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a b s t r a c t

Myocardial infarction is the leading cause of death worldwide and phase I clinical trials utilizing cardiac
progenitor cells (CPCs) have shown promising outcomes. Notch1 signaling plays a critical role in cardiac
development and in the survival, cardiogenic lineage commitment, and differentiation of cardiac stem/
progenitor cells. In this study, we functionalized self-assembling peptide (SAP) hydrogels with a peptide
mimic of the Notch1 ligand Jagged1 (RJ) to evaluate the therapeutic benefit of CPC delivery in the
hydrogels in a rat model of myocardial infarction. The behavior of CPCs cultured in the 3D hydrogels
in vitro including gene expression, proliferation, and growth factor production was evaluated. Interest-
ingly, we observed Notch1 activation to be dependent on hydrogel polymer density/stiffness with
synergistic increase in presence of RJ. Our results show that RJ mediated Notch1 activation depending on
hydrogel concentration differentially regulated cardiogenic gene expression, proliferation, and growth
factor production in CPCs in vitro. In rats subjected to experimental myocardial infarction, improvement
in acute retention and cardiac function was observed following cell therapy in RJ hydrogels compared to
unmodified or scrambled peptide containing hydrogels. This study demonstrates the potential thera-
peutic benefit of functionalizing SAP hydrogels with RJ for CPC based cardiac repair.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Heart failure is the leading cause of death worldwide and
myocardial infarction (MI) is the predominant cause [1]. While
heart transplantation is the most viable treatment, limited avail-
ability of donor hearts, complications from immunosuppression
and possibility of graft failure have necessitated the search for
treatment alternatives. New emphasis has been placed on regen-
erative approaches to treat MI including delivery of growth factors
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and/or stem cells in natural scaffolds such as gelatin and alginate or
artificial self-assembling peptide scaffolds [2,3]. Evidence for
myocyte renewal in human hearts, existence of cardiac progenitor
cells (CPCs) within post natal heart niches, promising outcomes in
phase I trials and the inherent ability of CPCs to differentiate into
cardiovascular cell types have established CPCs as a clinically
relevant cell source for cardiac therapy [4e7]. However, extensive
cell death and poor survival of transplanted cells in the infarcted
heart limits functional improvement following cell based therapies.

The reparative capacity of various CPCs is dependent on the
myocardial environment, activation of specific signaling pathways,
and sustained retention in the infarcted heart. While VEGF, IGF-1
and Notch signaling promote CPC mediated cardiac repair, Wnt
activation exerts anti-proliferative effects [8e11]. Studies have
demonstrated the effect of incorporating such signals into natural
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or synthetic scaffolds to promote cardiac regeneration [12,13]. The
self-assembling peptide (SAP) used in this study (RARADADA)2 has
hydrophilic and hydrophobic residues with alternating charges that
allows for self-assembly into nanofiber (5e10 nm diameter)
hydrogels at physiologic pH and osmolarity [14]. These hydrogels
can also be precisely modified with spatially and temporally
defined regenerative cues to direct stem cells responses [15,16].

The Notch pathway is universally conserved across the animal
kingdom and is fundamental to cell to cell communication and cell
fate determination. Deletion of Notch, the ligands or the down-
stream effectors is embryonic lethal due to cardiovascular defects
suggesting the importance of Notch signaling in early cardiac
development [17]. Furthermore, Notch signaling has been shown to
precede cardiac regeneration in zebrafish [18]. As Notch receptors
and their ligands are presented on the surface of a signal sending
and signal receiving cell respectively, activation requires physical
contact between the two cells. Ligand-binding catalyzes the pro-
teolytic cleavage of the Notch extracellular domain, and subsequent
g-secretase mediated release of the Notch intracellular domain, a
potent transcription factor that regulates gene expression in several
cell types [19]. The most widely accepted model of Notch activation
proposes that external force generated by ligand endocytosis on
binding to the Notch1 receptor is required for Notch1 activation in
the signal receiving cell [20]. This mechanical model is supported
by structural studies of the Notch receptor, as well as the obser-
vation that soluble ligand blocks activation, in contrast to surface
immobilized ligand that potently activates the pathway. Accord-
ingly, most in vitro approaches to Notch activation involve immo-
bilizing Notch ligands, such as Jagged1 in 2D. However, given the
limitations in 2D cell culture, and the need to develop more
physiologically relevant Notch activation platforms that are
chemically and physically well defined, we developed a new
approach to trigger the Notch pathway by using a 3D hydrogel that
is functionalizedwith a peptidemimic of the Notch1 ligand Jagged1
(RJ). RJ has been shown to promote Notch1 activation in different
cell types [21,22]. Therefore, we investigated the effect of RJ
hydrogel-mediated Notch1 activation on CPC based cardiac
regeneration through in vitro and in vivo studies on cardiogenic
gene expression, growth factor production and cardiac repair.

