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Polysaccharides  are  abundant  biomolecules  in nature  presenting  important  roles  in a wide  variety  of  living
systems  processes.  Considering  the  structural  and  biological  functions  of  polysaccharides,  their  properties
have raised  interest  for  tissue  engineering.  Herein,  we  described  the  latest  advances  in cardiac  tissue
engineering  mediated  by  polysaccharides.  We  reviewed  the  data  already  obtained  in  vitro  and  in  vivo  in
this  field  with  several  types  of  polysaccharides.  Cardiac  injection,  intramyocardial  in  situ  polymerization
strategies,  and  scaffold-based  approaches  involving  polysaccharides  for heart  tissue  engineering  are  thus
discussed.

© 2014  Elsevier  Ltd. All  rights  reserved.
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. Introduction

Polysaccharides are long carbohydrate molecules which con-
ain repeated monosaccharide units joined together by means
f glycosidic bonds. Polysaccharides constitute the most abun-
ant biomolecules in nature and they present essential roles in a
ide variety of living systems processes (Muthana, Campbell, &
ildersleeve, 2012; Nitta & Numata, 2013; Oh, Lee, & Park, 2009).
olysaccharides are molecules that display high biocompatibility
nd biodegradability. They can be classified according to their ori-
in: vegetal origin (e.g. pectin), algal origin (e.g. alginate), microbial
rigin (e.g. dextran, xanthan gum), and animal origin (chitosan,
eparin) (Sinha & Kumria, 2001). Polysaccharides may  also be clas-

ified as a function of their charge: cationic (chitosan), anionic
hyaluronic acid, heparin) and nonionic (dextran). Most natural
olysaccharides present groups such as hydroxyl, carboxyl and

∗ Corresponding author at: Inserm, U1148, Cardiovascular Bio-Engineering, X.
ichat Hospital, 46 rue H. Huchard, F-75018 Paris, France. Tel.: +33 1 4025 8600;

ax:  +33 1 4025 8602.
E-mail address: didier.letourneur@inserm.fr (D. Letourneur).

ttp://dx.doi.org/10.1016/j.carbpol.2014.06.010
144-8617/© 2014 Elsevier Ltd. All rights reserved.
amino groups (Quignard, Di Renzo, & Guibal, 2010), which easily
enable their chemical modifications.

Considering the structural and biological functions of polysac-
charides, it is reasonable to consider the interest in exploiting
them for cardiac tissue engineering. In fact, biomaterials exhibit-
ing both mechanical and biochemical functions may  contribute
to tissue engineering and are worthy of development (Chi, Yang,
Chung, Chou, & Wang, 2013). Additionally, polysaccharides meet
several criteria for an eligible biomaterial for tissue engineering,
which include biocompatibility, biodegradation, and the ability
to deliver and foster cells (Silvestri, Boffito, Sartori, & Ciardelli,
2013). It is important to highlight that the concept of the ideal bio-
material relies not only on its chemical constitution but also on
macroscopic structural features. The biomaterial scaffold should
present a porous structure to enable mass transport (permeabil-
ity and diffusion) (Hollister, 2005). Besides, the biomaterial design
should attempt to reproduce the organizational, mechanical, and
elastic properties of native tissues, which is even more impor-

tant for vital and highly specialized tissues, such as the cardiac
one (De Mulder, Buma, & Hannink, 2009; Engelmayr et al., 2008;
McDevitt, Woodhouse, Hauschka, Murry, & Stayton, 2003). There-
fore, the ideal biomaterial should consist of a structure that support

dx.doi.org/10.1016/j.carbpol.2014.06.010
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ells’ attachment and growth while facilitating their organization
nd possibly differentiation toward a highly ordered biomimetic
onstruct (Sokolsky-Papkov, Agashi, Olaye, Shakesheff, & Domb,
007). The biomaterial should be also a resistant structure prone to
ithstand the high and permanent mechanical stresses related to

ardiac contraction and relaxation. Another major role concerns the
ntegration within the host tissue and eventual progressive replace-

ent by the host extracellular matrix (Giraud, Guex, & Tevaearai,
012). Additionally, biomaterials should ideally present biological
roperties that enhance tissue repair. Functions such as angio-
enesis, cell recruitment and cardiomyocyte protection may  be
romising assets to contribute to the treatment of heart disease
Nelson, Ma,  Fujimoto, Hashizume, & Wagner, 2011). Last but not
east, tissue engineering products must be both efficient and cost-
ffective by combining functionality and ease of production (Place,
vans, & Stevens, 2009).

Polysaccharides are promising materials for meeting many of
he above mentioned criteria for eligible biomaterials for car-
iac tissue engineering. In combination with appropriate cells and
ioactive molecules, polysaccharides may  represent an important
sset to promote heart tissue regeneration. In this regard, it is
mportant to mention that regeneration capacity varies between
ifferent cell types and also depends on the nature of the tis-
ue as well as the extent of injury or insult. Tissues that are in
onstant renewing as the skin are capable of regrowth in an impor-
ant extent. In comparison, the cardiac tissue lacks mechanisms
f regeneration in adults (Sokolsky-Papkov et al., 2007). The aim
f this paper is to provide an overview of polysaccharide-based
pproaches for heart tissue engineering. Initially, the general con-
ext of tissue engineering is disclosed. It is followed by heart tissue
ngineering strategies related to xylan, alginate, pullulan and dex-
ran, chitosan and hyaluronan. Finally, challenges in the field are
iscussed and concluding remarks are presented.

