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Editor's Summary

 
 
 

mind, this promising NF/VEGF combination is ready to take a shot at healing the human heart.
injection, the material will likely need to be delivered via a minimally invasive catheter. With these considerations in 
tested at later time points to mimic the sequence of events after a heart attack. Also, rather than direct myocardial
large animal models, without harmful effects to other tissues. Before moving to patients, the material will need to be 

Moreover, for translation, the authors showed that their NF material helps to heal the heart in both small and

cardiomyocyte-like cells to the damaged tissue.
arteriogenesis (increased densities of arteries and arterioles) and by recruiting endogenous myofibroblasts and 
to the rat. The authors found that the NF created the optimal microenvironment for healing by promoting
material into heart tissue of pigs immediately after infarction and observed tissue repair and restored function, similar 

 injected the NF/VEGF combinationet al.Moving to a large animal that more closely resembles human MI, Lin 
prevented tissue remodeling and collagen deposition (which cause heart scarring) and reduced the infarct size.
had significantly improved cardiac function compared with NF or VEGF alone. The NF/VEGF treatment also 

growth factor combination was injected into the heart immediately after MI, and 28 days later−rat model. The material
The authors first tested the NF with and without varying doses of vascular endothelial growth factor (VEGF) in a

injected into the heart tissue immediately after MI, lead to rapid repair and functional recovery.
up the healing process after MI, Lin and colleagues have created self-assembling peptide nanofibers (NFs) that, when
can work against the heart, allowing tissue remodeling, scar formation, and overall heart failure. In an effort to speed 

Normally, the cure for a broken heart is time. After a heart attack, or myocardial infarction (MI), however, time
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R E S EARCH ART I C L E
B IOMED ICAL ENG INEER ING
Instructive Nanofiber Scaffolds with VEGF Create a
Microenvironment for Arteriogenesis and
Cardiac Repair
Yi-Dong Lin,1,2* Chwan-Yau Luo,3* Yu-Ning Hu,3 Ming-Long Yeh,2 Ying-Chang Hsueh,4,5

Min-Yao Chang,2,4 Da-Ching Tsai,4 Jieh-Neng Wang,6 Ming-Jer Tang,5,7 Erika I. H. Wei,1

Matthew L. Springer,8 Patrick C. H. Hsieh1,2,3,4,5†
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Angiogenic therapy is a promising approach for tissue repair and regeneration. However, recent clinical trials with
protein delivery or gene therapy to promote angiogenesis have failed to provide therapeutic effects. A key factor for
achieving effective revascularization is thedurability of themicrovasculature and the formationof newarterial vessels.
Accordingly, we carried out experiments to test whether intramyocardial injection of self-assembling peptide nano-
fibers (NFs) combined with vascular endothelial growth factor (VEGF) could create an intramyocardial micro-
environment with prolonged VEGF release to improve post-infarct neovascularization in rats. Our data showed
thatwhen injectedwithNF, VEGFdeliverywas sustainedwithin themyocardium for up to 14 days, and the side effects
of systemic edema and proteinuria were significantly reduced to the same level as that of control. NF/VEGF injection
significantly improved angiogenesis, arteriogenesis, and cardiac performance 28 days after myocardial infarction.
NF/VEGF injection not only allowed controlled local delivery but also transformed the injected site into a favorable
microenvironment that recruited endogenous myofibroblasts and helped achieve effective revascularization. The
engineered vascular niche further attracted a new population of cardiomyocyte-like cells to home to the injected
sites, suggesting cardiomyocyte regeneration. Follow-up studies in pigs also revealed healing benefits consistent
with observations in rats. In summary, this study demonstrates a new strategy for cardiovascular repair with
potential for future clinical translation.
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INTRODUCTION

Ischemic cardiovascular diseases, such as myocardial infarction (MI),
are the leading cause of morbidity and mortality worldwide (1). MI is
caused by a shortage of the coronary blood supply to the myocardium
and results in irreversible damage, including myocardial loss, patholog-
ical remodeling, cardiac dysfunction, and heart failure (2, 3). Therefore,
therapies that improve neovascularizationmay prevent pathological de-
terioration and ameliorate cardiac function after MI (3, 4).