2. Materials and methods

2.1. Preparation and characterization of the hydrogel

The self-assembling peptide RADA16-II (H2N-RARADADARARADADA-OH) was
generated with a 7 glycine linker followed by the Notch ligand Jagged-1 (H2N-
CDDYYYGFGCNKFCRPR-OH) to create RJ (Fig. S1B) or a scrambled sequence (H2N-
RCGPDCFDNYGRYKYCF-OH) to create RS. Hydrogels with varying % concentration
from 1 to 3% w/v RADAwere combined with RJ or RS in a ratio of 1:10 as in Ref. [12].
To determine the Young's modulus of the hydrogels, using an MFP-3D-BIO atomic
forcemicroscope (Asylum Research; Santa Barbara, CA), samples were probed under
fluid conditions using 295 mM sucrose solution made inwater. A 15 mm bead tipped-
silicon nitride cantilever (Bruker, Camarillo, CA) was used. Cantilever spring con-
stants were measured prior to sample analysis using the thermal fluctuation
method, with nominal values of 20e30 mN/m. The forceeindentation curve was
obtained for each measurement and then analyzed with a Hertzian model for a
spherical tip (Wavemetrics, IgorPro) from which the Young's modulus was calcu-
lated. The sample Poisson's ratio was assumed as 0.5, and the deflection set point
was 10 nN. For determination of swelling ratio, the hydrogels were created in a
100 mL total volume and allowed to swell in 295 mM sucrose solution. After 24 h, the
wet weight of the gels was measured. The gels were then lyophilized and the dry
weight noted. Swelling ratio was calculated as the (wet weightedry weight)/wet
weight.

2.2. Media and cell culture

The isolation and culture of rat cardiac progenitor cells (CPCs) is described in Ref.
[23]. Mouse embryonic stem cells (mESCs) were cultured in high glucose DMEM
supplemented with 10% FBS, 1% non-essential amino acids, 1% L-glutamine, 0.1 mM

b-mercaptoethanol, 1% penicillin/streptomycin and 2000 U/mL mouse LIF (Milli-
pore) on feeder layers of mitotically inactivated STO cells, a mouse embryonic
fibroblast line (ATCC). Two days after embryoid bodies (EBs) were initiated by
suspending the cells at 107 cells/mL in 10 mL of media, floating EBs were enzy-
matically dissociated by treatment with Accutase (e-Bioscience) and were further
cultured in hydrogel.

The CHO cells with Notch1 responsive YFP expression were cultured in Alpha
MEM containing 10% FBS, 1� Penicillin-Sterptomycin, L-Glutamine, Zeocin (400 mg/
mL), Blasticidin (10 mg/mL) and Geneticin (600 mg/mL). The rat cardiac endothelial
cells were cultured in low glucose DMEM media (GIBCO) supplemented with 10%
FBS, 50 mg/mL endothelial cell growth supplement (Sigma E2759) and 1% 100�MEM
Non-essential amino acids solution (GIBCO). The primary rat cardiomyocytes were
isolated from rat hearts and cultured as described in Ref. [24]. For 3D cell culture
studies, the cells were cultured for 48 h in the hydrogels (1R, 1RS, 1RJ, 2R, 2RS, 2RJ;
100 mL total volume) in Transwell cell culture insets.

2.3. Gene expression

RNAwas isolated from cells in the hydrogels using Trizol (Invitrogen) according
to the manufacturer's instructions. The concentration and purity of the RNA was
determined by A260/A280 nm reading (BioTek). cDNA was synthesized with 2 mg
RNA, random hexamers, oligo dT and dNTP as described in Ref. [25]. Real time PCR
was performed for the genes Flt1, vWF, Tagln, Acta2, nkx2-5, Mef2c, Gata4, and Hey1
using Power SYBR Green (Step One Plus, Life Technologies). Primer sequences are
provided in Supplemental Table 1. Changes in gene expression between CPCs
cultured for 48 h in 1R and 2R hydrogels were analyzed using the Qiagen Rat Signal
Transduction pathway finder PCR array (Cat# PARN014Z). The Ct values were
normalized to the housekeeping gene Rplp1 (ribosomal protein large subunit 1) and
fold change calculated by 2̂(-DDCt). A fold change of 5 was chosen as the threshold
for the analysis.