. The context of heart tissue engineering

Cardiac infarct is followed by a sequence of wound repair pro-
esses associated with cell death, inflammation, the formation of
ranulation tissue (constituted by myofibroblast, macrophage, and
ollagen), and finally fibrosis. In response to the loss of cardiomy-
cytes, there is a reorganization of the extracellular matrix for
ompensation. This remodeling will result in cardiac wall thinning,
entricle dilatation and heart failure (Ertl & Frantz, 2005; Gajarsa

 Kloner, 2011; Stefanon et al., 2013; Vilahur et al., 2011). Car-
iac cell death, depending on its extent, renders the heart enable to
eliver sufficient blood to meet the body’s metabolic requirements

eading to cardiac failure. After myocardial injury such as following
mportant myocardial infarction, the heart regenerative capacity is
verwhelmed (Giraud et al., 2012). Cardiac cell loss requires strate-
ies to repair and regenerate the infarcted area of the myocardium
Jawad et al., 2007). Treatment options may  concern approaches
anging from medication to surgical interventions. Most surgi-
al options mainly rely on heart transplants. However, there is a
hronic shortage of sources for human donors (Lam & Wu,  2012).
n fact, the complex series of events involved in myocardial cell loss,
nd the subsequent post-myocardial infarction remodeling that
esult in heart failure are inefficiently addressed by current clinical
trategies (Martinez & Kofidis, 2011). Current cardiac tissue engi-
eering research aims to design tissue constructs to support, repair,
eplace, or enhance the function of injured or diseased myocar-
ial tissue (Venugopal et al., 2013). Initial studies focused on the

irect injection of viable cells into the infarcted myocardium tissue,

 technique which is termed cellular cardiomyoplasty (Christman &
ee, 2006). The aim was to replace necrotic cardiomyocytes via the
irect administration of cells from an aqueous cell suspension. It
lymers 116 (2015) 267–277

can be performed via intravenous, intracoronary or direct injection
into the myocardium. Some improvement in cardiac performance
has been observed by using cellular cardiomyoplasty. However,
there are several hurdles associated with this technique. Indeed, the
technique suffers from limited cell retention and poor cell survival.
The results are quite disappointing considering an acute cell reten-
tion (within 24 h of delivery) in the heart that is generally <10%,
irrespectively to the cell type or the administration route. In this
regard, it would be important to gain deeper insight into the mech-
anisms underlying cell retention following coronary delivery as a
function of the time (Dib et al., 2010). A main reason for that relies
on the poor cell attachment ability due to the lack of extracellu-
lar matrix attached to them (Wang et al., 2008). Therefore, cells are
soon washed out via the coronary venous system and mechanically
ejected, as attested by retention rates in beating hearts markedly
lower than in non-beating hearts (Malliaras & Marbán, 2011). It has
been reported that cells injected into injured myocardium often
relocate to the lungs, spleen, liver, kidneys and non-infarcted car-
diac muscle (Hale, Dai, Dow, & Kloner, 2008; Zhang et al., 2007). The
long-term engraftment of the remaining fraction of cells is also low.
This raises the question concerning the real mechanisms at play. It
seems difficult to state that the injected cells effectively contribute
to the contractility capacity of the infarct zone. Alternatively, they
seem to act mostly as a short-term reservoir of growth factors and
cytokines that support the survival of host cells via a paracrine effect
(Giraud et al., 2012; Nelson et al., 2011). In large panel of actions
may  be potentially induced via paracrine effect, such as angio-
genesis (Zhou et al., 2011), pro-survival effect on cardiomyocytes
(Kawaguchi et al., 2010), antifibrotic effects (Li et al., 2009), mobi-
lization of endogenous stem cells (Bollini, Smart, & Riley, 2011) and
cardioprotective action mediated by an anti-inflammatory effect
(Premaratne et al., 2011).

Beyond the paracrine effect, some strategies have been devel-
oped in order to improve cell engraftment and enhance cell
survival. They rely on the preconditioning of the cells prior to graft
via heat shock, hypoxia approaches as well as exposition to pro-
survival factors and enhancement of the expression of survival
factors (Gerczuk & Kloner, 2012; Giraud et al., 2012).

Still concerning cell suspension injection approach, a main lim-
itation is that such strategy relies mainly on the cells to improve
cardiac function, without considering biomechanical factor that
could be provided from a biomaterial (Wang & Guan, 2010). An
alternative strategy involving the use of biomaterials seems to be
very promising. This will be further discussed as follows.

Concerning the biomaterial approach, many of the investigated
strategies for cardiac repair focused on the application of the bio-
material externally anchored to the myocardium in order to provide
support. This is the case of cardiac restraint devices such as the
CorCap (Acorn Cardiovascular Inc) and Heart Net (Paracor Medi-
cal Inc) that are based on Dacron and nitinol wraps, respectively,
in order to mechanically support ventricular wall (Mann et al.,
2007; Starling et al., 2007; Topkara, Kondareddy, & Mann, 2009).
Additionally, devices such as CardioClasp (CardioClasp Inc) and
Myosplint (Myocor Inc) reduce heart wall stress by constraining the
dilated ventricle and decreasing intraventricular radius (Fukamachi
& McCarthy, 2005; Kashem et al., 2003; Sabbah, 2003).

An alternative strategy to the cardiac restraint devices is the
incorporation of the biomaterial within the heart wall in direct
contact with cardiac cells. These approaches rely on natural or
synthetic materials in an injectable form in combination or not
with cells (Fig. 1, first, second and third panels), which are then
directly injected in vivo (Christman et al., 2004; Zhang et al., 2010).

