentration of P407 (Table 3A).
(M) Protein concentration (mg/mL) Precipitation efficiency (%)

5.5 83.3 ± 14.6
5.5 100.1 ± 9.8
5.5 100.4 ± 7.1
5.5 90.0 ± 10.3
5.5 81.3 ± 20
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Fig. 1. Protein precipitation conditions. Peroxidase and HSA were used as model proteins
to predict the precipitation environment of GFs. Two parameters were modified to induce
protein precipitation, ionic strength and protein concentration, while the pH value was
fixed to the isoelectric point of the considered protein. The precipitation of peroxidase
and HSA occurred at 0.01 M NaCl and 0.5 M NaCl, respectively, at a protein concentration
of 5.5 mg/mL for both proteins (A, B). The precipitation of peroxidase andHSAwas depen-
dent on protein concentration (C, D). Values are expressed as mean ± SD of absorbance
units.
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G′ values were about 2 kPa, 8 kPa, and 10 kPa and G″ values were about
1 kPa, 2 kPa, and 3 kPa for 18%, 20%, and 22% (w/vwater) P407 gels,
respectively. Interestingly, addition of PAMs into the gels modified their
viscoelastic properties compared to the gel without PAMs and the varia-
tions depended on the P407 concentration. With 18% (w/vwater) P407
gel, G′ value was strongly increased (about 9 kPa) with the addition
of 1% (w/wpolymer) of PAMs and the addition of higher PAM amount
(10% w/wpolymer) seemed to produce a smoother gel (G′ value at about
4 kPa) but harder than the gel without PAMs. The increase of G′ with
the addition of PAMswas not so distinct with higher P407 gel concentra-
tions: G′=10 kPawith the addition of 1% (w/wpolymer) of PAMswith 20%
(w/vwater) P407 gel, and G′ = 12 and 15 kPa with the addition of 1 and
10% (w/wpolymer) of PAMs, respectively, with 22% (w/vwater) P407 gel.

On the other hand, the elasticity of the gels, illustrated by the
ratio G′/G″, was increased by the addition of PAMs whatever the
concentration of P407. While the mean of this ratio was about 3.6 for
the gel without PAMs, it increased to 18.7 (mean value) with the addi-
tion of 1% (w/wpolymer) of PAMs. Addition of higher amount of PAMs
(10% w/wpolymer) decreased the elasticity of the 18% (w/vwater) P407
gel, making the gel smoother in a similar way to the decrease of G′,
while the elasticity of the 22% (w/vwater) P407 gel remained at 13.5
(ratio G′/G″).

The transition temperatures (TG–S: gel–solution and TS–G: solution–
gel) were not impacted by the addition of PAMs (Table 3B). Whatever
the amount of PAMs added (between 0% and 10% (w/wpolymer))
and whatever the P407 gel concentrations (from 18% to 22% w/vwater),
TG–S and TS–G were comprised in 6 °C and 10 °C intervals, respectively.
The variations of temperature transitions were not correlated with
P407 gel concentration or amount of added PAMs.

3.4. PAM protein release profile within the HGs

The effect of P407 concentration (18%, 20%, 22%) on the model pro-
tein lysozyme released from PAMs at 37 °C is shown in Table 3C. It is ap-
parent that the protein release rate decreases as the P407 concentration
increases. Increasing the concentration of P407 from 18% to 22% (w/v)
decreased the cumulative percent drug released. After 3 weeks, the per-
centage of lysozyme released was 12% and 9% within the 18% and 22%
HG, respectively, compared to the 33% of lysozyme released from
PAMs in control buffer. This phenomenon is due to an increase in
chain entanglement and gel formation that favors hydrophobic interac-
tions. This entanglement is also more marked at higher concentrations
of P407, yielding an increase in gel strength and consequently a
decrease of the drug release rate.