2.4. Measurement of notch activation

CHO cells with Notch1-responsive YFP expression were cultured in 1e3%
hydrogels containing empty, scrambled or Jagged1 peptide (R, RS or RJ) for 48 h. YFP
expressionwas quantified bymeasurement of fluorescent intensity on a plate reader
(BioTek Synergy 2). In CPCs, the mRNA expression of Hey1, a downstream target of
Notch1 was measured by qPCR to indicate Notch1 activation.

2.5. Detection of growth factors by ELISA

CPCs were cultured in the different hydrogels (1R, 1RS,1RJ, 2R, 2RS, 2RJ) for 48 h.
The conditioned media was screened for secreted growth factors using a custom
array (Signosis, USA) according to the manufacturer's directions. Growth factors of
interest were confirmed by specific ELISAs (SCF, PDGF; Signosis). All immunosorbent
measures were analyzed based on a standard curve and normalized to initial cell
number.

2.6. In vitro tube formation

The rat cardiac endothelial cells were cultured in 1:1 CPC conditionedmedia and
low serum endothelial growth media for 24 h. The cells were then cultured on
Geltrex (Life Tech) for 8 h and stained with calcein. The tube formation was imaged
using a fluorescent microscope (Olympus) and tube length quantified using ImageJ.

2.7. In vitro cell migration

Cell Tracker Orange CMRA (Life Technologies C34551) labeled CPCs were seeded
in the topwell of the Boyden chamber (Corning #3422) at a density of 100,000 cells/
well and allowed to adhere to the wells. Conditioned media obtained from CPCs
cultured in 1R,1RJ, 2R or 2RJ hydrogels was added to the bottom chamber. After 12 h,
the extent of cell migration was quantified by measuring CMRA fluorescence on a
plate reader (BioTek Synergy 2). A standard curve of CMRA fluorescence to cell
number was used to calculate number of migrated cells normalized to initial seeded
cell number.

2.8. Flow cytometry

The CPCs were characterized for surface expression of cKit (H-300, Santa Cruz),
cardiac transcription factors nkx2-5 and gata4 (Santa Cruz) and Notch1 Extracellular
Domain (N1ECD, clone 8G10, Millipore) using FACSCalibur flow cytometer (Becton
Dickinson). Data was analyzed using FlowJo version 7.6.

2.9. In vivo imaging

Rats were subjected to 30 min of Ischemia-Reperfusion (IR). CPCs were labeled
with DiR as per the manufacturer's instructions (Life Technologies). Onemillion DiR-
labeled CPCs in the different hydrogels (2R, 2RS and 2RJ) were injected in 3 areas in
the border zone surrounding the infarct (n¼ 5/group). The rats were imaged on days
0, 1, 2, 3, 4, 7, 10, 14 and 21. The fluorescent intensity in the rat hearts due to the DiR-
labeled CPCs was quantified as % retention (100% on day 0) over time to account for
variation in fluorescent intensity between rats.
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2.10. Myocardial infarction and cell injection

All animal experiments were performed with the approval of the Institutional
Animal Care and Use Committee of Emory University. Myocardial infarction was
performed in female adult Sprague Dawley rats (Charles River Laboratories) in a
randomized double-blinded manner. Briefly, the rats were anaesthetized (1e3%
isoflurane), intubated and heat exposed by separation of ribs. The left anterior
descending (LAD) coronary artery was ligated for 30 min. During reperfusion, for
groups receiving CPCs in hydrogels, 40 mL of one of the following was injected
intramyocardially into 3 areas in the border zone surrounding the infarct through a
31Gauge Ultra-Fine short syringe (BD Biosciences). Cardiac function was evaluated
21 days after treatment by echocardiography (Acuson Sequoia 512 with a 14 MHz
transducer) and invasive pressure-volume hemodynamics (Millar Instruments) to
assess the functional effects of each cell therapy. All functional evaluations were
conducted and analyzed by investigators blinded to the animal's treatment group.
The rats were euthanized and the hearts were excised for histological analysis. The
hearts were fixed in 4% paraformaldehyde, dehydrated in ethanol, embedded in
paraffin, and sectioned at 5 mm thickness.