By this way, the emerging field of tissue engineering has begun
to provide promising alternatives to cellular cardiomyoplasty.
The advantages of such an approach include providing a cell-
friendly microenvironment to engrafted cells (Habib et al., 2011).
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Fig. 1. Polymer-based strate

dditionally, hydrogels can be tailored in order to deliver cells by
inimally invasive catheter-based procedures while enabling high

ccuracy of the localization of cells at the area of interest (Vunjak-
ovakovic, Lui, Tandon, & Chien, 2011). In fact, intramyocardial

n situ polymerization represents a promising alternative to over-
ome both leakage and clearance-mediated cell loss and also to
ddress the need for “conditioning” of the immediate cell environ-
ent (Davis et al., 2005; Martens et al., 2009). In a related approach,

njectable acellular biomaterials can be a strategy to support the
eart wall and also for preventing remodeling (Landa et al., 2008).
dditionally, this approach may  also be of interest for the controlled
elivery of therapeutic genes and proteins to ischemic myocardium
Christman & Lee, 2006; Garbern, Minami, Stayton, & Murry, 2011;

u et al., 2011). In spite of advances in the field, optimal design
arameters, including degradation rate and profile, elastic modu-

us and injectability, largely remain to be fully elucidated. Another
mportant parameter is the effect of the chemical constitution of
he material itself (Nelson et al., 2011).

An alternative approach is related to the use of biomaterials
o design patches ex vivo featuring adapted size and shape and
mplant them epicardially onto the infarcted tissue (Fig. 1 right
anel). Such biomaterials can be loaded with cells and are expected
o promote a mechanical reinforcement to the infarct scar to limit
entricular dilation (Leor & Cohen, 2004). It is interesting to high-
ight that patch-based strategies increase the thickness of the heart

all and by Laplace’s law, this increase induces a reduction in
he heart wall stress. Even if regeneration does not take place,
uch an effect may  limit ventricular remodeling and improve dis-
ase management (Chen, Harding, Ali, Lyon, & Boccaccini, 2008).
lthough in vitro-engineered patches have demonstrated promis-

ng results, one main limitation concerns the invasiveness of the
mplanting technique, which requires surgical intervention. The
njectable approach remains minimally invasive, and is therefore

ore clinically appealing (Christman & Lee, 2006).
In addition to the mechanical support, the biomaterial (in

njected form or as a patch) may  present intrinsic bioactivity
romoting angiogenesis (Garbern et al., 2011) or cell homing
Tsur-Gang et al., 2009). In fact, the biomaterial may  act as

 niche favoring cellular infiltration of recruited endogenous
ells that may  potentially improve cardiac function (Johnson &

hristman, 2013). Besides, the biomaterial may  contribute to
educe border zone extension and limit infarct expansion by
nother mechanism. Depending on its physical properties, the bio-
aterial may  trap necrotic and apoptotic cells originated from the
r cardiac tissue engineering.

infarcted area preventing the dissemination of pro-inflammatory
danger-associated molecular patterns (DAMPS) into the healthy
surrounding tissue (Zouein, Zgheib, Liechty, & Booz, 2012). This
mechanism would reduce infarct spread via a decrease in sur-
rounding molecular stress, which is highly related to contractile
dysfunction due to cardiomyocyte death (Arslan, de Kleijn, &
Pasterkamp, 2011). In this regard, several parameters such as
degradation time, polymer crosslink density and molecular affinity
play an important role in the process of DAMPS retention and alle-
viation of infarct spread (Venugopal et al., 2012). These different
mechanisms of biomaterial contribution to cardiac tissue repair in
the context of cardiac infarct processes are shown in Fig. 2.

Biologically derived, synthetic and hybrid materials have been
investigated in the context of heart tissue engineering (Nelson et al.,
2011). In the next section, examples of these techniques will be
detailed concerning polysaccharide materials. Research on other
types of polymers falls outside the scope of this review. Herein, we
intend to cover the latest advances in cardiac tissue engineering
mediated by polysaccharides.

3. Polysaccharide-based strategies for heart tissue
engineering

3.1. Xylan

Xylan is an abundant hemicellulose whose chemical structure
is mainly composed of d-glucuronic acid, l-arabinose and d-xylose
(Fig. 3) (Ebringerová, Hromádková, Kačuráková, & Antal, 1994; Silva
et al., 2007). Eucalyptus globulus wood, corn cobs, rice husks and
barley husks are frequent xylan sources (Parajó, Garrote, Cruz, &
Dominguez, 2004). The structural diversity and complexity of xylan
depend on the source. Several extraction procedures are suitable
for the isolation of xylans originated from diverse botanic sources
(Ebringerová & Heinze, 2000). Naturally available xylan hydrogels
are of interest considering their renewable character and nontoxic
properties but also due to their biocompatibility and biodegradabil-
ity. Additionally, xylans may  present immunomodulatory activity
(Ebringerová, Kardošová, Hromádková, Malovı′ková, & Hřı′balová,
2002).

Xylans present special gelling properties for production of

hydrogels that can be used as matrices for the controlled release of
bioactive agents (Chimphango, van Zyl, & Görgens, 2012). Indeed,
hydrogels in general possess a degree of flexibility due to their
significant water content and they are promising biomaterials
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Fig. 2. Processes related to cardiac infarct (left) and the mechanisms of biom

Venugopal et al., 2013). Hydrogels are in fact three-dimensional
olymer networks swollen by aqueous solvent, which is the major
omponent of the gel system (Chimphango et al., 2012; Silva,
ichard, Bessodes, Scherman, & Merten, 2008).