3.5. Behavior within P407 of ADSCs adhered onto PAMs

We then tested whether the P407 hydrogel could be cytotoxic for
ADSCs. Compared to the number of cells cultured in a 2D condition
(on culture plates), the cells cultured in suspension decreased in num-
bers at day 1 or day 3, as no anchorage was provided for their support.
The HG did not provide a good anchorage for the cells as a similar de-
crease in cell numbers (50%) was observed at day 1. However, the HG
is not cytotoxic for the cells as no difference in cell number was ob-
served at 3 days in culture between the number of cells cultured within
the P407 HG and that in the 2D conditions (Fig. 3A). These results con-
firm the need for a 3D support provided by the gel to stimulate cell pro-
liferation. In contrast with cells seeded on polystyrene dishes, the cells
did not spread but retained a round shape. To provide a 3D structure
to the cells, we cultured ADSCs on PAMs for 3 days and analyzed the in-
teractions of ADSCs adhered onto PAMs within the 18% and 22% HGs.
When the ADSCs adhered onto PAMs were mixed within the gels the
percentage of living cells did not significantly change regardless of the
LM- or FN-coating that was utilized (Fig. 3B). Altogether, these results
show that the HG is not cytotoxic for the human ADSCs. However,
in all conditions tested the number of cells was within the range of
50–60% of cells when compared to the 2D condition. Nevertheless, it
should be noted that 2D cell culture is a very different situation com-
pared to cells cultured on microcarriers. For instance, among other
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differences, the increased time required for ADSCs to adhere to PAMs
could likely lead to a delay in the start of cell proliferation after cell
seeding in respect to the 2D condition.
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3.6. mRNA expression of ADSCs adhered onto LM-PAM-GFs

We cultured ADSCs on PAMs with a LM biomimetic surface
(LM-PAMs) or on a mix of equal amounts of LM-PAMs releasing
GFs (LM-PAM-HGF and LM-PAM-IGF-1) for 1 week to induce a
cardiomyogenic commitment. Indeed, HGF and IGF-1 have been
shown to induce cardiomyogenic differentiation of MSCs and survival
of cardiomyocytes [13,34,41]. Incubation of 4 × 105 ADSCs with
0.5 mg LM-PAMs allowed the rapid adhesion of the cells onto the sur-
face of the microspheres. Adhesion was similar whether LM-PAMs re-
leased or not HGF and IGF-1. Indeed, as soon as 2 h after incubation,
most of the cells adhered on the LM-PAMs with almost no cells in sus-
pension (not shown). Initial LM-PAM/cell complexes adhered between
themselves and formed spheroids that became biggerwith time, so that
all the cellswere entrappedwithin 3D LM-PAM/cell complexes; no cells
in suspension could be observed at any time after day 2.

To ascertain whether ADSCs were committed toward cells other
than cardiomyocytes we performed a qRT-PCR analysis of markers of
cells different from cardiomyocytes at week 1. Four groups were tested
(n= 4 each in triplicate): ADSC, ADSC+ PAM, ADSC+ PAM+GF, and
ADSC+ PAM+GF in 22%HG, where PAMswere covered with laminin.
Col2a1 was absent in all groups. BGLAP was only slightly expressed in
ADSCs and tended to further decreasewith PAMs±GFs and±HG in re-
spect to ADSCs alone. The expression of FABP4 was also very low in
ADSCs, doubled in the presence of PAMs, but did not change with
PAM + GF nor with PAM + GF + HG. TUBB3 is the molecule which
was mostly expressed by ADSCs and increased about three times with
PAMs. It increased two times with PAM+GF and remained unchanged
with PAM + GF + HG. PECAM1 expression was extremely low in
ADSCs. PECAM1 increased about 35 times with PAMs or PAM + GF,
but was almost undetectable with PAM+ GF + HG (data not shown).

The mRNA expression of Cyclin D1 and several cardiac markers was
studied at week 1 to evaluate whether cells progressed in cell cycle, dif-
ferentiated, and were affected by P407 (Fig. 4). The transcripts of
Nkx2.5, GATA4 and cTnI were not expressed in all conditions (data
not shown). The cell-cycle Cyclin D1 mRNAwas very slightly expressed
under basal conditions. Its levels increased when ADSCs were adhered
on LM-PAMs particularlywhen cells were grown on LM-PAMs releasing
GFs. The mRNA of MEF2C was already expressed in ADSCs cultured
under standard conditions, as previously described [38] and its levels
tended to decrease in the presence of LM-PAMs ± GFs. SERCA2a was
only slightly expressed under all conditions. By contrast, the control
levels of CX43 mRNAs were already highly expressed and showed an
increasing trend with ADSCs growing on LM-PAMs and LM-PAMs
plus GFs.