Vascular endothelial growth factor (VEGF) is a key factor for both
angiogenesis and vasculogenesis (5–7). Owing to the efficacy of this
factor, therapies with VEGF for the treatment of ischemic diseases have
attracted great attention. However, until recently, most clinical trials
have not provided convincing evidence for the therapeutic use of VEGF
(4, 8, 9). It has been reported in vitro and in mouse models that the
angiogenic efficacy of these therapies is challenged by the ability to
maintain the local VEGF concentration at an effective level (9–13). Se-
quential vessel regression within 2 weeks after VEGF delivery also
restricts functional revascularization because of the lack of additional
regulation (9, 14, 15). To avoid these pitfalls, it is crucial to provide
an extracellular matrix (ECM) and recruit mural cells, such as pericytes
1Institute of Biomedical Sciences, Academia Sinica, Taipei 11574, Taiwan. 2Institute of
Biomedical Engineering, National ChengKungUniversity, Tainan 70101, Taiwan. 3Department
of Surgery, National Cheng Kung University Hospital, Tainan 70403, Taiwan. 4Institute of
Clinical Medicine, National Cheng Kung University, Tainan 70101, Taiwan. 5Institute of Basic
Medicine, National Cheng Kung University, Tainan 70101, Taiwan. 6Department of Pediatrics,
National Cheng Kung University Hospital, Tainan 70403, Taiwan. 7Institute of Physiology,
National Cheng Kung University, Tainan 70101, Taiwan. 8Division of Cardiology, Department
of Medicine, University of California, San Francisco, San Francisco, CA 94143, USA.
*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail: phsieh@mail.ncku.edu.tw
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or vascular smooth muscle cells (SMCs), to envelope and stabilize the
nascent fragile endothelial tubes and subsequently achieve capillary
stability and durable arteriogenesis (14–17). Therefore, the creation of
an intramyocardial microenvironment with angiogenic incitation and
arteriogenic support is likely key to promoting functional neovascular-
ization after MI.

Cumulative studies have revealed that it is possible to use nano-
technology and biomaterials to recapitulate biomimic milieu and
manipulate cell activities in vitro (18–20). Such innovation has opened
a new field in regenerative medicine far beyond the original scope of
using biomaterials merely for controlled drug release. Accordingly,
how to create an engineered niche in vivo that stimulates the tissue
regeneration capability is an emerging and imperative question (21–24).
For example, Martino et al. recently demonstrated the creation of an
engineered microenvironment for bone healing in vivo, which recruits
growth factors to the wound and convinces cells to repair the damage
(25). However, engineered microenvironments with curative efficacy are
rarely successful from “bench to bedside,” especially for cardiac tissue
repair, because of the complexity of the native tissue construction and
morphogenesis (26–28).

Self-assembling peptide nanofibers (NFs) are short oligopeptides
that self-assemble into nanofibrous gel when mixed with salt solution
at physiological pH (29). These unique properties make NFs not only
slowly degradable and low in immunogenicity (30, 31) but also thera-
peutically potent for sustained release of a drug or growth factor via
noncovalent coupling or covalent bonding (31–34). Specifically, recent
studies have demonstrated that NF injections give rise to an intramyo-
cardial microenvironment that promotes vascular cell infiltration and
maturation (30, 35, 36). Accordingly, we hypothesized that the injection
of VEGF along with NF creates an intramyocardial microenvironment
ceTranslationalMedicine.org 8 August 2012 Vol 4 Issue 146 146ra109 1

http://stm.sciencemag.org/


R E S EARCH ART I C L E
suitable for vascular cell recruitment, proliferation, and maturation and
would thereby improve neovascularization and cardiac performance
after MI in rodents.
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RESULTS

Intramyocardial NF/VEGF improves cardiac performance in
rats after MI
To verify the functional role of VEGF in vitro, we tested recombinant
human VEGF165 (165 is the subtype isoform of VEGF) on rat endothe-
lial cells and confirmed that VEGF had a dose-dependent effect on en-
dothelial cell proliferation and reached a saturated functional dose at
10 ng/ml (fig. S1A). This was supported by an increasing level of extra-
cellular signal–regulated kinase (ERK) phosphorylation, which showed
a similar dependence onVEGF dose (fig. S1B). For our in vivo studies, a
dose of VEGF (100 ng/ml, V100) 10-fold higher than that applied in
vitro was used for intramyocardial injection because the weight of the
myocardium at the injection site was about 10-fold greater than that of
the injectedNF (80mg of NF per 720mg ofmyocardium), as described
previously (30, 36). In addition, a 10-fold higher dose of VEGF (1000 ng/ml,
V1000) was used to test the dose effect of VEGF.

