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a b s t r a c t

Progress in stem cell transplantation for the treatment of myocardial infarction is hampered by the poor
retention and survival of the implanted cells. To enhance cell survival and differentiation and thereby
improve the efficiency of stem cell therapy, we constructed a novel self-assembling peptide by attaching
an RGDSP cell-adhesion motif to the self-assembling peptide RADA16. c-kitpos/Nkx2.5low/GATA4low mar-
row-derived cardiac stem cells (MCSCs), which have a specific potential to differentiate into cardiomyo-
cytes, were isolated from rat bone marrow. The cytoprotective effects of RGDSP scaffolds were assessed
by exposure of MCSCs to anoxia in vitro. The efficacy of transplanting MCSCs in RGDSP scaffolds was eval-
uated in a female rat MI model. The designer self-assembling peptide self-assembled into RGDSP nano-
fiber scaffolds under physiological conditions. RGDSP scaffolds were beneficial for the growth of MCSCs
and protected them from apoptosis and necrosis caused by anoxia. In a rat MI model, cardiac function
was improved and collagen deposition was markedly reduced in the group receiving MCSCs in RGDSP
scaffolds compared with groups receiving MCSCs alone, RGDSP scaffolds alone or MCSCs in RADA16 scaf-
folds. There were more surviving MCSCs in the group receiving MCSCs in RGDSP scaffolds than in the
groups receiving MCSCs alone or MCSCs in RADA16 scaffolds. Most of the Y chromosome-positive cells
expressed cardiac troponin T and connexin43 (Cx-43). These results suggest that RGDSP scaffolds provide
a suitable microenvironment for the survival and differentiation of MCSCs. RGDSP scaffolds enhanced the
efficacy of MCSC transplantation to repair myocardium and improve cardiac function.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Myocardial infarction is a major health problem and the leading
cause of death and disability in both industrialized and developing
nations. After a myocardial infarction, injured cardiomyocytes are
gradually replaced by fibrous tissue, which may lead to heart fail-
ure [1,2]. Stem cell therapy is a promising therapeutic strategy for
treating myocardial infarction [3–8]. Transplanted cells have been
widely reported to engraft into the host myocardium, but with var-
iability in the degree of differentiation. We have isolated marrow-
derived cardiac stem cells (MCSCs) from rat mesenchymal stem
cells (MSCs) by single-cell cloning culture and their expression of
c-kit, Nkx2.5 and GATA4 [9]. Because MCSCs have a specific poten-
tial to differentiate into cardiomyocytes, MCSCs may be used as a
good source of stem cells for stem cell transplantation in myocar-
dial infarction.
ll rights reserved.
Despite encouraging data from preclinical as well as clinical
studies suggesting that stem cell therapy is a potential treatment
for MI, the efficacy of the procedure remains hampered by the poor
retention and survival of donor cells [10–16]. Attempts have been
made to incorporate cells into biomaterials that might provide a
fine-tuned, three-dimensional environment facilitating cell sur-
vival, proliferation and differentiation. Self-assembling peptide
nanofiber scaffolds with more than 99% water content have been
shown to be a good biological material for cell culture and tissue
regeneration. The self-assembling peptide nanofiber microenviron-
ment has been shown to promote the organization and survival of
many different cell types, including cardiomyocytes [17] and endo-
thelial cells [18]. Furthermore, self-assembling peptides can be
engineered for protein delivery [17,19,20].

Recently, a class of designer self-assembling peptide scaffolds has
been directly functionalized with short functional sequences via so-
lid-phase synthesis extension at the C-terminus. The designer pep-
tide scaffolds significantly enhanced adult mouse neural stem cell
survival, proliferation, and differentiation into neurons and glial
cells [21]. Biological designer self-assembling peptide nanofiber
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scaffolds significantly enhance osteoblast proliferation, differentia-
tion and three-dimensional migration [22]. However, the modifica-
tion of self-assembling peptides with bioactive peptides to facilitate
the adhesion and survival of stem cells, to promote the differentia-
tion of stem cells towards cardiomyocytes, and to improve the ef-
fects of stem cell transplantation for the treatment of MI, has not
been reported. In this study, we designed and synthesized a novel
self-assembling peptide that not only facilitates the adhesion of
MCSCs, but also promotes the differentiation of MCSCs towards
cardiomyocytes. The efficacy of MCSC transplantation in RGDSP
scaffolds was evaluated in a female rat MI model.
2. Materials and methods