We also studied whether the P407 HG could influence ADSC com-
mitment toward the cardiomyogenic lineage when adhered onto
PAMs for 1 week. A significant decrease of the mRNA levels of Cyclin
D1was observed in ADSC–PAM–GF complexeswithin the 22%HG com-
pared to ADSC–PAM–GF alone, suggesting that fewer cells were prolif-
erating. A similar decrease characterized MEF2C and SERCA2a mRNAs,
Fig. 2. PAM characterization and GF release profile. PAM size distribution was bell-shaped
and had an average diameter of 60 μm (A). The surrounding biomimetic coating was
homogenously distributed at their surface as shown by the confocal image of laminin im-
munofluorescence (B, scale bar = 25 μm). At each time-point, the released HGF (C) and
IGF-1 (D) were quantified by ELISA (black line) and their bioactivity was evaluated by
an in vitro bioassay (red line). Values in C and D represent the GF cumulative release
and are expressed as percent mean ± SD of the total GF encapsulated into PAM (100%).
A continuous release of HGF from PAMs was observed for at least 21 days, representing
24% of the entrapped protein (C). The released HGF maintained its native bioactivity as
shown by the overlapping profiles of the ELISA and bioassay curves. IGF-1 shows a cumu-
lative release of 32% after 28 days and a bioactivity profile comparable to that of the native
IGF-1 (D). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)



Table 3
Elastic moduli and transition temperatures of different concentrations of P407.

A

0% microsphere 1% microsphere 10% microsphere

G′ (103 Pa) G″ (103 Pa) fc (Hz) G′ (103 Pa) G″ (103 Pa) fc (Hz) G′ (103 Pa) G″ (103 Pa) fc (Hz)

18% HG 1.9 ± 0.7 0.6 ± 0.2 50 8.7 ± 0.3 0.5 ± 0.02 50 3.8 ± 1 0.8 ± 0.1 50
20% HG 8.1 ± 0.5 2.1 ± 0.1 50 9.8 ± 0.6 0.7 ± 0.003 50 – – –

22% HG 10.2 ± 1.2 2.7 ± 0.4 50 12.3 ± 0.5 0.5 ± 0.03 50 15.3 ± 1.3 1.13 ± 0.03 50

B

0% microsphere 1% microsphere 10% microsphere

TG–S (°C) TS–G (°C) TG–S (°C) TS–G (°C) TG–S (°C) TS–G (°C)

18% HG 15.5 ± 1.4 29.9 ± 1.8 16.6 ± 2.2 23.8 ± 2.1 20.5 27
20% HG 18.8 ± 0.9 25.0 ± 0.6 14.4 ± 1.6 24.4 ± 1.2 – –

22% HG 20.1 ± 0.6 22.5 ± 0.6 15.5 ± 0.8 21.4 ± 0.5 19.5 20

C

Percentage of lysozyme released from PAMs

Day 1 Day 7 Day 14 Day 21

Reference 20.1 ± 4.2 27.3 ± 3.7 30.8 ± 0.2 32.9 ± 0.06
18% HG 7.1 ± 2.8 7.5 ± 0.2 11.7 ± 1.0 12.1 ± 0.04
20% HG 8.8 ± 5.6 9.2 ± 0.1 12.7 ± 0.01 13.1 ± 0.08
22% HG 3.6 ± 0.1 7.2 ± 0.4 8.3 ± 0.4 9.3 ± 0.07