2.11. Picosirius red staining

The tissue sections were dewaxed in Histoclear followed by a series of washes in
ethanol and stained with pico-sirius red solution for 1 h (Sigma). The sections were
washed in acidified water and ethanol and mounted with resinous medium
(Histomount). Images of the entire heart section were taken at 2.5� magnification
on a bright field microscope (Olympus) and tiled together using Adobe Photoshop.
The % fibrosis was quantified using Image J as the ratio of fibrotic tissue (stained red)
to total tissue.

2.12. Statistics

Data are represented as mean ± SEM. All data analyzed by Student's t-test,
One-way or Two-way ANOVA followed by the appropriate post test (GraphPad
Prism5). A p value < 0.05 was considered significant.

3. Results

3.1. Characterization of hydrogels

Mechanical testing of hydrogel formulations by atomic force
microscopy showed that addition of either scrambled (RS) or
Jagged1 (RJ) peptide to the SAP did not alter the Young's modulus in
comparison with unmodified hydrogels at both 1 and 2% w/v. The
average Young's modulus for 1% and 2% hydrogels was 500 Pa and
1800 Pa respectively (Fig. 1A). The 1% hydrogels had a significantly
higher swelling ratio than the corresponding 2% hydrogels
indicating a more loosely linked peptide network at lower polymer
density with no significant effect in network structure on addition
of either RS or RJ peptide (n ¼ 3, p < 0.05, Fig. 1B).

3.2. Notch1 activation by hydrogel

CHO cells with Notch1-responsive YFP expressionwere cultured
in media containing 20 or 40 mM R, RS or RJ for 48 h. A significant
increase in YFP expression was observed on treatment with RJ at
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Fig. 1. Mechanical characterization of hydrogels. (A) Atomic Force Microscopy measuremen
(1R, 1RS and 1RJ) is 500 Pa and the 2% hydrogels (2R, 2RS, 2RJ) is 1800 Pa. ***p < 0.001, Stude
the 1% hydrogels had a significantly higher swelling ratio than the corresponding 2% hydro
40 mM compared to all other treatment groups (p < 0.05, n ¼ 3,
Fig. 2A). These cells were also cultured in 3D in 1e3% w/v hydrogels
composed of R, RS or RJ for 48 h. A significant increase in YFP
expressionwas observed with increasing hydrogel concentration in
absence of any ligand (n ¼ 7, p < 0.01, open bars, Fig. 2B). Inter-
estingly, presence of RJ in 2% hydrogels resulted in maximum
Notch1 activation (p < 0.05, middle black bar, Fig. 2B). Further in-
crease to 3% w/v did not promote Notch1 activation.

3.3. In vitro gene expression

CPCs were clonally expanded and characterized as in Ref. [23] to
be >96% Notch1þ, >90% c-Kitþ, nkx2-5þ (nk2 homeobox 5) and
gata4þ (GATA binding protein 4) (Fig. S1A). CPCs were cultured in 1
or 2% (w/v) SAP hydrogels (1R, 1RS, 1RJ or 2R, 2RS, 2RJ) for 48 h.
Culture in 1RJ hydrogels resulted in a significant increase in Hey1
(hairy/enhancer-of-split related with YRPW motif 1), a down-
stream target of Notch1 signaling (p < 0.05, n ¼ 4; Fig. 3A). A sig-
nificant increase in expression of the endothelial genes Flt1 (fms-
related tyrosine kinase 1, p < 0.05, n ¼ 5) and vWF (vonWillebrand
factor, p < 0.05, n ¼ 8; Fig. 3B and C), and the smooth muscle genes
Tagln (Transgelin, p < 0.05, n ¼ 7) and Acta2 (sm a-actin, p < 0.05,
n ¼ 7; Fig. 3D and E) was observed with no change in expression of
the cardiac genes, nkx2-5, Mef2c and Gata4 (n ¼ 4, Fig. S2AeC).

Culture of CPCs in 2RJ hydrogels increased expression of Hey1
(p < 0.05, n ¼ 4, Fig. 4A) and promoted expression of the cardiac
genes nkx2-5 (p < 0.001, n ¼ 5), mef2c (p < 0.05, n ¼ 8) and gata4
(p < 0.05, n ¼ 6; Fig. 4BeD) with no changes in expression of the
endothelial or smooth muscle genes (n ¼ 5e7, Fig. S3 AeD). No
significant differences were observed in gene expression between
CPCs in control and scrambled hydrogels.