2.1. MCSC isolation and culture

MSCs were isolated from marrow from the femurs and tibiae of
male Sprague–Dawley (SD) rats. Single-cell cloning culture was
performed to select MCSCs using methods described previously
[9,23]. The immunostaining of c-kit (Santa Cruz, USA) and RT-
PCR analysis of the early cardiac transcription factors Nkx2.5 and
GATA-4 were performed to identify MCSCs.

2.2. Designer peptide synthesis and atomic force microscopy (AFM)

To promote the adhesion, survival and differentiation of MCSCs,
we modified the self-assembling peptide AcN-RADARADARADA-
RADA-CONH2 (RADA16) with a functional RGDSP peptide motif
to design a novel self-assembling peptide (RGDSP). RGDSP is an
adhesion sequence, and it can promote cell adhesion and stimulate
integrins relevant to early cardiac development [24]. The designer
peptide RGDSP and RADA16 were custom-synthesized. They were
dissolved in distilled sterile water (GIBCO, USA) at a final concen-
tration of 1% (w/v) (10 mg/ml) and sonicated for 30 min before
use. The structures of the peptides were observed under AFM using
the method described by Horii et al. [22].

2.3. MCSCs seeding in RGDSP scaffolds

For MCSC seeding in nanofiber scaffolds, 30 ll of RADA16 or
RGDSP solution was added to evenly cover the bottom surface of
each well of a 96-well plate (BD Biosciences), followed by the slow
addition of 200 ll/well of basal medium containing MCSCs at a
density of 2.5 � 105 cells/ml. The cells seeded in scaffolds were cul-
tured at 37 �C in a humidified atmosphere containing 5% CO2.

2.4. Cytoprotective effects of RGDSP scaffolds against oxygen and
glucose deprivation

To detect the cytoprotective effects of RGDSP scaffolds for
MCSCs, the oxygen and glucose deprivation (OGD) model was
established in vitro. After culturing for 24 h in 96-well culture
plates, the cell culture medium from groups of MCSCs, MCSCs in
RADA16 and MCSCs in RGDSP was replaced with glucose and ser-
um-free DMEM (Gibco, USA). Then, the plates were placed in a
37 �C anoxia chamber saturated with 95% N2/5% CO2. The chamber
was made according to the method used by Hori [25]. At 12 h after
incubation, the cells from each group were stained with acridine
orange/ethidium bromide (AO/EB). Both AO and EB were dissolved
in 0.01 M PBS at a concentration of 100 lg/ml. The fluorescent dyes
AO and EB were added to the supernatant. Digital images were ac-
quired, and the number of differentially stained cells in random
fields of 500 cells was determined. The data are expressed as the
percentage of live, apoptotic and necrotic cells.
2.5. Myocardial infarction model and MCSC transplantation

Female SD rats (200–250 g) were anesthetized with 10% chloral
hydrate (0.4 ml/100 g). Myocardial infraction was performed as de-
scribed by Davis et al. [17]. Thirty minutes later, the rats were ran-
domly divided into control, MCSC alone, RADA16 alone, MCSCs in
RADA16, RGDSP alone and MCSCs in RGDSP groups. In the MCSCs
in RADA16 and RGDSP groups, RADA16 and RGDSP were dissolved
in sterile sucrose (295 mmol/l) at 1% (w/v) and sonicated for
10 min. A total of 5 � 106 MCSCs were suspended in 80 ll of the pep-
tide solution. Immediately following suspension, the solution was
injected into the border of the infarcted myocardium through a
30-gauge needle while the heart was beating. PBS (80 ll), or
5 � 106 MCSCs in 80 ll PBS, or RADA16 (80 ll), or RGDSP (80 ll)
was injected into the control, MCSCs alone, RADA16 alone or RGDSP
alone rats, respectively. The injection was administered at four
points with 20 ll for each point.