G′ and G″ — elastic and viscous modulus at 0.1%-constant strain and 1 Hz-constant frequency; fc — critical frequency where gel properties are lost at 0.1%-constant strain.
TG–S and TS–G — gel–solution and solution–gel transition temperatures at 0.1%-constant strain and 1 Hz constant frequency.
Rheology of P407hydrogels (A, B) andprotein (lysozyme) release fromgel containing PAM (C). (A) Elastic (G′) andviscous (G″)moduli (0.1%-constant strain and1 Hz-constant frequency)
and critical frequency (fc) of lost gel property (0.1%-constant strain) of different P407 HG (18%, 20%, and 22% (w/vwater)) (n = 3;mean ± SD). (B) Gel solution and solution–gel transition
temperatures (TG–S and TS–G respectively) (0.1%-constant strain and 1 Hz-constant frequency). (C) Percentage of cumulative lysozyme released fromPAMat 1% (w/v) within the three gels.
The reference is the cumulative release of lysozyme from PAM in release buffer without gel (n = 3; mean ± SD).
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which were both very slightly expressed when the complexes were
within theHG. Interestingly, a significant increase in CX43wasobserved
in ADSC–PAM–GF complexes within HG compared to ADSCs alone,
leading to a strong expression of this molecule that suggests the
formation of well-integrated gap–junction communications between
the cells.

3.7. Immunostaining of cardiacmarkers in ADSCs adhered onto LM-PAM-GFs

After immunostaining, we observed that GATA4 and CX43 proteins
were slightly expressed in ADSCs grown on LM-PAMs (Fig. 5A) but
the other markers were not present (data not shown). In contrast,
under culture conditions with LM-PAMs releasing GFs, ADSCs were
highly stained with MEF2C, CX43 (Fig. 5B), cTnI and GATA4 (Fig. 5C).
Due to its 3D conformation, a confocal microscopy observationwas per-
formed to better evaluate the distribution of the cells expressing the
cardiac markers within the complexes formed by LM-PAMs releasing
GFs and ADSCs.

CX43 and GATA4 were expressed throughout the complex (Fig. 5D
and I) while cTnI was expressed at the periphery of the complex
(Fig. 5E). Ki67-positive cells were also observed at the center and
throughout the complex (Fig. 5H). This marker distribution was con-
firmed by merging images (Fig. 5F, G, J). Fig. 6 shows the expression of
CX43 andNkx2.5 in the ADSC–PAM–GF complexes at highermagnifica-
tion. Finally, the estimation of the proportion of cells expressing cardiac
markers in ADSCs grown on LM-PAM releasing GFs confirmed that
an elevated number of cells were committed to the cardiac lineage
(Table 4).

4. Discussion

The use of adult stem cells for cardiac cell therapy combined to bio-
degradable injectable 3D-biomimetic scaffolds, releasing growth factors
in a prolonged manner, holds great promises to overcome the poor re-
generative capacity of the damaged heart [1,10,42]. In this study, we de-
veloped PAMs with a biomimetic surface composed mainly of LM as
bioadhesive, cardiomyocyte differentiation-inducing component for
ADSCs [24]. In addition these LM-PAMs deliver in a prolonged manner,
either IGF-1 or HGFwhich are validated for cardiac tissue engineering as
angiogenic, differentiation, and pro-survival factors [8,43–45]. We ob-
tained the proof of principle that a mix of LM-PAMs delivering HGF
and IGF-1 induced in vitro the differentiation of adult stem cells toward
the cardiomyogenic lineage. These results are essential to be able to fur-
ther evaluate the effect of ADSC–PAM–GF complexes injected within a
thermosensitive HG on cardiac repair of the ischemic heart.

Although encouraging results have been reported in cardiac cell
therapy studies, only a few of the transplanted cells survive and inte-
grate into the hostmyocardium. Recent studies with HG, microparticles
and other scaffolds conveying cells and releasing GFs have shown im-
provements in cardiac function in vivo [1,42,46–48]. Although interest-
ing results are obtained, the amount of GF released and the release
profile are notwell documented.Moreover, to appropriately implement
these approaches for cardiac tissue engineering, it is essential to obtain a
sustained GF release from such scaffolds at physiological and controlled
doses. In this way, the GF and cells may not only initiate tissue repair,
but also exert their trophic effects during the entire process. In this
work, we developed a 3D scaffold with an instructive biomimetic coat-
ing of LM and releasing continuously a known concentration of either
HGF or IGF-1 over time. We have recently shown that a 3D-laminin
biomimetic support provided by PAMs stimulate cardiomyogenic
commitment when the appropriate GFs are added to the medium
(submitted article) [49]. The LM-PAMs were implemented to release
during their degradation similar concentrations of GFs to those used in
the GF cocktail for 1 week.