To determine if gene expression changes in response to
hydrogel-mediated Notch1 activation were conserved between
stem/progenitor cells, day 2 embryoid bodies (EBs) from mouse
embryonic stem cells were cultured in low concentration (1%)
hydrogels for 48 h. A significant increase in expression of endo-
thelial and smooth muscle genes such as VEGF receptor KDR (Ki-
nase insert domain receptor, p < 0.05), PECAM1 (platelet/
endothelial cell adhesion molecule 1, p < 0.001) and Myh11
(smoothmusclemyosin heavy chain, p < 0.01) was observed in cells
cultured in 1RJ hydrogels (n ¼ 3, Fig. 5AeC).

3.4. In vitro gene array

Expression levels of several signal transduction pathway targets
in CPCs cultured in 1R or 2R hydrogels were analyzed by qPCR array.
CPCs in 1R hydrogels had higher expression of proinflammatory
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genes such as TNFa, TRAIL and IFNg, MMP7 and CyclinD2 compared
to CPCs in 2R hydrogels. The downstream targets of Notch1-Hes5
and Heyl were also increased indicative of Notch1 activation
(Fig. 6A).

Culture of CPCs in higher concentration hydrogel (2R) resulted
in increase of the Notch1 target Hes1, the Notch1 ligand Jagged1
and g-secretase interacting gene Herpud1 (Fig. 6B). Higher
expression of i) antioxidant genes e glutathione reductase (Gsr),
NAD(P)H dehydrogenase quinone 1 (Nqo1), Sequestosome
1(Sqstm1) and carbonic anhydrase 9 (Car), ii) PPAR targets e Glut1,
Fatty acid transporter member 4 (Slc27a4) and long chain acyl-CoA
synthetases-members 4 and 5(Acsl4, Acsl5) iii) Bone morphoge-
netic protein 2 (BMP2), iv)Wnt ligands-Wnt5A andWnt1 inducible
signaling pathway protein 1 (Wisp1), v) TGFb targets-Cyclin-
dependent kinase inhibitor 1B (Cdkn1b) and epithelial membrane
protein 1 (Emp1), vi) NFkB target macrophage colony stimulating
factor 1 (M-CSF) and vii) JAK/STAT inhibitor-Suppressor of cytokine
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Fig. 3. Culture of CPCs in 1% hydrogels with RJ activates Notch1 signaling and promotes endo
RJ) for 48 h and expression of (A) Notch1 downstream target, Hey1, (B) VEGF receptor1 Flt
signaling 3 (Socs3) and JAK/STAT target myeloid cell leukemia
sequence 1 (Mcl1) was detected. The fold changes in gene
expression are summarized in Table S2.

3.5. Paracrine effects of RJ hydrogels

Conditioned media (CdM) was obtained from CPCs cultured for
48 h in 1R, 1RS, 1RJ, 2R, 2RS and 2RJ hydrogels. No change in levels
of VEGF, GM-CSF, IP10, bFGF and IGF1 were observed between CPCs
in 1R and 1RJ hydrogels (n ¼ 6, p > 0.05, ELISA array). However,
culture in 1RJ hydrogels increased expression of SCF, IL6 (p < 0.05)
and PDGF (p ¼ 0.08, n ¼ 6, Fig S4).

CPCs cultured in 1RJ hydrogels had significantly increased
platelet-derived growth factor-BB (PDGF) compared to 1R gels with
levels below the limit of detection in CPCs in 2R and 2RJ hydrogels
(p < 0.05, Fig. 7A, ELISA). Culture of rat cardiac endothelial cells
(CECs) in 1RJ CdM led to more tubes and interconnections with a
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significant increase in tube length compared to 1R and 1RS CdM
(n ¼ 3, p < 0.05, representative images in right inset, Fig. 7B). ELISA
for stem cell factor (SCF) in CdM showed a significant increase in
2RJ CdM (n � 5, p < 0.05 vs. 2R, p < 0.001 vs. 1R, Fig. 7C). SCF binds
to cKit on CPCs and is a chemoattractant for progenitor cell
migration [26]. CPC migration in a transwell Boyden chamber was
significantly higher towards CdM from CPCs in 2RJ hydrogels
compared to other groups (n ¼ 3, p < 0.001 vs. 1R and 2R, Fig. 7D).
As Notch1 signaling promotes cell proliferation, CPCs were cultured
in 1R, 1RS, 1RJ, 2R, 2RS and 2RJ hydrogels for 24 h and cell prolif-
eration was quantified as extent of EdU incorporated DNA in cells
by click-iT EdU assay. CPCs cultured in 2RJ hydrogel had a signifi-
cant increase in EdU incorporated DNA indicative of proliferation
compared to all other groups (n ¼ 3e5, p < 0.05 vs. 2RS and 1RJ;
p < 0.01 vs. 2R; p < 0.001 vs. 1R, Fig. 7E). A significant increase in
EdU incorporation was observed in primary adult cardiomyocytes
cultured in 2RJ CdM indicative of proliferation (n ¼ 5, p < 0.01 vs.
2R, Fig. 7F). A similar result was observed in H9C2 myoblasts
(Fig. S5, n ¼ 4, p < 0.05 vs. 2RS, p < 0.01 vs. 2R).
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3.6. In vivo cardiac retention

