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a  b  s  t  r  a  c  t

The  cardiac  repair of myocardial  infarction  (MI)  hearts  of rats  using  chitosan-hyaluronan/silk  fibroin
(chitosan-HYA/SF)  cardiac  patches  was  examined  after  eight  weeks  of implantation.  Rats  with  implanta-
tions  of  chitosan-HYA/SF  patches  (CHS  group)  significantly  (P  <  0.05)  reduced  the  dilation  of  the  inner
diameter  of  left ventricle  (LV)  (4.27  ±  0.29 mm),  increased  wall  thickness  of  LV  (1.5  ± 0.13  mm)  and
improved  the  fractional  shortening  of  LV  of hearts  (LVFS)  (42.8  ±  2.4%)  compared  with  those  values  of  LVs
eywords:
hitosan-HYA/SF cardiac patch
ardiac repair
yocardial infarction

ngiogenesis
aracrine factors

of rats  without  implants  (MI group)  (e.g.,  5.92  ±  0.39  mm,  1.2 ± 0.06 mm  and  31.5  ±  1.4%,  respectively).
Moreover,  blood  vessel-like  structures  in MI regions  of  LVs in  the  CHS  group  were  widely  distributed
while  none  was  found  in  the  MI  group.  The  CHS  group  significantly  improved  the  secretion  of  paracrine
factors,  such  as  VEGF  in  the  MI  regions  of  LVs (P <  0.05, n  =  4),  relative  to that in  the  MI  group.  In conclusion,
chitosan-HYA/SF  cardiac  patches  are  promising  biomaterials  for  the cardiac  repair  of  MI  rat  hearts.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Myocardial infarction (MI), a leading cause of heart failure,
esults in injury of the myocardium, gradual loss of cardiac tissue
nd impairment of left ventricular (LV) functions by impairment
f ventricular remodeling, such as by wall thinning and scar for-
ation (Van Lenthe, Gevers, Joung, Bosma, & Mackenbach, 2002).
ne of the therapeutic strategies involves attenuation of progres-

ive remodeling, leading to tissue destruction following MI  (Yang
t al., 2007). Various biomaterials that exhibit both mechanical and
iochemical functions that improve the LV remodeling of MI  hearts
re worthy of development.

Several materials have been investigated for use in post-MI
emodeling. For instance, there are glutaraldehyde-crosslinked
embranes such as bovine pericardium (Kochupura et al.,

005; Robinson et al., 2005), woven nylon for use in cardiac-
estraining devices (Yamazaki et al., 1989) and expanded
oly-tetrafluoroethylene (e-PTFE) (Minatoya et al., 2001). Although

he aforementioned membranes or devices improve LV remodeling,
hey are not typically biodegradable and most induce immuno-
esponses of various strengths (Jin et al., 2009; Piao et al., 2007).

∗ Corresponding author. Tel.: +886 5 5342601 4610; fax: +886 5 5312071.
∗∗ Co-corresponding author.

E-mail address: twchung@yuntech.edu.tw (T.-W. Chung).
1 Co-first author.

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.09.012
Recently, alginate or chitosan hydrogels have been employed to
improve heart remodeling and the functionality of chronic MI  in
rats or pigs (Leor et al., 2009; Lin et al., 2010; Lu et al., 2010).
Although the benefits of remodeling MI  hearts by treating them
with hydrogels have been established, their efficacies are usually
influenced by gel volume, location of injection, and the mechan-
ical strength of the injected hydrogel (Nelson, Ma,  Fujimoto,
Hashizume, & Wagner, 2011). Although some investigators have
shown the efficacies of synthetic cardiac patches or scaffolds (such
as poly (lactide-co-�-caprolactone) scaffolds) in the remodeling of
MI  hearts (Jin et al., 2009; Piao et al., 2007), studies of the efficacy
of cardiac patches that are fabricated from chitosan-HYA/SF on the
cardiac repair of MI  rat hearts are lacking.