To obtain a complete and sustained release of an active protein it is
necessary to protect it during the encapsulation and release process
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Fig. 3. Quantification of ADSCs in P407. The number of ADSCs was calculated by the
Cyquant assay and expressed as percentage of the amount of cells grown under standard
2D conditions (ADSC 2D= 100%). (A) The assay was performed using cells suspended in
standard medium (ADSC alone) or grown in the hydrogel P407 (HG) at concentrations of
18%, 20%, and 22%, up to 3 days. (B) The cell number was also evaluated using ADSCs ad-
hered on FN-PAMs in the absence or presenceof different concentrations of P407. *pb 0.05
vs ADSC 2D; #p b 0.05 vs ADSC alone.
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[50–52]. To preserve protein integrity during the PLGA microsphere
preparation, we have developed a technique that maintains the protein
in a solid state, where it is less fragile and exhibits restricted conforma-
tional flexibility. Due to the expensive cost of therapeutic proteins,
model proteins with similar physico-chemical properties were used to
predict their precipitation environment as proposed by Giteau et al.
[29]. We found that by placing the protein at 4 °C in a solution at a pH
corresponding to its isoelectric point and at a particular range of salt-
induced ionic strength, the glycofurol induced the protein precipitation.
Moreover, this precipitation could be visualized at a minimum protein
concentration of 5.5 mg/mL for these GFs, particularly for the small
polypeptide, IGF-1. In these conditions, a good precipitation efficiency
of 90 ± 10.3% for HGF and 81 ± 20% for IGF-1 (Table 2) was obtained.
To limit adsorption onto the hydrophobic PLGA, these GFs were co-
precipitated with poloxamer 188 and encapsulated within PAMs with
a homogenous biomimetic coating of LM. An initial burst followed by
a continuous release of around 25% of the encapsulated protein was
observed for the two proteins for at least 3 weeks.

The first step of the release profile of both proteinswas quite similar
since it was 13% for IGF-1 and 17% for HGF at day 7. The incomplete
release of the HGF was partially due to protein aggregation under an
acidic environment due to polymer degradation leading to a plateau at
23% [27,30]. The release profile of both proteins was quite similar as it
was mainly controlled by the degradation rate of the polymer [30,53].
The plateau was not observed for the polypeptide IGF-1, which was
continuously released after 3 weeks, probably due to its smaller size
and better stability compared to complex conformation of proteins.
Nevertheless, for 1 mg PAMs, which constitute an easily implantable
quantity, we obtained a sustained release of around 344 ng/mL of HGF
and 320 ng/mL of IGF-1 for 3 weeks, corresponding to physiological
doses of the GFs. In this study we used blank PAMs, not releasing GFs
or HSA used as a carrier protein within the PAMs, as controls of GF-
releasing PAMs as previously reported [23–28,54]. Indeed, HSA has no
effect on the survival or differentiation of the cells which are the param-
eters being evaluated.

Interestingly, a recent study has described the effect of the dual de-
livery of IGF-1 followed by HGF in a sequential manner from affinity
binding alginate hydrogels [55]. They observed cardiomyocyte cycle ac-
tivation and a cytoprotective effect in vitro. Additionally, when injected
in the infarcted rat heart, a significant reduction of the fibrotic area and
apoptotic cells was observed along with an increase in vessel density
and proliferating cardiomyocytes compared to controls. Another recent
study has described the role of injection of HGF and IGF-1 in endoge-
nous cardiac progenitor cell recruitment and proliferationwithin the in-
farcted area [35]. Although very interesting results have been obtained
with these GFs, to our knowledge they have not already been used to-
gether in combination with ADSCs. These cells could contribute to the
repair process either directly after their engagement into a cardiomyo-
cyte lineage or indirectly by the secretion of tissue repair cytokines. In
this regard, HGF has been described as an inductor of embryonic stem
cells and MSC differentiation into cardiomyocytes [13–56]. It has been
demonstrated that in vitro addition of 20 ng/mL HGF induced mouse
MSC commitment into the cardiac lineage [13].