A rat model of myocardial infarction was used to determine the
effect of CPC delivery in hydrogels. To analyze the extent of
myocardial cell retention, DiR-labeled CPCswere injected in 2R, 2RS
or 2RJ hydrogels in 3 areas around the infarct border zone. Time
course fluorescent in vivo imaging of rats as a readout of cardiac
retention showed that CPCs in 2RJ hydrogels had significantly
higher % retention compared to CPCs in 2R and 2RS hydrogels until
day 7 (Fig. 8, n ¼ 5 per group, p < 0.05 vs. 2R at days 1,2,3 and 4;
p < 0.05 vs. 2RS at days 4 and 7, two-way ANOVA). Representative
images of each treatment group are shown in Fig S6.

3.7. In vivo cardiac function

The functional consequences of CPC implantation in 2R, 2RS or
2RJ hydrogels was investigated in rats subjected to 30 min of
ischemic/reperfusion (IR). CPCs in 2R, 2RS, or 2RJ hydrogels were
injected intramyocardially in 3 infarct border zone areas. Cardiac
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function was evaluated on day 21 by invasive pressure-volume
hemodynamic measurements. IR significantly decreased ejection
fraction of the hearts when compared to sham operated rats and
treatment with CPCs in 2RJ hydrogels significantly improved ejec-
tion function comparable to sham operated rats (Fig. 9A). No
improvement in function was observed in rats treated with CPCs in
empty (2R) or scrambled (2RS) hydrogels indicating the importance
of 2RJ containing hydrogels in CPC mediated functional improve-
ment following infarction. Treatment with CPCs in 2RJ hydrogels
showed a trend for improvement in the cardiac contractility
indicator ± dP/dt and significant improvement in end systolic
volume (Fig. 9B and D). Among other parameters of ventricular
function, the significant decrease in strokework, stroke volume and
cardiac output following IR was reversed in rats treated with CPCs
in 2RJ hydrogels (Fig. 9C, Fig. S7A and B). No change in end diastolic
volume was observed (Fig. 9E). These results are summarized in
Table S3. Picosirius Red staining of heart sections demonstrated a
significant increase in cardiac fibrosis in untreated infarcted hearts.
In comparison, treatment with CPCs in 2RJ hydrogel resulted in a
significant decrease in fibrosis (p < 0.05, n � 5, Fig. 9F). Represen-
tative images of Pico-Sirius Red stained heart sections are shown in
Fig. 9G.

4. Discussion

Cardiac progenitor cells (CPCs) can be easily obtained from
autologous sources and have shown promising outcomes in Phase I
trials in patients with cardiovascular disease. However, lack of both
myocardial cell retention and specific soluble cues impedes suc-
cessful regeneration. Thus, hydrogels that mimic cardiac-tissue
could provide appropriate mechanical and chemical cues to
augment CPC function. Stem cell function is regulated by me-
chanical stimuli such as substrate stiffness, rigidity, shear stress,
stretch and topography [27]. Substrate stiffness depending on
correlation with native tissue stiffness has been shown to regulate
lineage specification of adult stem cells into lineages, endothelial
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differentiation of cardiac precursor cells and human pluripotent
stem cell derived cardiomyocyte contraction [28e30]. These
studies elucidate control of stem cell fate and function through
mechanical properties of culture environment. Here, we demon-
strate that hydrogel-stiffness and ligand density activate Notch1
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Increased acute retention of implanted CPCs is observed in 2RJ hydrogels compared to
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signaling and regulate CPC gene expression and function in vivo.
These effects could also be due to changes in other physical prop-
erties such as the pore size of the hydrogel system.