Chitosan, an amino polysaccharide, is suitable for the prepa-
ration of complex matrices for tissue engineering, such as in the
neo-formation of bone and cardiomyogenesis (Muzzarelli et al.,
1994; Muzzarelli, 2009; Rios, Skoracki, Miller, Satterfield, & Mathur,
2009; Yang et al., 2009). Moreover, it has a chemo-attractive prop-
erty for growth factors, and high capacity to form complexes with
inorganic and biochemical substances in the repair of wounded skin
and the regeneration of nerves and bone (Minatoya et al., 2001;
Muzzarelli, 2011). Hyaluronan is distributed throughout the ECM
of connective tissues of humans and other mammals. Furthermore,

HYA promotes wound healing (Dechert, Ducale, Ward, & Yager,
2006) and can be incorporated with other biomaterials includ-
ing chitosan and chondroitin sulphate to produce hybrid matrices
for promoting angiogenesis, and for the regeneration of cartilage

dx.doi.org/10.1016/j.carbpol.2012.09.012
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:twchung@yuntech.edu.tw
dx.doi.org/10.1016/j.carbpol.2012.09.012
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Muzzarelli, 2012; Perng, Wang, Tsi, & Ma,  2011). The interactions
etween CD44 of HYA and the receptors of the bone marrow stem
ells (BMSC) of rats are reportedly important in the cardiomyoge-
esis of the cell (Yang et al., 2009, 2010). SF, a fibrous protein that
omprises glycine and alanine as the main amino acid residues, has
een extensively examined for engineering tissues, such as tendon
egeneration, because of its low inflammatory response and favor-
ble biological response (Kardestuncer, McCarthy, Karageorgiou,
aplan, & Gronowicz, 2006; Meinel et al., 2005). Chitosan-HYA/SF
ardiac patches incorporated chitosan-HYA into SF, and supported
he proliferation of bone marrow stem cells (BMSC) and their dif-
erentiation into cardiomyocytes in an in vitro study (Yang et al.,
009, 2010). For instance, in vitro cardiomyogenic differentiations
f BMSC on chitosan-HYA/SF patches were significantly higher in
xpressing cardiomyocyte-specific proteins such as troponin T and
ardiac genes such as Nkx2.5 than those on SF patches (Yang et al.,
009, 2010). Hence, the effectiveness of chitosan-HYA/SF patches
n cardiac repair in vivo is thereby examined herein using an MI
at heart model.

This study is to examine the influences of implanting chitosan-
YA/SF patches on cardiac repair of MI  rat hearts. Chitosan-HYA/SF
atches were fabricated by this laboratory as described elsewhere
Yang et al., 2009, 2010). The model of an MI  rat heart was induced
sing a cryo-injury technique (Jin et al., 2009; Van den Bos, Mees,
e Waard, de Crom, & Duncker, 2005). To evaluate the cardiac
epair of MI  rat hearts with implanting chitosan-HYA/SF patches,
he patches were first implanted to the MI  zones of LVs, and the
ardiac functions including LV fractional shortening (LVFS) and
he end-diastolic diameters of hearts were assessed by echocar-
iography and catheterization, respectively, in 2 months after the

mplantation. In addition, the vWF  immunochemical staining was
arried out to examine the vessel-like formations in the MI  zone
f an LV. The secretions of various paracrine factors in the MI  zone
f an LV such as vascular endothelial growth factor (VEGF), basic
broblast growth factor (bFGF) and hepatic growth factor (HGF)
ere also determined by a real-time PCR.

. Materials and methods

.1. Fabricating chitosan-HYA/SF patches

The procedures for producing chitosan-HYA/SF patches were
ollowed as our early reports (Yang et al., 2009, 2010). Briefly,
ilk cocoons were purchased from a silk center in Taiwan (Shi-
Tan, Miao-Li, Taiwan), boiled in Na2CO3 and SF was extracted.
F was then dissolved in 9.3 M LiBr solution and then dialyzed.
he final concentration of the SF aqueous solution was  8% (w/v).
hitosan (96% de-acetylated; MW,  200 kDa) (Sigma–Aldrich, USA)
nd hyaluronan (HYA) (MW,  15 kDa) (Lifecore, USA) were added
nd dissolved in the previously SF solution (1.5 wt%) to yield the
atios of chitosan-HYA/SF (w/w/w) as 1:1:10 (Yang et al., 2009,
010). To prepare the patches, the SF-based hybrid microparticles
ere initially fabricated using a spray-drying machine (EYERS SD-