2.6. Echocardiography

In order to evaluate the recovery of cardiac function, transtho-
racic echocardiography was performed at 4 weeks after transplan-
tation. Care was taken to avoid excessive pressure on the thorax,
which could induce bradycardia. After adequate two-dimensional
images were obtained, the M-mode cursor was positioned to the
parasternal long axis view at the papillary muscle level. LV internal
dimensions and LV end-systolic (LVESD) and end-diastolic (LVEDD)
diameters were measured from at least three consecutive cardiac
cycles. Ejection fraction (EF) and fractional shortening (FS) as mea-
sures of systolic function were calculated using the equations
EF = [(LVEDD3�LVESD3)/LVEDD3] � 100 and FS = (LVEDD�LVESD)/
LVEDD � 100, respectively. The EF and FS results are expressed
as percentages.

2.7. Histological examination

To detect fibrosis in cardiac muscle, the hearts were excised, cut
transversely, embedded in paraffin and stained with Masson’s tri-
chrome. The blue area was regarded as fibrotic tissue. Five different
ventricular slices covering the whole infarcted area from the apex
to the site of occlusion were scanned and computerized with a dig-
ital image analyzer (ImagePro plus). The collagen volume fraction
was calculated as the sum of all areas containing connective tissue
divided by the total area of the image.

2.8. Reverse transcription polymerase chain reaction (RT-PCR)

Polymerase chain reaction (PCR) amplification was used to
identify surviving transplanted male MCSCs via their Y chromo-
some. LV tissue from the injection site was isolated and refriger-
ated in liquid nitrogen. Genomic DNA was extracted for PCR
template. Genomic DNA templates (100 ng) from different groups
were used in PCR reactions (50 ll) with rat SRY primers according
to the protocols published by Müller-Ehmsen et al. [26]. The inten-
sities of the ethidium–bromide stained SRY bands were quantified
using NIH Image (Wayne Rasband, NIH, USA) and subsequently
normalized to b-actin mRNA levels.

2.9. Fluorescence in situ hybridization and immunohistochemical
staining

For detecting the transplanted cells, in situ hybridization using a
rat Y chromosome-specific gene was performed. Frozen sections
were fixed with methanol and acetic acid (3:1) for 30 min at 4 �C,
and then the slides were immersed in denaturation buffer (70%
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formamide) at 95 �C for 5 min to denature the fixed chromosome
specimens. After denaturation, the samples were dehydrated
through a gradient ethanol series of 70%, 80%, 95% and 100% at
–20 �C for 5 min each and then air-dried. The biotin labeled Y chro-
mosome-specific probe (Roche, Germany) was denatured at 95 �C
for 5 min. The sections were incubated with the denatured probe
at 42 �C overnight in a moist chamber. After washing twice with
2� saline sodium citrate buffer, the sections were incubated with
streptavidin-FITC (BioLegend, USA) for 30 min at 37 �C in the dark.
To determine the differentiation of transplanted cells into cardio-
myocytes and the relationship between differentiated cells and host
cardiomyocytes, immunohistochemistry for cardiac troponin T
(cTnT) and connexin43 (Cx-43) was performed. The same sections
were treated with blocking solution for 30 min at 37 �C and then
incubated with mouse cTnT monoclonal antibody (1:300, Santa
Cruz) or rabbit Cx-43 polyclonal antibody (1:200, Abcam, USA) at
4 �C overnight. The sections were incubated with donkey anti-
mouse or goat anti-rabbit cy3-conjugated antibody (Jackson, USA)
for 30 min at 37 �C. After washing, the nuclei were counterstained
with DAPI (Molecular Probes, USA). The presence of the Y chromo-
some and cTnT or Cx-43 in the cells was determined under a fluores-
cence microscope.