Besides forming hydrogels, xylan may  be engineered to design
anofibrous scaffolds. Hybrid xylan/polyvinyl alcohol (PVA) nanofi-
rous electrospun scaffolds were fabricated and cross-linked with

lutaraldehyde. Nanofibers were investigated for culturing rat car-
iac cells for cardiac tissue engineering. Such scaffold mimicking
ardiac tissue in both stiffness and anisotropy resulted in car-
iac cells monolayer interconnection by intercellular junctions,
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Fig. 3. Chemical structures of polysaccharides 
al interaction with these processes to promote cardiac tissue repair (right).

which were well aligned like in native heart tissue (Venugopal
et al., 2013). Scaffolds have also been shown to improve car-
diomyocytes electrical excitation and formation of gap junction
(Black, Meyers, Weinbaum, Shvelidze, & Tranquillo, 2009). Indeed,
biomimetic materials that mimic the fibrillar architecture of the
extracellular matrix (ECM) can provide necessary guidance for ori-
entating cells (Prabhakaran, Venugopal, Kai, & Ramakrishna, 2011).

Fibers may  provide low-resistance pathways for electrical signal
propagation mimicking the native heart tissue (Kai, Prabhakaran,
Jin, & Ramakrishna, 2013). Besides, tissue constructs that mimic
the structural and mechanical properties of the myocardium may
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rovide a native-like microenvironment for stimulating stem cell
ifferentiation into a cardiac lineage (Guan et al., 2011). In the study
f Venugopal et al. (2013), xylan-based nanofibers might be deliv-
red directly into the myocardium considering their mechanical
trength and swelling properties. This would avoid an open-heart
urgery and the massive cell loss from the site of injection.

.2. Alginate

Alginate is a natural polysaccharide obtained from brown sea-
eed. It has been widely investigated for several biomedical

pplications due to its biocompatibility, relatively low cost and low
oxicity. Alginate is in fact a family of linear copolymers containing
locks of (1,4)-linked �-d-mannuronate (M)  and �-l-guluronate
G) residues (Fig. 3). The blocks are composed of consecutive G
esidues (GGGGGG), consecutive M residues (MMMMMM),  and
lternating M and G residues (GMGMGM) (Lee & Mooney, 2012).
lginate main source is brown macroalgae, in which alginate rep-
esents the major structural component of intercellular matrix and
f the cell wall (Yabur, Bashan, & Hernández-Carmona, 2007).

Although alginate presents many attractive properties, its slow
nd quite uncontrollable degradation can be an undesirable feature
Boontheekul, Kong, & Mooney, 2005). In order to control alginate
el degradation, partial periodate oxidation may  be used. By means
f oxidation, hydrolytically labile bonds in the polysaccharide were
reated (Boontheekul et al., 2005; Bouhadir et al., 2001).

An alternative approach to regulate alginate gel degradation is
elated to the control of molecular weight distribution of the poly-
er  chains (Kong, Kaigler, Kim, & Mooney, 2004). In a combined

pproach, partial oxidation of alginate and the use of polymers with
ifferent molecular weight distributions is an interesting way to
rovide controlled degradation kinetics of gels (Boontheekul et al.,
005; Kong et al., 2004), allowing control of the release kinetics
f incorporated factors (Hao et al., 2007; Silva & Mooney, 2007).
ustained growth factor delivery of vascular endothelial growth
actor-A 165 and platelet-derived growth factor-BB from such algi-
ate hydrogels enhanced the formation of mature vessels and was
hown to improve cardiac function in rats (Hao et al., 2007).

Literature data has also indicated the benefits of alginate hydro-
els via a mechanic effect. It has been described that injection in

 rat model of in situ – forming, bioabsorbable acellular alginate
ydrogel prevented cardiac remodeling and dysfunction in recent
nd old myocardial infarctions (Landa et al., 2008). Additionally,
ntracoronary injection of alginate was found to improve infarct
epair and prevent adverse remodeling in a swine model (Leor
t al., 2009). After implantation, the hydrogel gradually disappears,
nd the water-soluble alginate chains were excreted by the kid-
eys (Al-Shamkhani & Duncan, 1995). It was hypothesized that the

njectable alginate biomaterial enabled mechanical/physical sup-
ort to the infarcted cardiac tissue, a task usually fulfilled by the
ardiac ECM, mainly by the collagen constituting the ECM (Brower
t al., 2006). In fact, the cardiac ECM is damaged after infarction, as
bserved by collagen loss and reorganization. The replacement of
CM by the alginate biomaterial could be an strategy to compen-
ate for collagen loss until cardiac healing progresses (Tsur-Gang
t al., 2009).

Although mechanical effects are most commonly pointed out,
he material-related biological response could potentially present a
ontributing effect (Nelson et al., 2011). For instance, an angiogenic
ffect concomitant to improved heart function was observed in rats
fter alginate injection alone. It indicates that the polymer itself
ay  influence the tissue microenvironment and induce a potential
herapeutic effect (Yu et al., 2009). Additionally, it was demon-
trated that alginate hydrogel injection enhanced cell recruitment
nto the infarct, including the homing of myofibroblasts that take
art in cardiac healing (Tsur-Gang et al., 2009).
lymers 116 (2015) 267–277 271

In addition to the injection-based approach, the implantable
scaffold-based approach was  also tested for alginate. Fetal cardiac
cells were cultured into 3D porous alginate scaffolds and implanted
into the infarcted myocardium of rats. Following implantation, the
scaffold stimulated neovascularization and attenuated heart wall
dilatation and cardiac failure in treated rats when compared with
controls. The approach improved the regeneration and healing
of the infarcted myocardium and reduced wall stress and infarct
expansion (Leor et al., 2000).