To confirm whether the NF could carry this concentration of VEGF
via physical noncovalent interaction,we calculated themaximal binding
capacity of NF for VEGF, which was about 3000 to 10,000 ng/ml
(fig. S2A). Next, the release of VEGF (100 and 1000 ng/ml) from NF
was found to last for at least 14 days in vitro (fig. S2, B and C), which
is consistent with the findings reported by Gelain et al. in fibers with a
similar sequence (37). Finally, we investigated the in vivo release kinetics
of VEGF injected into rat myocardium immediately after MI, with or
without NF (Fig. 1A). We confirmed that both VEGF deliveries (100
and 1000 ng/ml) were retained within the myocardium for 14 days
when injected with NF (Fig. 1, B and C).

We used a rat experimental MI model to examine the therapeutic
effects of intramyocardial NF/VEGF injection. At 28 days after MI,
the intramyocardial NF/VEGF injection significantly improved cardiac
systolic function compared with NF or VEGF alone, as indexed by the
left ventricular fractional shortening (LVFS) (Fig. 1D). Corresponding-
ly, the NF/VEGF injection also effectively prevented pathological re-
modeling and ventricular dilation as evidenced by restrained infarct size
(Fig. 1E and fig. S3A) and reduced collagen deposition in the non-
infarct region (fig. S3, B and C). NF/VEGF treatments also decreased
the left ventricle end-systolic and end-diastolic diameters (LVESD
and LVEDD, respectively) (Fig. 1, F and G). In contrast, although there
was a marginal dose-dependent amelioration of the LVFS, infarct size,
collagen deposition of non-infarct region, LVESD, and LVEDD for the
VEGF-treated groups at 28 days after MI, there was no significant
difference between the phosphate-buffered saline (PBS) and the VEGF-
only treatment groups, which indicates that the delivery of VEGF alone
was not sufficient to provide cardiac benefits after MI.

NF/VEGF promotes arteriogenesis after MI
Next, the capillary density of the different treatment groups was inves-
tigated. A dose-dependent increase was observed after VEGF treatment
without NF (fig. S4), suggesting that angiogenesis is achieved by injection
of VEGF alone after MI. Moreover, injection of NF alone also signifi-
cantly improved the level of angiogenesis after MI, indicating that
NF provides an angiogenic environment, a finding consistent with
www.Scien
previous studies (30, 36). Surprisingly, there was no difference between
the groups that were subjected to VEGF (1000 ng/ml), NF/V100, or
NF/V1000 treatment after MI. This result is in contrast to the findings
reported above where NF/VEGF injection provided a greater cardiac
benefit than injection of VEGF alone, suggesting that angiogenesis is
unlikely to be the only mechanism involved in the modulation of car-
diac function.

Looking at other possible mechanisms, we found that injecting
NF/VEGF significantly increased the vascular densities of both arte-
rioles and arteries at 28 days after MI (Fig. 2, A to C). In contrast, treat-
ment with VEGF alone afterMI did not demonstrate a significant effect
in terms of arteriogenesis at the peri-infarct area. These results support
the idea that arteriogenesis, not angiogenesis, plays a crucial role in
improving cardiac performance after MI. Furthermore, there appears
to be an increase in both arteries and veins on the basis of vascular wall
thickness after injecting VEGF with or without NF. It is interesting that
the percentage of veins within large vessels in themyocardium is higher
when receiving VEGF (1000 ng/ml) alone than with either of the NF
treatments with VEGF (Fig. 2D), indicating that merely increasing
VEGF dose without providing essential support may not be sufficient
to form strong large vessels.

Local delivery of NF/VEGF does not cause systemic
harmful effects
It was reported that the risk of hypotension, proteinuria, and general
edema was raised because of vascular leakage resulting from increased
VEGF dose (5, 7, 9, 38). To test whether the high-dose VEGF injection
would cause any systemic adverse effects, we designed an additional ex-
periment to examine vascular leakage into the vital organs (Fig. 3A).
Rats were injected with PBS, VEGF (1000 ng/ml), NF alone, or
NF/V1000 within themyocardium, which was followed by intravenous
injection of red fluorescent nanoparticles (FluoSpheres). Significantly
more extravasated FluoSpheres were detected in the brain, lungs, liver,
spleen, and kidneys of rats that had received VEGF only than in those
that received NF/VEGF (day 0 group; Fig. 3B and fig. S5). This finding
indicates that systemic vascular leakage is induced by the injection of
high-dose VEGF. In contrast, the injection of NF/VEGF improved
FluoSphere retention in the myocardium 7.8-fold compared with all
other treatment groups (day 0 group; Fig. 3B and fig. S5). Consistent
with these findings, the detrimental proteinuria was significantly
increased in rats treated with VEGF alone, but not in those treated with
NF/VEGF, as evidenced by examination of proteins within urine
(Fig. 3C).