In our study we observed that LM-PAMs, conveying ADSCs and re-
leasingHGF and IGF-1, could induce ADSC commitment into cardiac lin-
eage, while stimulating their proliferation, in respect to the same
complex without GFs. We do not exclude that ADSCs differentiate also
into cells, which are different from cardiomyocytes, e.g. endothelial,
osteogenic, adipogenic, and smooth muscle cells, but IGF-1 and HGF
are not specific for these lineages. In fact, it is necessary to use cocktails
of GFs which are different from IGF-1 and HGF, along with other com-
pounds, to obtain such differentiations [57].When ADSCswere cultured
for 1week on LM-PAMs releasingHGF and IGF-1 in vitro, the protein ex-
pression of cardiac transcription factors GATA4 and MEF2C was in-
duced. Also the protein expression of sarcomeric cTnI and gap
junction GJA1/CX43 increased, indicating a late-stage cardiac differenti-
ation of the adhered cells. Interestingly, Ki67 and GATA-4 expressing
cells were located also in the center of the complexes while cTnI ex-
pressing cells were found in the periphery, indicating that the release
of GFsmay be correlatedwith cell differentiation. Indeed, the GFs are re-
leased from the PAMs during polymer hydrolysis, which is more pro-
nounced in the periphery of the complexes. CX43, which was highly
expressed in these conditions, was found to be homogeneously distrib-
uted within and all around the complexes suggesting gap–junction
communication of the cells. It has been recently demonstrated that a
local injection of HGF and IGF-1 decreased stress-induced arrhythmias
in ischemic rat heart by reducing negative structural remodeling and
generating electromechanically-connected myocytes 2 weeks after GF
injection [36]. It is interesting to note that the proteins released from
PAMs could be delivered at similar concentrations to those used in
Bocchi et al.'s study for a longer period and without degradation [36].

Concerning the transcript expression of these markers in the
presence of GFs, we observed only a slight increasing tendency for
SERCA2a and CX43 in ADSCs adhered to LM-PAMs, which however
did not reach statistical significance. Moreover, no variation was in-
duced by GFs to GATA4, Nkx2.5 and cTnI mRNAs since they were not
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Fig. 4. Transcript expression of cardiac and cell cycle markers in ADSCs adhered on
LM-PAMs releasing GFs and embedded in P407. The mRNA levels of markers of cardi-
ac commitment and cell cycle were evaluated at week 1 by comparing cells grown
under standard condition (ADSC) to cells adhering to LM-PAMs without GFs
(ADSC–PAM), or to equal amounts of LM-PAMs releasing HGF and IGF-1 (ADSC–
PAM–GF), or to LM-PAMs releasing GFs in P407 (ADSC–PAM–GF in 22% HG). The in-
creasedmRNA of Cyclin D1 in ADSC–PAM–GF suggests that HGF and IGF-1 stimulated
cell cycle progression, but the presence of 22% P407 abolished this effect. The mRNA
of MEF2C was already highly expressed in ADSCs grown in 2D while its abundance
was reduced in the other conditions, especially in the presence of P407. The mRNA
level of SERCA2 was rather low in all conditions; on the contrary, CX43 mRNA was
highly expressed in standard ADSCs and showed a further significant increase in
the ADSC–PAM–GF complexes embedded into P407. Values are expressed as mean
± SD of qRT-PCR arbitrary units, normalized as fold increase in respect to the refer-
ence gene expression, GAPDH. *p b 0.05; **p b 0.01; ***p b 0.001. All comparisons
within each marker group that do not show symbols of statistical analysis are not sig-
nificantly different.
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expressed atweek1 in all conditions tested. Nevertheless, the lack of ex-
pression of these mRNAs at week 1 does not exclude that they could
transitorily be present during the first week of treatment and this
would justify the synthesis of the corresponding proteins observed at
week 1. As a matter of fact, mammalian proteins are on average five
times more stable and 2800 times more abundant than mRNAs [58]. It
is known that GATA4 protein has a long half-life in most tissues [59]
and its partial stability could explain its abundance in the stimulated
ADSCs despite the absence of the corresponding mRNAs. Moreover,
changes in protein levels are not always accompanied by changes in
corresponding mRNAs, as recently reported for embryonic stem cells
[60]. In the matter of the reduced expression of MEF2C mRNA in the
ADSC–PAM–GF complexes in respect to ADSCs grown in 2D, we cannot
exclude that low cellular levels of this transcription factor could still
have a high activity if residing in the nucleus rather than in the cytosol.
An indirect confirmation that MEF2C, and also GATA4, reached the
nucleus of the ADSCs when stimulated by the HGF and IGF-1, was the
parallel expression of cTnI in the ADSC–PAM–GF complexes. Indeed,
this sarcomeric protein is an absolute and exclusive marker of
cardiomyocytes and its transcription can be achieved only if GATA4
and MEF2C are bound to the consensus sequences of the promoter
[61,62]. A more direct proof that GATA4 moved into the nucleus was
provided by the confocal images, looking at its merged co-localization
with Ki67, a nuclear protein which cannot reside in the cytosol (Fig. 5J).