000) (Tokyo Rikakikai Co., Tokyo, Japan). These microparticles
ere then pressed using a pressing machine at a pressure of 10 GPa

t room temperature to fabricate chitosan-HYA/SF patches. The
hitosan-HYA/SF patches were then crosslinked in 1% genipin solu-
ion (Challenge Bio-products Co., Ltd., Taipei, Taiwan) for 12 h at
5 ◦C; the cross-linking reactions were terminated by adding 3%
lycine. The dark-blue patches had a diameter of 13 mm,  thickness

f 200 mm,  and mass of 20–25 mg,  and swelling ratio of 15–20%.
he patches were put in a bottle of distillated water and the bot-
le was sterilized by an autoclave at 121 ◦C for 40 min  which were
eady for animal studies.
lymers 92 (2013) 591– 597

2.2. Experimental animals

Thirty female Wistar rats weighing around 250 g were housed
and maintained in a controlled environment. All procedures involv-
ing animals were approved by the Animals Committee of the
National Taiwan University College of Medicine. Rats were divided
into three experimental groups (Fig. 1): the sham group (n = 6);
which thoracotomy was performed without a cryo-injured treat-
ment; the MI  group (n = 13); which the MI  model was provoked
(Jin et al., 2009; Van den Bos et al., 2005); the CHS group
(n = 11); the chitosan-HYA/SF patches were implanted onto MI rat
hearts.

To induce MI  in a rat heart, the following cryo-injury proce-
dures were performed (Jin et al., 2009; Van den Bos et al., 2005);
Rats were anesthetized and subsequently intubated and ventilated
mechanically with room air. The heart was  exposed through a
left thoracotomy (in third or four inter-costal spaces) and an LV
acute MI  was created using three sequential exposures to a liquid-
nitrogen-cooled cryo-probe, a stainless-steel cylinder with 6 mm  in
diameter. Initiation of MI  of heart was  confirmed by wall blanch-
ing followed by hyperemia (Callegari et al., 2007; Jin et al., 2009;
Treguer et al., 2010; Van den Bos et al., 2005). Moreover, the cryo-
injury zone of an MI  heart was  identified by their pale color relative
to that of the surrounding myocardium.

2.2.1. Implanting chitosan-HYA/SF patches onto MI  hearts
The chitosan-HYA/SF patches were then placed on the epicar-

dial anterolateral region corresponding to the injured area (about
30 mm2). After MI  hearts were successfully induced and stabi-
lized, the patches cut in size of 8 mm × 8 mm were covered on
the epicardial anterolateral region where was correspondent to the
cryo-injured area. The cardiac patches were fixed to the MI  zones
by fibrin glue (OMRIX Biopharmaceuticals Ltd., USA) in four pos-
itions of their edges. The results of cardiac repairs of MI  hearts for
all study groups were examined after the rats were sacrificed in the
end of study.

2.3. Histology, histochemistry and morphometry of MI  hearts

Frozen sections of 5 �m thick were cut from MI  zone of the
rat hearts in the four experimental groups and stained with
hematoxylin and eosin (HE) and massom trichrome stain (MT)
for immunohistological analysis. Their morphology was observed
using a phase contrast microscope that was  equipped with flu-
orescent light and photographs were taken using a CCD camera
(Zeiss Axioskop2, Germany). The LV inner diameter in transverse
section across the LV of HE staining specimen was  measured at
the level of mid  portion of papillary muscle and counted by two
blinded observers in five slides; the mean number of HE staining
per specimen was  used for analysis. For histochemistry analyses,
five equatorial sections of the MI  zones of LVs were reacted with
anti-Von Willebrand factor (vWF; for capillaries) (Millipore, CA,
USA), anti-alpha-myosine heavy chain (anti-�-MHC; mouse IgG in
1:200; for stains of contract proteins) (Millipore, CA, USA) and CD68
(Millipore, CA, USA) for each cardiac sample of an animal.

2.4. LV functional evaluations for MI  hearts

Trans-thoracic echo-cardiographies of rats were performed
before MI  induced to obtain a baseline echocardiogram, and at eight
weeks after MI  induction. Rats were anesthetized with 150 mg/kg
barbiturate after echocardiographic examination. A commercial

echocardiographic machine with a 15 MHz  linear transducer was
used to evaluate LV dimensions and systolic function. Under the left
lateral decubitus position, M-mode tracing of the LV was obtained
close to the papillary muscle level using the short-axis imaging
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Fig. 1. Schematic illustrations of the study groups including the sham, MI  and CHS (MI hearts with implantation of CS-HA/SF patches). An MI  rat heart was induced by a
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ryo-injury technique with a nitrogen-cooled probe (the green bar). (For interpretati
f  this article.)

lane. All the dimensions and wall thickness data of LV were
easured according to the American Society of Echocardiogra-

hy leading-edge technique, and the value of each rat was the
ean of three measurements. In addition, the fractional shortening

FS) of the LV is expressed as FS (%). The LV fractional shorten-
ng (LVFS) was expressed as: LVFS (%) = [LV internal dimension on
nd diastole ((LVID) d) − internal dimension on end systole ((LVID)
)/(LVID) d] × 100. All measurements are averages of three consec-
tive cardiac cycles and were made by an experienced technician
lind to the treatment groups.