This strategy could be supplemented by the grafting of RGD
peptide into alginate scaffolds. The RGD peptide is supposed to
enhance cell attachment to the matrix, improved cell survival
and facilitated the organization of the tissue. Indeed, the car-
diomyocytes were able in vitro to reorganize their myofibrils and
reconstructed myofibers constituted of several cardiomyocytes in
a typical myofiber bundle in a way quite similar to the native car-
diac tissue. In contrast, such structural organization could not be
evidenced in the non-peptide grafted alginate scaffolds. In addition
to cell morphology/organization results, data concerning expres-
sion levels of �-actinin, N-cadherin and connexin-43, indicated
further improved in vitro features of the engineered cardiac tissue
when RGD was  grafted to alginate scaffolds (Shachar, Tsur-Gang,
Dvir, Leor, & Cohen, 2011).

In a related approach, Sapir et al. investigated in vitro the
combination of two matrix-attached peptides, the adhesion pep-
tide G4RGDY and heparin-binding peptide G4SPPRRARVTY (HBP)
attached to alginate for cardiac tissue regeneration. Neonatal rat
cardiac cells were seeded into unmodified, single peptide or double
peptide-attached alginate scaffolds. The cardiac tissue developed
in the HBP/RGD-attached scaffolds demonstrated the best features
of a functional muscle tissue considering data from immunostain-
ing of cardiac cell markers, histology, Western blot of proteins
and metabolic activity. Well-developed myocardial fibers could
be observed by day 7. At 14 days, the HBP/RGD-attached con-
structs displayed an isotropic myofiber arrangement, which was
not evidenced in the other constructs. The formation a contrac-
tile muscle tissue in the HBP/RGD-attached scaffolds was further
demonstrated via the expression levels of �-actinin, N-cadherin
and Connexin-43. Such strategy of attaching peptides represent-
ing different signaling in ECM-cell interactions proved to support
the formation of a functional cardiac muscle tissue in vitro (Sapir,
Kryukov, & Cohen, 2011)

3.3. Pullulan and dextran

Pullulan is a non-ionic exopolysaccharide of fungal origin.
Indeed, pullulan is an exocellular homopolysaccharide produced
by the strain of Aureobasidium pullulans (Wu,  Jin, Kim, Tong, &
Chen, 2009). It consists of a water-soluble, neutral linear polysac-
charide consisting of �-1,6-linked maltotriose residues (Fig. 3).
Pullulan is currently used in the food industry and in pharma-
ceutics. Due to its non-toxic, non-immunogenic, non-mutagenic
and non-carcinogenic nature, there are attempts to explore
this polysaccharide for several biomedical applications (Autissier,
Letourneur, & Le Visage, 2007; Rekha & Sharma, 2007; Wolf, Garleb,
Choe, Humphrey, & Maki, 2003).

Dextran consists of a high molecular-weight polysaccharide
of microbial origin composed of glucose molecules connected in
� 1–6 glucosidic linkage, in which side chains are connected in
� 1–4 linkage (Fig. 3). The exact structure of each type of dex-
tran depends on the microbial strain (Ciardelli et al., 2005; Vu,
Chen, Crawford, & Ivanova, 2009). Crosslinked dextran has been

widely used as a molecular sieve for purification and separation of
biomolecules. It has also been used as a soluble form for biomedical
applications such as plasma expander considering its biocompati-
bility (Cai, Yang, Bei, & Wang, 2002). Dextran is biodegradable and
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iocompatible and also available in a wide variety of molecular
eights. These properties make it suitable for many biomedical

pplications including tissue engineering (Malafaya, Silva, & Reis,
007).

Scaffolds made of crosslinked pullulan and dextran have been
nvestigated for cardiovascular tissue engineering (Chaouat, Le
isage, Autissier, Chaubet, & Letourneur, 2006; Lavergne et al.,
012). The scaffolds consisted on a mixture of pullulan and dextran
ross-linked with sodium trimetaphosphate, containing sodium
arbonate as a porogen agent. Such scaffolds presented good
ompatibility with respect to blood–material interactions and no
nticoagulant treatment was needed. Additionally, scaffolds made
f cross-linked pullulan and dextran were able to withstand pres-
ure under physiological flow conditions in a rat model (Chaouat
t al., 2006). It was also demonstrated that such biomaterial pre-
erved the viability and the proliferation of cord-blood endothelial
olony-forming cells. Indeed, pullulan and dextran scaffold enabled
ndothelial cell delivery while preserving cell functions, namely
he capacity to form vascular structures and ability to be activated
y pro-inflammatory effectors. Such biomaterial was  also tested to
eliver cells for cardiac repair. In vivo effectiveness of mesenchymal
tem cells (MSCs) engraftment in rat infarcted tissue was inves-
igated in a comparative study by testing pullulan/dextran-based
orous scaffold and endocardial injection approach. The delivery
f MSCs to injured rat myocardium using a polysaccharide porous
caffold resulted in improved engraftment in comparison with the
ndocardial injection approach. The amount of residual cells was
igher for the scaffold approach compared to the injection at 1 and

 months. Additionally, there was an observable trend toward a
ower left ventricular dilatation and a reduced fibrosis in the scaf-
old group (Le Visage et al., 2011).