2.10. Statistical analysis

The data are expressed as means ± standard deviation. To analyze
the data statistically, we used Student’s t-test and one-way analysis
of variance (ANOVA) with Scheffe’s post hoc multiple-comparison
analysis. Values of P < 0.05 were considered to be statistically
significant.

3. Results

3.1. Structure of the designer peptide

The self-assembling peptide RADA16 can undergo spontaneous
assembly into well-ordered nanofibers in dilute aqueous condi-
tions (Fig. 1A). AFM images revealed that the RGDSP peptide self-
assembled into nanofibers �10 nm in fiber diameter (Fig. 1B).
Thus, the appended functional motif did not prevent peptide self-
assembly.

3.2. Cytoprotective effects of RGDSP scaffolds against OGD

MCSCs showed a uniform fibroblast-like appearance and ex-
pressed c-kit (Supplementary Fig. S1A). The cells weakly expressed
the early cardiac transcription factors Nkx2.5 and GATA-4 (Supple-
mentary Fig. S1B). At 24 and 72 h after seeding, very few apoptotic
Fig. 1. Tapping mode AFM images of the peptides (A) RADA16 and (B) R
and necrotic cells were observed in the RGDSP group according to
AO/EB double staining. More cells in the RADA16 group underwent
apoptosis at 72 h after seeding compared with the RGDSP group
(Supplementary Fig. S2). After treatment with OGD, most MCSCs
in the control group displayed apoptotic and necrotic morpholog-
ical changes by AO/EB double staining. However, the number of
apoptotic and necrotic cells was significantly lower in the RADA16
and RGDSP groups and the number of surviving cells was greater
(P < 0.01) (Fig. 2A). Furthermore, there were more surviving cells
in the RGDSP group than in the RADA16 group (P < 0.01), and the
numbers of apoptotic cells and necrotic cells were both signifi-
cantly less compared with the RADA16 group (P < 0.01) (Fig. 2B).

3.3. Improvement of LV contractile function

At 4 weeks after transplantation, EF and FS in the five treatment
groups were improved more significantly than in the control group.
The echocardiographic examination showed that EF and FS in the
MCSC + RADA16 group (44.64 ± 4.21, 28.95 ± 3.25) were higher than
in the RADA16 alone group (28.67 ± 5.14, 19.08 ± 3.30, P < 0.01) or
the MCSC alone group (35.21 ± 3.79, 21.79 ± 4.85, P < 0.01). Com-
pared with the MCSC alone group, the RGDSP alone group
(31.23 ± 5.90, 19.97 ± 2.91, P < 0.01) and the MCSC + RADA16 group
(P < 0.01), the EF and FS in the MCSC + RGDSP group (53.06 ± 5.26,
35.65 ± 2.16) were higher (Fig. 3A).

3.4. Myocardial fibrosis after transplantation

Masson’s trichrome staining demonstrated obvious myocardial
fibrosis in the control group. However, there was more regenerated
myocardium in the infarction area in the MCSC alone group, the
RADA16 alone group, the MCSC + RADA16 group, the RGDSP alone
group and the MCSC + RGDSP at 4 weeks after transplantation.
MCSC transplantation in RGDSP scaffolds significantly attenuated
the development of myocardial fibrosis compared with the other
groups (Fig. 3B). Quantitative analysis demonstrated that the colla-
gen volume fraction in the MCSC + RGDSP group was significantly
smaller than in the MCSC alone group, the RGDSP alone group or
the MCSC + RADA16 group. Compared with the MCSC alone and
RADA16 alone groups, the collagen content in the MCSC + RADA16
group was lower (Fig. 3C).

3.5. Survival of transplanted cells by PCR analysis

LV tissue from 10 rats in each group was used for detecting the
SRY gene by PCR. All tissues from animal groups receiving MCSCs
were positive, confirming the presence and survival of the trans-
planted cells, and all tissues from the control, RADA16 and RGDSP
GDSP. Both of the peptides self-assemble into nanofibers in water.