.5. Total RNA and real-time PCR analysis for MI zones of hearts

The mRNA populations were determined by real-time poly-
erase chain reaction (PCR) analysis using a TaqMan primer-probe,

aqMan Universal PCR master mix, and automated fluorometer
ABI Prism 7900) as our early reports (Yang et al., 2009, 2010). In
rief, rat hearts of four rats of each group were randomly selected
or the real-time PCR analysis. 0.5 g of a cardiac tissue in the MI
one of a heart was first homogenized at 4 ◦C, centrifuged and the
ellet in the bottom was obtained for the PCR analysis. Total RNA
as extracted from cells using an RNeasy Mini Kit (Qiagen, Hilden,
ermany) following the manufacturer instructions. Total concen-

ration of extracted RNA was determined by UV spectroscopy at
D260 nm and an RNA sample for RT-PCR analysis was repeat-
dly performed for three times or more (Yang et al., 2009, 2010).
he quantifications of the expressions of various paracrine fac-
ors such as VEGF and bFGF in MI  zones of LVs were analyzed
y the RT-PCR technique (Yang et al., 2009, 2010). Customized
robe-based TaqMan gene expression was performed using an
BI 7900 Sequence Detection System (Applied Bio-systems, Fos-

er City, CA, USA). The detailed procedures for determining gene
xpressions can be referred elsewhere (Yang et al., 2009, 2010). The
enes expression levels of Myh6 (Rn00568304 m1,  myosin, heavy
hain 6, cardiac muscle, alpha), VEGF (Rn01511601 m1,  VEGF A),

FGF (Rn00570809 m1,  FGF 2) and HGF (Rn00566673 m1,  HGF) in
I  zones were measured. The changes in values of gene expres-

ions of the studied samples relative to the control were calculated
Pinhasov et al., 2004).
the references to color in this figure legend, the reader is referred to the web version

2.6. Statistical analysis

Statistical analyses for the experimental data of this study were
employed with SigmaStat statistical software (Jandel Science Corp.,
San Rafael, CA, USA) (Yang et al., 2009, 2010). Statistical signifi-
cance in the ANOVA analysis corresponded to a confidence level
of at minimum 95%. Data are presented as mean ± SD of various
measurements.

3. Results and discussion

3.1. MI rat hearts induced by a cryo-injury technique

Five of 13 rats in the MI  group and three of 11 rats in the
CHS group died intra-operatively and/or during the immediate
postoperative period owing to surgical complications; no late post-
operative death occurred in those groups. Accordingly, eight rats
received chitosan-HYA/SF patches, which were directly implanted
onto the infarcted zones of MI  hearts. In this study, blanching wall
followed by hyperemia of hearts was observed as an index for con-
firming that the cryo-injury technique successfully induced the MI
rat hearts (Callegari et al., 2007; Jin et al., 2009; Treguer et al., 2010;
Van den Bos et al., 2005). Moreover, the cryo-injured area of each
MI  heart was identified by its paleness relative to the surround-
ing myocardium (Fig. 2(a)). A similar technique was also utilized to
induce the MI  of hearts by others when they examined the effec-
tiveness of synthetic polymer cardiac patches on cardiac repairs
(Jin et al., 2009). Although the myocardial necrosis and scar forma-
tion in the MI  zones that were caused by a cryo-injury model may
be less similarity to those in clinical outcomes than those caused
by coronary ligation, the size of the infarcted zone and the severity
of myocardial dysfunction that are caused by cryo-injury are more
controllable than those caused by ligation (Li et al., 1996; Van den
Bos et al., 2005).