Self-assembling peptide (SAP) hydrogels have been used to
deliver growth factors [15], cytokines [31] and cardiac stem cells
[32] to the infarcted heart. Moreover, hydrogel stiffness and bio-
factor concentration can be tuned to provide well-regulated me-
chanical and biochemical properties. SAP hydrogels also recruit
host endothelial cells and cardiomyocytes into themyocardium and
promote neovascularization [33]. Delivery of CPCs in IGF1 con-
taining SAP improved cardiac function in infarcted rats [12]. As
RADA16-II used in this study has no known cell adhesion motifs,
physical entrapment of implanted cells within the hydrogel and the
cell synthesized extracellular matrix are potential explanations for
cell retention [14]. The ease of synthesis, low immunogenicity [31],
and ability to incorporate bioactive motifs (such as RJ) within SAP
hydrogels provides a platform for future studies.

Development of biomaterials in which signaling pathways
critical for CPC function such as Notch1 can be incorporated is of
great importance as CPCs are endogenously present in niches of
defined composition [34,35] and exert reparative effects depending
on environmental cues following injury, aging or disease [4,36]. The
current work demonstrates that in CHO cells with Notch-
responsive YFP expression, increase in hydrogel concentration
(1e3% w/v) in absence of ligand augmented Notch1 activation
indicating that physical properties of the hydrogel dependent on



Fig. 9. CPCs in 2RJ hydrogel improve cardiac function and decrease fibrosis following MI. (A) Pressure Volume Hemodynamic measurements and Pico-Sirius Red staining indicating
(A) ejection fraction (EF%), (B) dP/dT, (C) Stroke Work, (D) End Systolic Volume (ESV), (E) End Diastolic Volume (EDV), (F) % fibrosis in rats treated with CPCs in 2RJ hydrogels. (G)
Representative Pico-Sirius Red stained heart sections. *p < 0.05, **p < 0.01, #p < 0.001, n ¼ 10e12 for AeE, n � 5 for F, One-way ANOVA and Tukey's post test. Scale bar 1 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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concentration such as stiffness and hydrogel porosity can affect
Notch1 activation in 3D. However, high concentration hydrogels
could lead to stiffness increases that saturate notch1 signaling.
Further, comparison of gene expression changes between CPCs in
hydrogels of increasing concentration in absence of ligand (1R and
2R hydrogels) indicates increased activation of Notch responsive
genes and certain other signal transduction mediators. These re-
sults could also support the observed increase in YFP expression in
CHO cells on increasing hydrogel concentration in absence of the
ligand. Recent studies have demonstrated reliance of Notch acti-
vation on ligand-mediated pulling force exerted on the notch
extracellular domain [20]. Such mechanotransduction-mediated
notch activation has been attempted here using RJ containing
hydrogels of varying stiffness. In vitro 3D culture of CPCs in RJ
containing 1 or 2% hydrogels increased expression of Hey1, a
downstream target of Notch1. Interestingly, culture on lower stiff-
ness 1RJ hydrogels resulted in increased endothelial and smooth
muscle gene expression. However, higher stiffness 2RJ hydrogels
promoted cardiac gene expression indicating that the synergistic
effect of hydrogel stiffness and Notch1 activation on cardiogenic
gene expression could pre-commit CPCs towards the endothelial/
smooth muscle or cardiac lineage respectively before in vivo de-
livery. This is critical as the fibrotic infarct environment is less
compliant and delivery of CPCs in 2RJ hydrogel provides an envi-
ronment amenable to remodeling and repair [28,37]. While deter-
mination of the extent of Notch activation by Western Blot for the
Notch1 Intracellular Domain (NICD) would yield useful informa-
tion, the difficulty in isolating protein from cells cultured in more
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than 1 mg of peptide hydrogel led to use of qPCR as the primary
method for detection of Notch activation.

To determine potential cell signaling pathways apart from
Notch1 that are regulated by increasing concentration of the
hydrogel (1R vs. 2R), a qPCR array was performed. CPCs cultured in
lower concentration hydrogel (1R) had increased expression of
proinflammatory genes such as TNFa, TRAIL and IFNg. Increased
Heyl and Hes5 support the observed increase in its downstream
target smooth muscle genes [38]. The increase in TNFa along with
higher levels of PDGF in CdM from 1RJ hydrogels could support the
increased endothelial gene expression in CPCs in 1% hydrogels as a
recent study indicates that TNFa secreted by macrophages medi-
ates endothelial differentiation of mouse cardiac progenitor cells
[39]. MMP7 is increased in CPCs in 1R hydrogels and fibronectin
which has been shown to be essential for reparative function of
CPCs following infarction is a myocardial target of MMP7 [35,40].
Hence, increased MMP7 could degrade the CPC environment. The
proinflammatory environment makes the low concentration
hydrogels unfavorable for progenitor cell delivery in vivo.