However, the mRNA level of MEF2C was already significantly
expressed in ADSCs grown in 2D, while the SERCA2 transcripts were
rather low, and those of GATA4, Nkx2.5 and cTnI even absent, in all con-
ditions. This suggests that our treatments did not stimulate cardiac dif-
ferentiation compared to standard ADSCs and, therefore, we cannot
conclude that LM-PAMs, per se, induce the expression of cardiac muscle
markers in ADSCs. On the other hand, as shown by the immunocyto-
chemistry, the sustained release of HGF and IGF-1 can stimulate cardiac
commitment in ADSCs when they adhere to LM-PAMs.

With regard to other possible kinds of differentiation that could be
the consequence of our treatments, we observed that PAMs releasing
GFs ± 22% HG did not induce adipogenesis, osteogenesis, and chondro-
genesis in ADSCs, but only a slight endothelial and neuronal cell differ-
entiation. However, some commitment of ADSCs toward these latter
two cell lineages could contribute aswell to the regeneration of vascular
and neural cardiac components that are usually injured together with
cardiomyocytes after an ischemic insult.

ADSC proliferation also seemed to be positively affected by LM-
PAMs releasing GFs confirming their well-known mitogenic activity in
most cell types [63,64]. Cyclin D1 mRNA expression increased under
this condition in respect to ADSCs alone cultured in 2D, and the Ki67
protein staining showed a widespread distribution in the ADSC–PAM–

GF complexes.
The use of an injectable thermosensitive HG is an interesting ap-

proach because it could mechanically support the beating myocardium
without interfering with the electric signal conduction. Integrating
PAMs releasing a protein in a thermosensitive injectable hydrogel of
P407 resulted in a slower release profile (Table 3C). This phenomenon
is due to an increase in chain entanglement and gel formation that fa-
vors hydrophobic interactions. This entanglement is also more marked
at higher concentrations of P407, yielding an increase in gel strength
and consequently a decrease of the drug release rate. However, there
seemed to be no specific interaction between PAMs and the P407 HG.
The transition temperatures were not modified with the addition of
PAMs, meaning a similar crosslinking number and nature polymer
chains, whatever the amount of PAMs. Moreover, the viscoelastic prop-
erties are augmented when 1% w/v of PAMs is added within the gel.
When the amount of PAMswithin theHGwas increased to reach the in-
jection concentrations of PAMs generally used for in vivo experiments
[22], a slight increase in the elastic modulus was observed with the
HG at a higher concentration (22%). On the contrary, the elastic
modulus of the 18% HG decreased, indicating the loss of the viscoelastic
behavior of the HG which is probably due to a loss of structure.
Interestingly, P407 viscoelastic properties obtained with the 22% HG
(15.3± 1.3 kPa) are close to those used in the literature to demonstrate
the effect of matrix stiffness on cell fate [10,43–46]. Indeed, it has been
described that playing on matrix elasticity properties, stem cells can
be induced into a defined lineage in a viscoelastic-dependent manner
[65,66]. Although the normal modulus of the heart is approximately in
the range of 10–20 kPa, gels with a 10–13 kPa induced MSCs toward a
muscular phenotype without the need of additional molecular signals
[67]. An elastic modulus of 65 kPa is needed to induce cardiac differen-
tiation ofMSCs cultured for 2 weeks within a synthetic thermosensitive
HG [68], reinforcing the importance of the substrate stiffness. As the 22%
HG with the PAMs has an elastic modulus within the range of
12–15 kPa, similar to that of the heart, the cells adhered onto the
3D support provided by the PAMs contained inside the gel could
be first induced toward a myogenic lineage and furthermore into
a cardiomyogenic commitment with the appropriate differentiating
signals released from the PAMs. Moreover, although the addition of
PAMs into the gel did not modify the elastic modulus, its elasticity
was increased asmeasured by the increase of the G′/G″ ratio suggesting
that PAMs integrated within the HG would have sufficient elasticity
to support the beating myocardium and appropriate stiffness to help
induce ADSC commitment toward the cardiomyogenic lineage.