Fig. 2. Cytoprotection of MCSCs against OGD effects by RGDSP scaffolds. (A) AO/EB staining. Many cells underwent apoptosis and necrosis in the control group; however,
most of the cells survived in the RADA16 and RGDSP groups. Scale bar: 50 lm. (B) Numbers of surviving, apoptotic and necrotic cells. *P < 0.01 versus the control group.
#P < 0.01 versus the RADA16 group; n = 6.
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groups that did not receive MCSCs were negative (Fig. 4A). Quanti-
tative analysis demonstrated that there were more surviving trans-
planted cells in the MCSC + RADA16 and MCSC + RGDSP groups
than in the MCSC alone group. Between the MCSC + RGDSP group
and the MCSC + RADA16 group, MCSC survival showed a significant
difference (Fig. 4B).

3.6. Cardiomyogenic differentiation of donor cells in vivo

Y chromosome fluorescence in situ hybridization demonstrated
that there were more Y chromosome-positive cells in the
MCSC + RGDSP group than in the MCSC alone or MCSC + RADA16
groups at 4 weeks after transplantation, and most of the cells ex-
pressed cTnT and Cx-43. Cx-43 is located between Y chromosome-
positive cells and recipient cardiomyocytes. The differentiated cells
were aligned in parallel and connected with host cardiomyocytes
(Fig. 4C and D).

4. Discussion

Our results showed that RADA16 scaffolds have good biocom-
patibility with MCSCs. Furthermore, when the cells were exposed
to an OGD microenvironment, RADA16 scaffolds protected MCSCs
against apoptosis and necrosis caused by the hostile conditions.
Davis et al. reported that self-assembling peptides can create nano-
fiber microenvironments in the myocardium and that these micro-
environments promote vascular cell recruitment [27]. The suitable
microenvironment created by RADA16 promoted the survival and
differentiation of MCSCs and eventually effectively improved heart
function.

The modification of RADA16 has been intensely studied recently
because designer self-assembling peptides modified with func-
tional motifs have superior biological activities. In this study, we
used an adhesion sequence (RGDSP) to directly extend the carboxyl
terminus of the self-assembling peptide RADA16 and obtain de-
signer self-assembling nanofibers. The addition of the RGDSP motif
to the self-assembling peptide RADA16 did not inhibit its self-
assembling properties or nanofiber formation. Most of the syn-
thetic polymer biomaterials currently used in cell culture and
regenerative medicine usually have microfiber structures [28,29].
However, RGDSP nanofibers, which have nanometer diameters,
provide a three-dimensional microenvironment for the growth of
MCSCs. The designer RGDSP scaffold may be useful not only for
stem cell research, but also for future tissue regeneration.

We demonstrated that MCSC transplantation in RGDSP scaffolds
decreased collagen deposition and improved heart function com-
pared with the transplantation of MCSCs alone or MCSCs in RADA16.
RGDSP scaffolds gave the cells a temporary three-dimensional nano-
fiber microenvironment after transplantation. Retention and adhe-
sion are important conditions for the survival of transplanted cells
and migration to the infarcted zone. The microenvironment
provided by RGDSP scaffolds enhanced the survival and differentia-
tion of MCSCs and played a key role in improving the efficiency of
stem cell transplantation.

The three-dimensional space provided by RGDSP scaffolds and
their functional motifs play a direct role in promoting the survival
of MCSCs. MCSCs cultured in RGDSP scaffolds resisted apoptosis
and necrosis induced by OGD treatment. The results of PCR for
identifying the Y chromosome revealed that the survival of donor
MCSCs was higher after injection in RGDSP scaffolds. In a two-
dimensional environment, where only part of the cell body is in
contact with the surface, receptor clustering at the attachment site
may be induced; on the other hand, the receptors for growth fac-
tors, cytokines, nutrients and other signals are on the sides directly
exposed to the culture medium. In the three-dimensional environ-
ment, the functional motifs on RGDSP scaffolds surround the whole
cell body in all dimensions, and the factors may form a gradient in
the three-dimensional nanoporous microenvironment. RGDSP