NFs create an intramyocardial microenvironment for
myofibroblast engraftment
We conducted a time-course study to explore the underlying mecha-
nism behind enhanced arteriogenesis after NF/VEGF injection. Rats were
given intramyocardial injections of PBS, VEGF (100 ng/ml), NF, or
NF/V100 after an experimental MI and were then sacrificed at 3, 7, or
14 days afterMI. Our results demonstrated that a-smoothmuscle actin–
positive (a-SMA+) myofibroblasts populated the infarcted myocardi-
umof all groups at 3 days afterMI (Fig. 4 and fig. S6). Themyofibroblasts
were preservedwithin themyocardiumat 7 days after injection of theNF
with or without VEGF, which implies that the myofibroblasts were
mostly acquired through the microenvironmental benefits of the NF
rather than by the influence of the prolonged VEGF. This finding is
consistent with the increased recruitment of nonvascular integrated
ceTranslationalMedicine.org 8 August 2012 Vol 4 Issue 146 146ra109 2

http://stm.sciencemag.org/


R E S EARCH ART I C L E
SMCs to the myocardium at 28 days after injection of NF alone (Fig.
2A). NF/VEGF injection also preserved more a-SMA+ cells for a
long period (Fig. 4B). Because there was no difference in the level
www.Scien
of a-SMA+ cell proliferation between the NF and the NF/VEGF
groups at 7 days after MI, we speculated that the long-term a-SMA+

cell preservation was attributed to vessel formation, as evidenced
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Fig. 1. Intramyocardial NF/VEGF injection achieves a sustained release of up to
14 days after delivery and improves cardiac performance at 28 days after MI. (A)

tailed unpaired t test). (D) A histogram showing the percentage of LVFS at 1 and
28 days after MI in the sham and experimental groups. (E) Infarct length ratio of
The LAD coronary artery was permanently ligated to create MI in Sprague-
Dawley (SD) rats, immediately followed by intramyocardial injection of treat-
ments fromsixdirectionsat theperi-infarct area. (BandC) InvivokineticsofVEGF
releasewithorwithoutNFatdosesof 100ng/ml (B) and1000ng/ml (C). Data are
means±SEM(n=4 to5pergroup). *P<0.05; **P<0.01; n.s., not significant (two-
themid-LVat28daysafterMI.Dataaremeans±SEM(n=8to10pergroup). *P<
0.05, one-wayanalysis of variance (ANOVA)withNewman-Keuls post hoc test.
(F andG) LV inner dimension at systole (F) anddiastole (G). For (D), (F), and (G),
data aremeans±SEM (n=8 to 10per group). *P<0.05; **P<0.01; ***P<0.01;
n.s., not significant (two-way ANOVA with Bonferroni’s post hoc test).
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by arteriogenesis at 28 days after MI (Fig. 2, B and C). Together,
these results support the concept that functional arteriogenesis
requires VEGF-dependent angiogenesis after NF-mediated mural
cell acquisition.

A study was then designed to verify the capacity of NFs to
capture circulating bonemarrow cells (BMCs), which are a source of myo-
fibroblasts and are recruited into the injured area (39). Rats received
intravenous injections of 1 × 107 allogeneic 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI)–labeled BMCs at 7 days
after MI, along with intramyocardial injection of PBS, VEGF (100 ng/ml),
NF, or NF/V100, and were then sacrificed 8 days after MI (Fig. 5A).
The results revealed that significantly more DiI+ BMCs were retained
www.Scien
within the myocardium of rats that received injections of NF com-
pared with rats injected with VEGF or PBS (Fig. 5, B and C). Notably,
the level of myocardial DiI+ BMC infiltration was significantly en-
hanced by the NF/VEGF injection compared with the injection of
NF or VEGF alone. This synergistic effect suggests that a chemotactic
or vessel-promoting effect of VEGF couples with an optimally reten-
tive NF microenvironment to retain circulating BMCs.