.4. Chitosan

Chitosan is a natural polymer originated from renewable
esources. Chitosan is obtained from shell of shellfish and also from
he wastes of the seafood industry (Kim et al., 2008). Chitin is
he source material for chitosan and represents one of the most
bundant organic materials, being an important constituent of the
xoskeleton in animals, especially in crustacean, insects and mol-
uscs (Kim et al., 2008). It consists of a linear polymer composed
f glucosamine and N-acetyl glucosamine units linked by � (1–4)
lycosidic bonds (Fig. 3). This polysaccharide presents interesting
eatures such as biocompatibility, biodegradability, antibacterial as
ell as wound-healing properties (Kim et al., 2008).

Conjugation of hydroxybutyl groups to chitosan renders the
olymer water soluble and thermally responsive (Brun-Graeppi,
ichard, Bessodes, Scherman, & Merten, 2010). Below its lower
ritical solution temperature, a solution of hydroxybutyl chitosan
HBC) can be maintained in its solvated state. Upon exposure to the
emperature of 37 ◦C, a 3.8 wt% HBC solution rapidly forms a gel.
pon cooling, the gel is reverted to its solvated state (Dang et al.,
006). Under physiological temperature, concentrated HBC aque-
us solution becomes a hydrogel within 30 s after injection (Wang
t al., 2013).

The thermal responsiveness of HBC renders it an eligible
olymer for injection based-approach for tissue engineering.
emperature-responsive chitosan hydrogels constitute an attrac-
ive biomaterial to deliver cells as well as bioactive factors such as
rowth factors and genes relevant for the repair and tissue regen-
ration. Once the biomaterial experiences body temperature, the
olymer solution polymerize rapidly in situ, trapping and retaining

he cells and the bioactive factors (Wang, Zhou, Liu, & Wang, 2010).

Injection of basic fibroblast growth factor (bFGF) with
emperature-responsive chitosan hydrogels enhanced arteriogen-
sis, ventricular remodeling and cardiac function in rat infarction
lymers 116 (2015) 267–277

models (Wang, Zhang, et al., 2010). Liu et al. investigated the use
of thermo-responsive chitosan hydrogel for adipose-derived MSC
delivery into ischemic rat hearts. They demonstrated that chitosan
hydrogel was  able to improve injected cell microenvironment,
enhance cell engraftment and survival, contributing to myocardial
repair (Liu et al., 2012).

It is interesting to highlight that thermoresponsive chitosan
itself exhibited interesting mechanical properties. This results in a
beneficial effect in vivo that is also enhanced by the bioactivity of the
polymer. In fact, injection of chitosan alone increased the microves-
sel density significantly within the infarcted scar (Wang et al.,
2010b). Thermoresponsive chitosan in combination to embryonic
stem cells was found to present supportive mechanical function,
support angiogenesis and increase cardiac function after injection
in a myocardial infarction rat model (Lu et al., 2008).

In a recent paper, thermoresponsive chitosan chloride was con-
jugated to glutathione in order to design a hydrogel able to reduce
the oxidative stress injury for cardiomyocytes. In fact, myocar-
dial infarction is associated to overproduction of reactive oxygen
species, which is a hurdle for cardiac tissue engineering. The pro-
duced hydrogel was found to present antioxidant capacity and
also excellent biocompatibility in order to favor the adhesion and
survival of cardiomyocytes, representing then an interesting alter-
native to support heart tissue engineering by delivering cells while
minimizing oxidative stress (Li et al., 2013).

3.5. Hyaluronan

Hyaluronan is a high-molecular-weight polysaccharide, which
is an important constituent of the extracellular matrix (Laurent
& Fraser, 1992). It is a linear polysaccharide constituted of a
repeating disaccharide unit of (1,4)-glucuronic acid (GlcUA)-�
(1,3)-N-acetylglucosamine (GlcNAc) (Fig. 3). Hyaluronan may  have
different sources. It can be produced by bacteria or extracted from
animal tissues (Boeriu, Springer, Kooy, van den Broek, & Eggink,
2013). Large hyaluronan molecules are space filling polymers pre-
senting regulatory as well as structural functions, while small
hyaluronan fragments are involved in immunostimulation, angio-
genesis and inflammation (Frenkel, 2012; Stern, Asari, & Sugahara,
2006). Hyaluronan hydrogels have the advantages of being formed
in mild conditions and they enable the incorporation of angiogenic
growth factors, plasmids, or cells to deliver them into ischemic tis-
sues. Furthermore, the derivatives of hyaluronan hydrogels retain
the polysaccharide angiogenic activity, which will enhance vascu-
larization (Shen, Tanaka, & Takamori, 2009). Hyaluronan hydrogels
grafted with thiols display faster degradation rates. This is assumed
to be the result of relatively weak covalent cross-linking of disulfide
bonds. Such faster degradation could facilitate neovascularization
(Shen et al., 2009).

2-Iminothiolane grafted hyaluronan hydrogel and periodate
oxidated hyaluronan hydrogel were implanted into rat adductor
muscles. They showed rapid degradation rates, while induc-
ing low inflammation and dense blood vessel formation in the
areas surrounding the implanted hydrogels (Shen et al., 2009).
Hyaluronan-mediated angiogenic effect in vivo is related to its
degradation products, which stimulate endothelial cell prolifera-
tion and migration (Peattie et al., 2004).

An injectable hyaluronan-based hydrogel showed promising
results when injected into mice model of myocardial infarction.
Yoon and colleagues reported an increase in the thickness of the
heart, a decrease in the infarcted area of the left ventricle, a higher
number of arterioles and capillaries in the border zone, a reduc-

tion of apoptosis and an improvement of heart functions, such as
ejection fraction (Yoon et al., 2009).