Fig. 3. Improvement of LV contractile function and collagen deposition at 4 weeks after transplantation. (A) EF (%) and FS (%) were compared among the different treatments.
*P < 0.01 versus the RADA16 group. #P < 0.01 versus the MCSC group. &P < 0.01 versus the RGDSP group. $P < 0.01 versus the MCSC + RADA16 group; n = 10. (B)
Photomicrographs of representative myocardial sections stained with Masson’s trichrome. Myocardium (red) was replaced significantly by fibrous tissue (blue) in the control
group. Scale bar: 50 lm. (C) Quantitative analysis demonstrating that the collagen volume fraction in the MCSC + RGDSP group was significantly smaller than in the MCSC
alone, RGDSP alone or MCSC + RADA16 groups. Compared with the MCSC alone and RADA16 alone groups, collagen content in the MCSC + RADA16 group was lower. *P < 0.01
versus the RADA16 group. #P < 0.01 versus the MCSC group. &P < 0.01 versus the RGDSP group. $P < 0.01 versus the MCSC + RADA16 group; n = 10. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of this article.)

46 H.-D. Guo et al. / Biochemical and Biophysical Research Communications 399 (2010) 42–48
scaffolds may also prevent anoikis by cell–matrix interactions
in vivo. Anoikis is defined as programmed cell death induced by
the loss of cell–matrix interactions [30]. Interactions between im-
planted MCSCs and RGDSP scaffolds may enhance the survival of
donor cells by preventing anoikis.
The differentiation of transplanted stem cells into cardiomyo-
cytes in the infarcted zone to replace the damaged recipient
cardiomyocytes and improve heart function are the main objec-
tives of stem cell transplantation. Although angiogenesis and par-
acrine action can improve cardiac function through indirect



Fig. 4. Survival and cardiomyogenic differentiation of donor cells in vivo. (A) RT-PCR for the SRY gene using LV tissue from each group. (B) Quantitative analysis of SRY gene
expression. *P < 0.01 versus the MCSC alone group. #P < 0.01 versus in the MCSC + RADA16 group. (C) Expression of cTnT by Y chromosome-positive cells. Most Y
chromosome-positive cells in the infarct and border zones co-expressed cTnT. Scale bar: 20 lm. (D) Expression of Cx-43 by Y chromosome-positive cells. Most of the
transplanted cells expressed Cx-43. Cx-43 was located between Y chromosome-positive cells and recipient cardiomyocytes. The differentiated cells were aligned in parallel
and connected with recipient cardiomyocytes. Scale bar: 25 lm.
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effects, they can only save the dying cardiomyocytes or mobilize
cardiac stem cells within the recipient heart. The number of car-
diac stem cells produced by mobilization is few and the damaged
cardiomyocytes cannot be replaced effectively. Quevedo et al.
reported that allogeneic mesenchymal stem cells can reduce the
infarcted area and improve cardiac function in chronic ischemic
cardiomyopathy via their trilineage differentiation capacity,
including cardiomyogenesis [31]. In our study, at 4 weeks after
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transplantation, there were more donor cells expressing cTnT and
Cx-43 in the MCSC + RGDSP scaffold group than in the MCSC alone
or MCSC + RADA16 group. The engrafted cells underwent cardi-
omyogenic differentiation, formed mature muscle fibers and
formed gap junctions with the myocardium of the recipient. The
adhesion sequence RGDSP not only promotes cell adhesion, but
also stimulates the integrins relevant to early cardiac development
(a5b1 and aVb3). Therefore, RGDSP scaffolds efficiently promote the
differentiation of MCSCs into cardiomyocytes. Further studies are
necessary, however, to elucidate the contractile nature of the new-
ly formed muscle fibers after connection with the myocardium of
recipient.

5. Conclusion

We have developed a novel biomimetic designer self-assembling
peptide scaffold to enhance the adhesion, survival and differentia-
tion of MCSCs. MCSC transplantation in RGDSP scaffolds was more
conducive to the survival and differentiation of the transplanted
cells and thereby improved cardiac repair and cardiac function.
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