To further explore the cell recruitment and retention mechanisms,
we examined the expression profile of adhesion molecules within the
infarct myocardium following various treatments at 3 days after MI.
Among them, we found that b2-integrin expression was markedly
up-regulated after NF/VEGF injection (Fig. 5D). We thus repeated
ceTranslationalMedicine.org 8
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the BMC injection experiment with cells
pretreated with b2-integrin blockage
(Fig. 5A). The effect of cell recruitment
and retention disappeared in the NF and
NF/VEGF groups, whereas the VEGF
group seemed not to be greatly affected
(Fig. 5, B andC). A similar findingwas ob-
served in the in vitro cell adhesion study,
where we cultured freshly isolated BMCs
on NF-coated, collagen-coated, and non-
coated dishes. Consistently, there were
significantly more adhered cells in the
NF-coated group than in other groups,
whereas this effect was blocked after b2-
integrin neutralization of BMCs (Fig. 5E).

To clarify whether there are other
factors affecting the influx of BMCs, we
examined the level of sustainedmyocardial
vascular leakage at 7 days after MI (Fig.
3A). Our results revealed that there was
only mild vascular leakage within the
heart of the NF/VEGF treatment group
(day 7 group; Fig. 3B and fig. S7). We also
examined the macrophage (CD68+ cells)
infiltration at various time points to test
whether the inflammatory response af-
fects cell recruitment after MI (fig. S8A).
The inflammatory response persisted be-
yond 7 days after MI in the PBS group,
whereas it decreased at 7 days after MI in
the NF, VEGF, and NF/VEGF treatment
groups (fig. S8B). Together, these results
imply that recruitment of reparative cells,
such as myofibroblasts or BMCs, may not
be directly attributed to vascular leakage
or inflammatory response.

NF/VEGF recruits cardiomyocyte-like
small cells after MI
Surprisingly, we detected more cardiac
troponin I–positive (cTnI+) small cells,
which were previously defined as putative
myocyte precursors (35), within the
injected myocardium at 28 days after MI
following NF/VEGF injection than in the
other groups (fig. S9). To further confirm
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that these cTnI+ small cells were not mere debris of remnant cardio-
myocytes, we conducted a genetic fate-mapping approach using
inducible MerCreMer-ZEG mice as described previously (40). In brief,
the cardiomyocytes were specifically labeled with green fluorescent pro-
tein (GFP) after a short period of tamoxifen pulse, and theGFP− cardio-
myocytes represent newly generated cardiomyocytes derived from
endogenous stem/progenitor cells after injury (40). Therefore, the
www.Scien
GFP−/cTnI+ small cells may indicate stem/progenitor cell–derived
cardiomyocyte-like cells in this system. The mice were injected with PBS,
VEGF (100 ng/ml), NF, or NF/V100 after experimental MI (Fig. 6A and
fig. S10). Injection of NF/VEGF recruited significantly more GFP−/cTnI+

small cells than did the injection of PBS, VEGF alone, or NF alone (Fig. 6,
B and C). There were also slightly more GFP-negative mature cardio-
myocytes observed in theNF/VEGF treatment group,withno significant
ceTranslationalMedicine.org 8
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differences compared with the control.
Nevertheless, the results suggest that the
injection of NF/VEGF can provide an in-
tramyocardial microenvironment that is
favorable for induction of endogenous
cardiomyocyte regeneration.

Intramyocardial NF/VEGF injection
increases cardiac performance and
arteriogenesis after MI in pigs
We then performed experimental infarc-
tion in an established pig model (30) to
test the therapeutic efficacy and the clini-
cal translational potential (Fig. 7A). PBS,
VEGF (100 ng/ml), NF, or NF/V100 was
injected immediately after MI. Consistent
with the results in rats, VEGF-only in-
jection slightly improved cardiac function
with no significant difference compared
with control, whereas NF/VEGF injec-
tions significantly improved cardiac per-
formance at 28 days after MI (Fig. 7B).
The reduced infarct size (Fig. 7C and fig.
S11) and hemodynamic parameters, such
as +dP/dt, −dP/dt, time constant of LV
pressure decay, and maximum chamber
elasticity, also showedconsistency (table S1).