3.2. Cardiac functions of LV of MI  hearts
3.2.1. Inner diameters of LV in MI hearts with or without
implanted patches

Chitosan-HYA/SF patches promoted the proliferation and car-
diomyogenic differentiation of BMSC of rats more effectively than
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Fig. 2. The images of MI hearts: (a) the injured myocardium was shown after MI
induced by a cryo-injury technique (within a yellow dashed line) and MI  region in
the apex area and (b) the morphology of a CS-HA/SF patch on the MI  regions of
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Fig. 3. HE stains of hearts of the (a) Sham, (b) MI  and (c) CHS groups after eight
weeks of study. The inner diameters of the LV of various study groups were shown
by  arrows. LV inner diameter of MI  hearts in the MI  group was significant larger
compared with those of other groups.
he hearts after 2 months of study which was still adhered on the same place. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

id SF patches in vitro (Yang et al., 2009, 2010). The effectiveness
f chitosan-HYA/SF patches in the cardiac repair of MI  rat hearts is
xamined herein. After 2 months of study, chitosan-HYA/SF patches
ere still strongly attached to the MI  regions of the hearts; they
ere morphologically intact without degradation and no aneurysm
as observed around these regions, although they were partially

overed by fatty connective tissues around the edges of the patches,
erhaps because the implanted patches were directly covered onto
he MI  zones, and they were only fixed by fibrin glue at their
dges (Figs. 2(b) and 3(c)). Furthermore, at the end of study, the
atches generally exhibited a weak immuno-response, as deter-
ined by the immunochemical staining of an immuno-responsive

D-68 marker (data not shown), in the implantation regions.
Fig. 3(a)–(c) presents the HE staining of MI  rat hearts in the three

roups. The hearts that were obtained from rats of the sham group

ere intact. The inner diameter of the LV in a sample was indicated

y an arrow (Fig. 3(a)). The hearts of the MI  group exhibited exten-
ive fibrous tissues; their LVs had enlarged inner diameters and the
hickness of the walls in their MI  regions was reduced (Fig. 3(b)).
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Table  1
Hearts repair of LVs were evaluated with LV inner diameter, LVFS and LV wall thick-
ness of MI  hearts of three groups for eight weeks of study. LV inner diameters of the
sham and CHS groups were significantly smaller than that of MI  group although that
of the sham group was  significantly smaller than the CHS group (***P < 0.001, n = 5,
respectively). The LVFS value of the CHS group was  significantly higher than that of
the MI group although that was lower than that of the sham group. Wall thickness of
LVs of the CHS group was  markedly thicker than that of the MI group although that
was  markedly thinner than the sham group (*P < 0.05; **P < 0.01; n = 8, respectively).

Sham group CHS group MI group

LV inner diameter
(mm)  (n = 5)

2.93 ± 0.26*** 4.27 ± 0.29*** 5.92 ± 0.39***

LVFS (%)
(n = 8) 62.5 ± 2.5** 42.8 ± 2.4** 31.5 ± 1.4**
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Fig. 4. Histological analyses by MT  stains for (a) MI  and (b) CHS groups in the MI
regions of hearts for eight weeks of post-MI. Yellow spot line in 4(b) indicates the
Wall thickness
(mm)  (n = 8) 3.40 ± 0.15** 1.50 ± 0.13* 1.20 ± 0.06*

f interest, the HE staining of MI  hearts in the CHS group revealed
hat the inner diameters in the LVs were smaller than those in the

I  group whereas the thicknesses of their walls exceeded those in
he MI  group (Fig. 3(b) and (c)). For instance, the inner diameters of
he LVs in the CHS group (4.27 ± 0.29 mm,  n = 5, respectively), mea-
ured using Vernier calipers, were significantly smaller than those
n MI  group (5.92 ± 0.39 mm,  n = 5), revealing effective attenuation
f LV remodeling of post-MI by the patches (Table 1). The mean
easured inner diameters of the LVs in study groups were consis-

ent with the observations of HE stains (Fig. 3 (a)–(c)). The inner
iameters of the LVs in the CHS group were significantly smaller
han those in the MI  group, as in studies conducted by other groups,
lthough those other studies involved other biomaterials such as
LCL scaffolds or cell sheets (Fujimoto et al., 2007; Jin et al., 2009;
iyahara et al., 2006; Piao et al., 2007). Treating MI  rat hearts with
echanical supports, such as a woven nylon cardiac restraint or

LCL patches, can also reduce LV diameter and improve some car-
iac functions (Jin et al., 2009; Minatoya et al., 2001; Piao et al.,
007; Yamazaki et al., 1989). In this work, the reduction of the diam-
ters of LVs in MI  hearts by implanting chitosan-HYA/SF patches
emonstrated the benefits of a patch to provide mechanical sup-
ort (Fig. 3). Moreover, the biochemical effects of chitosan-HYA/SF
atches in the treatment of MI  hearts, including the promotion
f angiogenesis and the stimulation of the secretions of paracrine
actors such as VEGF in MI  hearts, were also elucidated.