In a related study, hyaluronan-based hydrogels presenting dif-
ferential moduli (∼8 versus ∼43 kPa) were injected into an ovine
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Kamiya, Haverich, Karck, & Lichtenberg, 2008).
ig. 4. Challenges in polysaccharide-based strategies for heart tissue engineering.

odel of myocardial infarction. It was found that both hydrogels
ignificantly increased the heart wall thickness compared with
he control. The higher-modulus hydrogel induced a statistical
eduction in the infarct area compared with the control group.
he higher-modulus hydrogel also improved functional outcomes
cardiac output and ejection fraction) in a higher extent than the
ow-modulus and control groups (Ifkovits et al., 2010). The same
eam compared hyaluronan-based hydrogels presenting degrada-
ion time of about 3 weeks or 10 weeks. Both treatments resulted
n increased vessel formation and cardiac output compared to con-
rols. However, slow-degrading hyaluronan-based hydrogel was

ore effective at 8 weeks, implying that longer wall stabilization
s needed for an improved cardiac repair (Tous et al., 2011).

In a combined approach, covalently in situ cross-linked hydro-
els based on alginate and hyaluronic acid were designed. The
echanophysical properties of the resulting hydrogels were eas-

ly adjustable by varying degrees of derivatization, concentrations
nd composition of blends. In vitro tests with neonatal rat heart
ells showed that the hydrogel allowed for the generation of a
ne-tuning contractile bioartificial cardiac tissue (Dahlmann et al.,
013).

Hyaluronan hydrogels were also combined with cells for car-
iac repair. Hydrogels containing cardiosphere-derived cells were

njected intra-myocardially or applied epicardially in rats follow-
ng myocardial infarction. The encapsulation of cell into hyaluronan
ydrogel markedly increased acute myocardial retention and an

mproved left ventricular ejection fraction was reported. Addition-
lly, hydrogels were highly adhesive, biodegradable and promoted
he survival of cardiosphere-derived cells after administration into
he heart (Chang et al., 2012).

. Challenges
Polysaccharide-based strategies for heart tissue engineering still
ace many challenges. They are depicted in Fig. 4 and commented
s follows.
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Concerning cell-based approaches, the choice of the cell time is
an issue of paramount importance that is quite challenging. Reg-
ulatory aspects and clinical availability are important points to
consider in the choice of the cell source as they critically impact
on translational aspects. For instance, although neonatal cardiomy-
ocytes have been largely investigated in preclinical studies, they do
not represent a quite valuable option for clinical studies due to eth-
ical concerns and low accessibility. There are also many research
investigations on embryonic stem cells. However, teratogenicity
and ethical issues may  hamper safe clinical use. The same applies
to induced pluripotent stem cells even if they overcome some
major shortcomings such as accessibility and expansion. Consid-
ering skeletal myoblasts, adverse events such as arrhythmias may
occur (Giraud et al., 2012; Siepe, Akhyari, Lichtenberg, Schlensak,
& Beyersdorf, 2008). Cell sourcing is therefore a complex technical
and regulatory obstacle.

The optimal time window for therapy is another important chal-
lenge to be considered. Indeed, the kinetics and timing to deliver
cells/biomaterials have received little attention in preclinical stud-
ies. The ideal choice of this window seems to be situated between
days 3 and 7 after the infarction (Dib et al., 2010). When transplan-
tation is performed in the first week post myocardial infarction,
reduced inflammation as well as early tissue remodeling facilitates
transplanted cells integration (Hu et al., 2007).

The choice of the animal model is also a main concern. It is
important to mention that experimental and preclinical investi-
gations have widely been performed in small (rodent) models.
Alternatively, swine model of myocardial infarction induced by
either balloon inflation or coil placement in the left anterior
descending artery is considered a robust and reproducible model
that simulates quite well human myocardial infarction (Dib et al.,
2010).

The way of administration is also a point that deserves further
attention. The biomaterial may  be administered in a single or multi-
ple injections. The injection volume is also an important parameter
to be determined as well as the location of the injection (Wall,
Walker, Healy, Ratcliffe, & Guccione, 2006; Wenk et al., 2009). The
administration of the biomaterial to the border zone may be more
appropriate to encourage regeneration than an injection in the
center of the infarct (Nelson et al., 2011). The route of administra-
tion also represents a key issue. Intramyocardial, transendocardial
and epicardial delivery approaches are quite frequent. The epicar-
dial approach brings along high risk related to its invasive nature.
However, it offers the benefit to provide direct visualization of the
heart enabling accurate administration. Transendocardial methods
via the use of the 3D mapping systems allow increased accuracy
although the risk of perforating the myocardium is the highest. The
intracoronary method is also a usual procedure, but coronary sinus
delivery is considered lower risk although limited by the variability
in coronary sinus anatomy. Considering all this, intravenous deliv-
ery is regarded as the most straightforward and least invasive route
of administration. However, it relies on cell homing even more than
the other routes of administration (Dib, Khawaja, Varner, McCarthy,
& Campbell, 2011).

Vascularization aspects are equally a main concern. The con-
tractile activity related to myogenic function requires that effective
metabolic resources are supplied appropriately. In infarcted areas,
oxygen and nutrition supply may  fall below the minimum required
levels for cell survival. In vivo vascularization is quite needed to
avoid ischemic cell damage especially in the core zone of the
engineered tissue constructs. The addition of endothelial cells in
the biomaterial might favor vascularization induction (Akhyari,
Last but not least, regulatory issues represent a main chal-
lenge. There are major regulatory hurdles in the translation of
polysaccharide-based tissue engineered constructs in marketed
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Table 1
Patents related to polysaccharide-based approaches for heart tissue engineering.