Moreover, similar to the outcome in
rats, delivery of VEGF with and without
NF both improved after MI angiogenesis
(Fig. 7D and fig. S12), but only the NF/VEGF
injection significantly improved arterio-
genesis at 28 days after MI (Fig. 7, E
and F, and fig. S13). This result suggests
that the cardiac benefit relies on arterio-
genesis rather than angiogenesis after MI.
DISCUSSION

VEGF therapies have failed to show con-
sistent benefits in recent clinical trials of
ischemic cardiovascular disease (8, 9),
and intensive efforts have been devoted
to determine both the key problems and
the potential solutions (14, 17). The results
of our study suggest that therapeutic out-
come relies more on arteriogenesis than
angiogenesis, and that this effect cannot
be achieved by a mere increase in VEGF
dose. This study demonstrated that NFs
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create an intramyocardial microenviron-
ment that can recruit endogenous myofi-
broblasts for improved repair after MI.
Specifically, the effect of the resultant mi-
croenvironment can be further enhanced
with sustained VEGF release via NFs and
synergistically stimulate arteriogenesis as
well as cardiac performance after MI.

Todate, the largest phase 2 clinical trial
to use recombinant VEGF165 for the treat-
ment of ischemic cardiovascular disease
was performed by Henry et al. in 2003
(8). This study demonstrated that treat-
ment with low-dose VEGF failed to im-
prove cardiac symptoms and function,
whereas treatment with high-dose VEGF
reduced angina frequency but did not im-
prove cardiac function when compared
with the placebo-treated group. In the cur-
rent study, we present a similar finding
that an increased VEGF dose is slightly
more favorable, but not sufficient, to im-
prove cardiac function afterMI. It appears
that arteriogenesis ismore important than
angiogenesis for a cardiac benefit, as sug-
gested by an improved LVFS and reduced
cardiac dilation and infarct size, as well as
the preservation of cardiomyocytes around
the matured arteries in both rats and pigs.
Nevertheless, our data demonstrate that
arteriogenesis cannot be induced by treat-
ment with VEGF alone, even after a 10-
fold increase in VEGF dose (up to 1 mg/ml).
Indeed, increasing the VEGF dose may
not be ideal for clinical applications be-
cause this increase is often accompanied
by aggravated risks of hypotension, gener-
al edema, tumorigenesis, and metastasis
(5, 9). Consistently, we also observed aug-
mented proteinuria, increased ratio of
venogenesis, and vascular leakage in the
brain, lungs, liver, spleen, and kidneys in
the group that was subjected to high-dose
VEGF. Notably, these harmful complica-
tions were not observed when high-dose
VEGFwas delivered with NF, which dem-
onstrates the safety and efficacy of con-
trolled delivery with NFs, in line with
our previous study (33).

Consistent with our results, it has been
shown that arteriogenesis is therapeuti-
cally more critical and beneficial than an-
giogenesis (14, 15, 17). Although previous
studies have demonstrated that arterio-
genesis can be promoted by the delicate
dual or triple delivery of growth factors
and cells with biomaterials (15, 16, 41, 42),
it relies on the precise controlled sequential
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release or direct serial delivery, which is unfavorable for clinical use. The
present study has provided a relatively simple approach and has obtained
not only equivalent efficacy of arteriogenesis but also positive cardiac im-
provements afterMI, suggesting thatNFs act asmore than just a carrier for
controlled delivery.Wepropose that spontaneous and specific regulationof
arteriogenesis is activated within the microenvironment of the NF/VEGF
injection site, and that this regulation can be attributed to several dis-
tinct properties of the NFs. First, the NFs used here are composed of self-
assemblingpeptide fiberswithdiameters of 10 to20nm.This conveniently
www.Scien
allowed for a true three-dimensional cell culture environment similar to
the natural ECM (10 to 300 nm) (43). Conversely, most biomaterials for
tissue engineering are fibers ranging from 10 to 100 mm in diameter,
which only allow two-dimensional cultures because they are as large
as most mammalian cells (21, 29, 44).

Second, the NFs are degraded slowly, such that about 70% of the
material is retained within the injected myocardium for as long as
1 month (30). This retention may aid in the provision of a stable milieu
and space for cell anchorage as well as vessel formation. By contrast,
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most biocompatible hydrogels are either rapidly degraded or non-
degradable. Third, the use of NFs also allows for the sustained release
of VEGF as well as several other drugs or growth factors via physical
embedding or chemical immobilization (31–34, 45–47). Last, NF im-
plantation creates an intramyocardialmicroenvironment that promotes
the recruitment, retention, and maturation of vascular and cardiac
www.Scien
stem/progenitor cells (30, 35), enhancing their therapeutic potential.
Together,NFs have all the aforementioned qualities to create an instruc-
tive microenvironment for arteriogenesis in vivo.