Culture of CPCs in higher concentration 2R hydrogel increased
expression of Hes1 and its downstream target Jagged1 [41]. Hence,
increasing hydrogel concentration promotes ligand expression that
could sustain Notch1 activation. Increase in Herpud1 which is
known to interact with presenilins, a component of the g-secretase
complex could also enhance Notch1 activation [42]. Moreover,
increased expression of long chain acyl-CoA synthetases, BMP2 and
TGFb related genes that are known to exert beneficial effects on
cardiomyogenesis combined with the cardioprotective effects of
antioxidant genes, M-CSF and Wnt5A may improve function of
CPCs delivered in 2R hydrogels and provides the basis for in vivo
utilization [39,43e46]. Presence of RJ could further enhance CPC
survival, promote cardiac gene expression, and function.

Paracrine signaling is pivotal in stem cell therapy as soluble
factors released by transplanted cells can augment cardiac repair
[47]. We observed secretion of PDGF and SCF in CdM from CPCs in
1RJ and 2RJ hydrogels respectively. While the role of PDGF in pro-
moting angiogenesis and SCF in regulating CPC migration is well
known [26,48], SCF has also been shown to promote endothelial
cell tube formation [49]. The CdM from CPCs in 1RJ hydrogels
promoted cardiac endothelial cell tube formation indicating para-
crine angiogenic benefits. Matsuura et al. have attributed the
beneficial effects of CPC transplantation in a mouse model of MI to
secreted factor-mediated angiogenesis [50]. Proteomic analysis of
cardiosphere-derived cell secretome has also identified key factors
that are differentially secreted compared to cardiomyocytes [51].
High levels of SCF in CdM from CPCs in 2RJ hydrogels promoted CPC
migration towards the CdM. Interestingly, mouse embryoid bodies
cultured in 1RJ hydrogels had increased endothelial and smooth
muscle gene expression similar to CPCs indicating that 3D Notch1
activation results in a conserved response of stiffness-dependent
gene expression. As Notch1 signaling has been shown to regulate
stem cell proliferation, we examined proliferative response of CPC
and cardiomyocytes. Increased EdU incorporated DNA in CPCs in
2RJ hydrogels and in adult cardiomyocytes cultured in 2RJ CdMwas
observed. These results suggest that differential soluble factor
secretion by CPCs cultured in RJ hydrogels is stiffness dependent
and these exert paracrine benefits on cardiomyocytes, endothelial
cells and CPCs.

Next we examined if beneficial effects observed in vitro trans-
lated to improvements in cardiac retention and function in a rat
model of myocardial infarction (MI). Delivery of CPCs in 2RJ
hydrogels led to sustained retention of implanted CPCs (~80%) in
the myocardium for 1 week. Such high level of acute retention is
significant as Terrovitis et al. report less than 20% retention of
transplanted cardiac derived stem cells 1 week after administration
in a rat model of MI [52]. As lowmyocardial retention of implanted
stem cells impedes cardiac regeneration and repair, delivery in 2RJ
hydrogels provides an environment for successful CPC engraftment.
Pressure-volume hemodynamic assessment of metrics indicative of
functional improvement such as ejection fraction, stroke work and
end systolic volume indicated preferential improvement in rats
treated with CPCs in 2RJ hydrogels.

5. Conclusions

We have shown that Notch1 activation is dependent on physical
properties of the hydrogel, which differentially regulates cardio-
genic gene expression in CPCs, and that delivery of CPCs in 2RJ
hydrogels improves acute myocardial retention and hemodynamic
function after MI. Intramyocardial injection of CPCs in 2RJ hydro-
gels could be an efficient and robust cell delivery strategy for
myocardial repair. These studies need to be performed in large
animal models of MI to be predictive of effects in humans. As cKitþ
CPCs can be easily isolated from cardiac biopsies even from patients
with advanced heart failure [53], the improvement in cardiac
function, contractility and retention in the CPC in 2RJ group could
translate into positive clinical outcomes in patients.
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