.2.2. Histological examination and assessment of cardiac
unction of LV

At the end of this investigation, two of the seven rats in the
I group exhibited a moderate thoracic adhesion, whereas only
inimal thoracic adhesions were observed in the CHS group. The

nfarct zones and scar tissues in the LVs in the study groups were
ssessed using Masson’s trichrome (MT) staining to label collagen
car tissues and cardiac muscle (which are represented by a dot-
ed red line and a solid red line, respectively, in Fig. 4(a) and (b)).
ccording to the MT  stains, the chitosan-HYA/SF patches adhered
trongly to the epicardial surfaces of the MI  hearts, and they could
arkedly reduce the fibrosis in the infarcted zones below those

n the MI  group (Fig. 4(a) and (b),  respectively). The result of
I staining of LV by implanting the patches in this investigation
ere similar to those in other reports although their results were

btained by implanting synthetic polymer patches or scaffolds into
he MI  hearts (Fujimoto et al., 2007; Jin et al., 2009; Miyahara
t al., 2006; Piao et al., 2007). Additionally, to assess LV function, a
eries of echocardiographs were obtained to determine LVFS val-
es. MI  hearts that were implanted with chitosan-HYA/SF patches

ad a significantly higher LVFS (P < 0.05, n = 8, respectively) than the
earts in the MI  group (Table 1). For example, the LVFS values in the
HS and MI  groups were 42.8 ± 2.4% and 31.5 ± 1.4%, respectively,
n = 8, for each group). Moreover, the end diastolic LV dimensions
boundary of CS-HA/SF patches and MI  regions, respectively. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  this article.)

of the CHS group (5.2 ± 0.2 mm,  n = 8) were significantly smaller
than those of the MI  group (6.2 ± 0.1 mm,  n = 8). The end systolic
LV dimensions of the CHS group (2.4 ± 0.2 mm,  n = 8) were also sig-
nificantly smaller than those of the MI  group (3.7 ± 0.1 mm,  n = 8).
Accordingly, implanting chitosan-HYA/SF patches into MI  hearts
attenuated LV remodeling of post-MI in a 2-month study. Moreover,
the LV walls in the CHS group (1.5 ± 0.13 mm,  n = 8) were signifi-
cantly thicker (P < 0.05, n = 8) than those in the MI  group (Table 1).
The improvements in the remodeling of the LVs in MI  hearts that
were made by implanting chitosan-HYA/SF patches were similar
to those achieved in other investigations that utilized various syn-
thetic scaffolds or hydrogels (Jin et al., 2009; Leor et al., 2009; Lin
et al., 2010; Lu et al., 2010; Piao et al., 2007).

3.3. VWF  Immuno-histological staining in MI  regions

Fig. 5(a)–(c) shows the VWF  staining of MI  zones of the LVs in the
study groups. Fig. 5(a) reveals numerous vWF-positive or vascula-
ture structures in MI  zone of LV in the sham group but only few
ones were found in the MI  group (Fig. 5(b)). Interestingly, some
vWF-positive cells and neo-vascular structures (or blood vessel-

like structures) were widely distributed in the MI zone of LV of the
CHS group (Fig. 5(c)). Hence, implantation of the chitosan-HYA/SF
patches for treating MI  hearts strongly promoted the angiogenesis
of the MI  zones of LVs, whereas the implantation of PLCL scaffolds
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Fig. 5. IHC staining of vWF  in the regions of LVs of the (a) Sham, (b) MI, and (c) CHS
groups (×400). In the staining, the brown and black stains indicate vWF  positive
and  nuclei of the cells, respectively. Numerous vWF  positive cells and vessels were
homogeneous distributed in the regions of LVs in the sham group while few vWF
positive cells were found in the MI  regions of LVs in the MI group. Blood vessel-like
structures with vWF  positive cells were widely distributed in the MI  regions of LVs
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Table 2
Real-time PCR analyses for the gene expressions of (a) VEGF, (b) bFGF and (c) HGF
factors in the MI regions of LVs of the study groups were shown. The values of the CHS
group were significantly higher than those of the MI  groups. (*P < 0.05; **P < 0.01;
n  = 4 for each group, respectively).