Myofibroblasts are recruited into the myocardium and undergo
apoptosis as part of scar formation and ventricular remodeling after
infarction (39, 48, 49). Our data demonstrated that myofibroblasts were
ceTranslationalMedicine.org 8
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enrichedwithin themyocardium at 3 days
after MI and then rapidly decreased in
number. The accumulation of nonvascular
integrated SM22a+ cells at 28 days after MI
indicated that NF-constructed microenvi-
ronments could preserve myofibroblasts
within the myocardium for at least 7 days
after infarction and could promote further
SMC differentiation. The results are con-
sistent with our previous study (30), which
demonstrated thatNF injection could retard
harmful collagen deposition (49) and dia-
stolic dysfunction due to a reduction in
myofibroblast apoptosis. Together, the
enhanced replenishment of myofibroblast-
derived SMCs and the engraftment of exog-
enous BMCs by the NFs indicate that the
NF/VEGF injection has created a micro-
environment that provides a relocation base
for circulating BMCs, which can then home
to injured sites and differentiate into mu-
ral cells for arteriogenesis. Endogenous
repair may be facilitated by direct VEGF
signaling (such as via a chemoattractant)
(50), VEGF-induced angiogenic network
(improving the arrival of endogenous stem/
progenitor cells), or the activated induc-
tive microenvironment termed the vascu-
lar niche (6, 51).

Davis et al. reported that within the
NF-injected region of normal myocar-
dium, there was an infiltration of puta-
tive myocyte precursors that expressed
a-sarcomeric actin and Nkx2.5 (35). Nev-
ertheless, these cardiomyocyte-like cells
were not found after MI in the follow-
up study (31). The present study demon-
strated that the NF/VEGF injection gave
rise to an infiltration of cardiomyocyte-
like small cells within the infarctedmyocar-
dium, indicating that endogenous cardiac
regeneration after MI may be induced by
the recreated vascular niche. Future stu-
dies on how to intensify and optimize this
effect to obtain mature and functional car-
diomyocytes may help reach the ultimate
cardiac restoration.

Increasing reports have revealed the
advantage and importance of biomaterials
in cardiac tissue engineering (20, 52, 53).
Despite the enthusiasm, there are rela-
tively few ongoing clinical trials using
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injected materials for cardiac repair (ClinicalTrials.gov identifiers:
NCT00557531, NCT01311791, NCT01226563), maybe due to a lack
of evidence in large-animal studies, which are necessary before moving
to humans. We performed a large-animal study with a pig model to
demonstrate the translational potential. However, because the immedi-
ate treatment afterMImaynot be relevant to clinical situations, whether
this approach also works in the chronic case andwhether there exists an
www.Scien
optimal therapeutic time window require further examination. The op-
timization of NF/VEGF dose and long-term studies are also needed for
clinical translation. In addition, although we showed the major merit of
NFs to build beneficial microenvironments, the exact pivotal cues may
be attributed to the biometric fiber diameter, tendency to induce cell
adhesion, slow degradability, or a combination of all of these. Therefore,
the underlying mechanism as well as the criteria for biomaterial design
ceTranslationalMedicine.org 8
still requires further investigation. In con-
clusion, here we report that NFs are able
to create an in vivomicroenvironment for
cardiovascular regeneration and also pro-
vide positive therapeutic effects afterMI in
both small and large animals. This strategy
holds promise for future research not only
in basic tissue engineering but also in
translational medicine.
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MATERIALS AND METHODS

All animal procedures were approved by
theNationalChengKungUniversity Insti-
tutional Animal Care andUseCommittee.

Rat experimental MI model
Male Sprague-Dawley rats (~250 g) were
anesthetized, and the chest cavity was
opened either without coronary artery li-
gation (sham) or with permanent ligation
of the left anterior descending (LAD) cor-
onary artery. Then, a total of 80 ml of each
of the various treatment formulations
was given by intramyocardial injection
divided among six different sites at the bor-
der zones and the infarcted area of the
heart. Cardiac performance was assessed
by echocardiography; animals were then
sacrificed and their tissues stained for
levels of pathological remodeling, angio-
genesis, and arteriogenesis (Supplemen-
tary Methods).