We first evaluated the number of cells within the HG and observed
that it was maintained for 3 days due to the 3D support provided by
the gel. At high gel concentration, the HG slightly increased the cell
number when ADSC/PAM complexes were incorporated within the gel
compared to these complexes alone. We then evaluated whether the
22% P407 hydrogel could influence the proliferation of ADSCs, adhered
on LM-PAMs releasing GFs, into the cardiomyogenic lineage after
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1 week. In this condition, the mRNA levels of the cell-cycle molecule,
Cyclin D1, decreased compared to the ADSC/PAM complexes alone re-
leasing or not GFs, suggesting fewer proliferating cells, probably due
to a more elastic environment provided by the HG. Although the effect
of substrate stiffness on Cyclin D1 expression has already been reported
when mouse embryo fibroblasts, MCF10A mammary epithelial cells,
vascular smooth muscle cells and osteoblastic cells were plated on FN-
coated hydrogels for 48 h [69], to our knowledge, it has not been de-
scribed in differentiating conditions combining HG and GFs. To further
study the commitment of ADSCs in these conditions, the mRNAs of
the cardiac transcription factors were evaluated. The mRNAs of Nkx2.5
and GATA4 were not expressed and a decrease in the expression of
their cofactor, MEF2C, was observed. As the protein delivery is lower
within the gel we could assume that the release of the GFs is diminished
within the gel also explaining the decreased expression of these
molecules. Therefore the amount of protein release needs to be adapted
to these conditions, for instance by increasing its concentration within
PAMs and/or modifying the PLGA composition in order to accelerate
the delivery to cells of the encapsulated GFs.

Gap junctional coupling is essential in establishing electrochemical
communications between cardiomyocytes. CX43, the major gap
junction protein of the working myocardium, is involved in cardiac de-
velopment, i.e. by transferring cardiomyogenic signals within
cardiomyocytes [70–72]. Lack of such protein results in serious cardiac
malformation during development and is correlated to the arrhythmic
phenomenon encountered following cell transplantation [46–48,73].
The presence of CX43-expressing cells in PAM complexes represents a
further advantage for cell therapy, as it should allow a better ADSC en-
graftment and communication with host cells. Additionally, as its ex-
pression is highly increased when the ADSC–PAM–GF complexes are
integrated within an injectable thermosensitive hydrogel, we can hy-
pothesize that the transplanted cells would better engraft and home
within the infarcted area.

In conclusion, these results suggest that PAMs with a biomimetic
coating of LM, releasing bioactive HGF and IGF-1 can be used as a tool
to convey cells and repair the infarcted heart. PAMs releasing HGF and
IGF-1 are able to induce the expression of both early and late cardiac
muscle markers when ADSCs are adhered on their surface. Even though
a slower protein release profile is supposed when the PAMs are inte-
grated within the HG, an increase in CX43 expression is detected in
ADSC–PAM–GF complexeswithin thenon-toxicHG, suggesting thepos-
sibility of communication between these cells. Therefore, PAMs covered
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by LM, conveying ADSCs and releasing IGF-1 and HGF within a
thermosensitive hydrogel may favor cell communication, influencing
the recovery of cardiac function and proneness to arrhythmias in a
manner that needs to be tested.
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