VEGF bFGF HGF

but they were sparse in the MI  group. The PCR analysis showed
n  the CHS group. (For interpretation of the references to color in this figure legend,
he reader is referred to the web  version of this article.)

enerally did not (Fujimoto et al., 2007; Jin et al., 2009). These
lastic PLCL scaffolds only provided mechanical support over the 2-
onth-long studying period (Fujimoto et al., 2007; Jin et al., 2009).

he results of attenuating LV remodeling in the MI  hearts such as

he increase in LVFS values (Table 1) and the promotion of angio-
enesis (Fig. 5(c)) achieved by implanting chitosan-HYA/SF patches
emonstrate that the patches were both as mechanical supports
MI group (n = 4)
(assigned value)

1.0 1.0 1.0

CHS group (n = 4) 2.19 ± 0.11** 2.23 ± 0.29** 4.85 ± 0.21***

and bio-chemically effective on cardiac repairs. The promotion of
angiogenesis in MI  hearts by treating them with chitosan-HYA/SF
patches may result from the presence of chitosan-HYA components
in the patches, which may  influence the resident cardiac stem cells
or recruit influent stem cells to MI  regions, inducing angiogenesis
and promoting myocardial reconstruction in infarcted hearts (Lu
et al., 2010; Muzzarelli, 2011; Perng et al., 2011).

3.4. Expressions of paracrine factors in MI  zones with implanting
patches

VEGF is a cyto-protective and mitogenic factor for cardiomy-
ocytes and also contributes to postnatal neo-vascularization by
endothelial progenitor cells (Herrmann et al., 2011). Additionally,
VEGF promotes myocardial protection in the short term by weaken-
ing the apoptotic signaling of cardiomyocytes and in the long-term
by promoting neo-vascularization and tissue perfusion (Wang et al.,
2010). bFGF promotes the proliferation of endothelial cells and
their physical organization into tube-like structures. bFGF ther-
apy reportedly improves the arteriogenic and echocardiographic
parameters of LV functions in chronic pig ischemia (Kardestuncer
et al., 2006; Meinel et al., 2005). HGF binds to tyrosine kinase
receptors on vascular endothelial cells and affects their migration,
proliferation, invasion, and neo-vascularization (Chi et al., 2012;
Kardestuncer et al., 2006). In this work, the expressions of the gene
markers of those paracrine factors in the MI  regions were examined
by RT-PCR. The expressions of VEGF, bFGF and HGF in the MI  zones
in the CHS group were significantly higher (P < 0.05 or better, n = 4)
than those in the MI  group (Table 2). For example, the values of
VEGF in the MI  and CHS groups were 1.0 and 2.19 ± 0.11 (n = 4, for
each group), respectively. Accordingly, bFGF and HGF gene expres-
sions in the treated MI  zones in the CHS group were 2.23 ± 0.29 and
4.85 ± 0.21 (n = 4, for each group), respectively, but 1.0 (an assigned
value) in the MI  group. Hence, treating MI  rat hearts with chitosan-
HYA/SF patches significantly stimulated the expressions of VEGF,
bFGF and HGF, resulting in more effective angiogenesis than in the
MI group. The expressions of the paracrine factors in the treatments
of MI  hearts using chitosan-HYA/SF patches were greater than those
achieved using synthetic scaffolds or patches (Fujimoto et al., 2007;
Jin et al., 2009; Piao et al., 2007).

4. Conclusions

The cardiac repair of myocardial infarction (MI) hearts of rats
using new chitosan-HYA/SF cardiac patches was examined after
eight weeks of study. The patches significantly improved LV func-
tions in MI  hearts with markedly reducing the dilation of LVs,
increasing the thickness of their walls and improving their frac-
tional shortening (LVFS) in the CHS group, relative to those in the
MI group. Moreover, the patches significantly improved angiogene-
sis in MI  regions of LVs in the CHS group since staining revealed that
the capillary-like structures were widely distributed in the regions
that the MI  regions of LVs in the CHS group secreted more VEGF,
bFGF and HGF in the regions than those in the MI  group. Accord-
ingly, new chitosan-HYA/SF cardiac patches promoted the cardiac
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