Preparation of NF/VEGF treatments
and the in vivo release kinetics
of VEGF
Self-assembling peptide NFs (peptide
sequence AcN-RARADADARARADADA-
NH2; SynBioSci) were gel-formatted with
sterile PBS as solvent, as described previ-
ously (30). Recombinant humanVEGF165
was thoroughly mixed with either the NF
or PBS at a volume ratio of 1:9 to obtain the
required concentration for each experiment.
Ratheartswithvarious treatmentswerehar-
vested at various time points, and the bor-
der and infarctmyocardiumwere trimmed
and dissolved in 400 ml of nonreducing
buffer containing 1% Triton X-100, 50 mM
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tris (pH 7.4), 300 mM NaCl, 5 mM EDTA, and 0.02% NaN3, supple-
mented with a proteinase inhibitor cocktail (Sigma-Aldrich) at a 1:200
dilution for protein extraction. The soluble protein extracts were then
subjected to a human VEGF165 enzyme-linked immunosorbent assay
(eBiosource).

Exogenous BMC injection study
At 7 days after treatment, rats were intravenously injected with 107

rat BMCs, which had been freshly isolated from the tibias and
femurs and labeled with DiI (Invitrogen) for tracing. For b2-integrin
blockage, 0.5 × 106 cells were incubated with anti–b2-integrin mono-
clonal antibody (BD Pharmingen) at a concentration of 20 mg/ml for
30 min on ice immediately before injection (54). The rats were then
sacrificed 1 day after the BMC injection, and hearts were harvested
for tissue processing as described above. The myocardial sections were
stained with 4′,6-diamidino-2-phenylindole (DAPI), and four pictures
were taken blindly for each section. DiI signal was detected with a red
fluorescence filter set at a constant exposure time. Only cells whose
nuclei were surrounded with DiI signal were counted as DiI+ cells.

Cardiomyocyte-specific fate-mapping study
Double-transgenic MerCreMer-ZEG mice were generated as de-
scribed previously (40). Tamoxifen (Sigma) was dissolved in sunflower
oil (Sigma) at a concentration of 5 mg/ml and was injected intra-
peritoneally at a dose of 40 mg per gram body weight per day for
14 days. The GFP−/cTnI+ cells were quantified blindly, and the
nuclei of the counted cells were surrounded with cTnI, but not
GFP, signals.

Pig model of experimental MI
Sexually mature Lanyu mini-pigs (~5 months old) were induced
with MI by a permanent occlusion of mid-LAD coronary artery,
immediately followed by injection of 2 ml of PBS or 1% NF with
or without VEGF (100 ng/ml) into the peri-infarct and infarct
areas. Cardiac functions were assessed by echocardiography before
and immediately after MI and together with hemodynamic mea-
surements through catheterization 4 weeks later.

Pigs were then sacrificed, and hearts were harvested as previous-
ly described (30). In brief, the atria and right ventricles were re-
moved, and then the LVs were cut into two parts at the papillary
muscle insertion site and placed upright. Necrotic tissue (pale) was
quantified by manual tracing and software calculation (ImageJ).

Statistical analysis
Differences were determined by two-tailed unpaired t test or one-
way repeated-measures ANOVA with Newman-Keuls post hoc test
to compare means between multiple groups, or by two-way
ANOVA with subsequent Bonferroni’s post hoc test to compare
means between multiple groups on multiple time points. A P value
of <0.05 was considered statistically significant.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/4/146/146ra109/DC1
Methods
Fig. S1. Human VEGF acts on rat endothelial cells in a dose-dependent manner.
Fig. S2. Peptide NFs exhibit a high binding capacity and a stable release kinetics profile of
VEGF in vitro.
www.Science
Fig. S3. NF/VEGF retards pathological remodeling at 28 days after MI.
Fig. S4. NF/VEGF and high-dose VEGF improve the peri-infarct capillary density at 28 days
after MI.
Fig. S5. FluoSpheres estimate vessel leakage in vital organs at day 0.
Fig. S6. Representative flow cytometry–like scattergram of Ki67- and a-SMA–positive cells un-
der various treatments and time points.
Fig. S7. FluoSpheres estimate vessel leakage in vital organs at day 7.
Fig. S8. Macrophage infiltration is attenuated by NF and/or VEGF injection after infarction.
Fig. S9. Immunostaining of cardiomyocyte-like small cells at the border zone from each treat-
ment group at 28 days after MI in rats.
Fig. S10. Background signals from erythrocytes, but not GFP−/cTnI+ cardiomyocyte-like cells,
were detected in the negative control of staining.
Fig. S11. Cross sections at the level of papillary muscle insertion of left ventricle from each pig
group.
Fig. S12. Capillaries at the border zone from each treatment group at 28 days after MI in pigs.
Fig. S13. Arterioles and arteries at the border zone from each treatment group at 28 days after
MI in pigs.
Table S1. Hemodynamic parameters in pigs at 28 days after MI.
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