Polysaccharide-based
approaches for heart
tissue engineering

Patents References

Polysaccharide
biodegradable gel
matrix containing a
biologically active
agent and stem cells
for the treatment of
heart failure

EP1730265A2
WO2005093047A2
WO2005093047A3
US 20080226726 A1

Jaconi and
Zammaretti-Schaer
(2005a, 2005b, 2006a,
2006b)

Alginate solution to be
injected in the heart
to be gelled in situ for
cardiac tissue repair

WO2004098669 A1
EP2314327 B1

Cohen and Leor (2004,
2013)

Alginate matrices with
nanowires and
seeded with
cardiomyocytes as
cardiac patches

US 20130289687 A1
WO2012094208 A1

Dvir, Kohane, Langer,
and Timko (2012,
2013)

Three-dimensional
aligned scaffold to
grow cells in
predetermined
orientations for
regeneration and
repair of cardiac
tissue

US7579189 B2
US 20050042254 A1
US7384786 B2
EP 1649008 A2
WO  2005010172 A2

Freyman, Palasis, and
Ungs (2005a, 2005b,
2006, 2008, 2009)

Alginate-based
vascularized support
matrix to mediate
the controlled
release of chemical
or biological agents

US20070299508 A1
US20120209403 A1
US7998735 B2
US20050056291 A1

Morrison, Messina,
Knight, and Pennington
(2005, 2007, 2011,
2012)

Chitosan or
hyaluronan- based
nanofiber scaffold
seeded with cells
mimicking the
structure of cardiac
tissue

US20130183352 A1
WO2013109642 A1

Xie (2013a, 2013b)

Chitosan or
hyaluronan-based
anisotropic scaffold
prepared by
electrospinning for
cardiac tissue
engineering

WO2011149836 A1
US20130131830 A1

Lelkes, Senel,
Brookstein, and
Govindaraj (2011,
2013)

Textured surface of WO2010108025 A2 Khine and Luna (2010,

p
b
i
u
c

b
a
d
w
(
H
s
t
a
t
p
w
c
A

Table 2
Regulatory concerns related to the manufacture, preclinical investigation, and clin-
ical evaluation of tissue engineered products (Hellman, 1997).

Manufacture Preclinical
investigation

Clinical
evaluation

Product consistency Structural and
functional activity of
the biomaterial

Indications

Product stability Biomaterial
compatibility testing

Efficacy endpoints

Material sourcing In vitro/animal models
used

Safety monitoring

Adventitious agents Efficacy of the tissue
engineered product

Post-market reporting

Testing
Process validation
Toxicity testing
Carcinogenicity
Immunogenicity
chitosan to align cells
for generating a
cardiac patch

WO2010108025 A3
US20120129209 A1

2011, 2012)

roducts. Currently, there are several patents on polysaccharide-
ased approaches for cardiac tissues engineering (Table 1). This

ndicates an interest in translating research into commercial prod-
cts. In this regard, careful attention should be paid to regulatory
oncerns in order to design marketed products.

Thorough consideration of the challenges going from bench to
edside is paramount in maximizing the chances that a scientific
pproach becomes a treatment (Pashuck & Stevens, 2012). Products
erived from an autologous source would provide a straightfor-
ard route to clinical translation by reducing regulatory concerns

Seif-Naraghi, Salvatore, Schup-Magoffin, Hu, & Christman, 2010).
owever, for cardiac tissue engineering using polysaccharides, the

ource is often algae, microbial, crustacean etc. In addition to that,
he presence of cells increases the complexity of the product. As

 general rule, the regulatory difficulties concerning a particular
issue engineering product increase with the complexity of the

roduct. For instance, a polymeric scaffold is regarded as a device,
hile such a scaffold endowed with growth factors and containing

ells might be considered and regulated as a combination product.
s a consequence, it is important to minimize complexity in the
Sterility

pursuit of the simplest product sufficient to match the desired clin-
ical need in order to reduce regulatory requirements (Atala, Kasper,
& Mikos, 2012). Indeed, interactions and exchanges with the regula-
tory body should begin at the initial stages of development in order
to facilitate identification of the appropriate regulatory pathway.
This is also of interest to guide the selection of the most appro-
priate methods for preclinical and clinical investigations in order
to support regulatory requirements (Atala et al., 2012). Such con-
cerns regard the manufacture of the product, cell purity, preclinical
issues, clinical investigation and post-market requirements (Condic
& Rao, 2008; Hellman, 1997), as detailed in Table 2.

5. Conclusions

Heart tissue engineering intends to improve cardiac function
by supporting, replacing or repairing the injured tissue. Notably,
efforts have been done to propose a new alternative to cellular car-
diomyoplasty, whose attempts so far have failed since most of the
implanted cells die soon after transplantation or are not retained
at the site of interest. Biomaterials including polysaccharides rep-
resent a new venue for cardiac repair. They may  act by providing a
mechanical support, by their intrinsic bioactivity and also by avoid-
ing the spread of pro-inflammatory agents, which would induce
further cardiomyocyte death and infarction expansion. Addition-
ally, polysaccharide biomaterial may  enclose cells and bioactive
molecules, which have an additional contribution to for alleviation
of myocardial infarction. Enclosing cells and signaling molecules
such as growth factors into polysaccharide biomaterial provide
an additional opportunity to enhance the effect of the biomate-
rial alone. Besides, in such a case, the polymer increases the cell
residence time in the site of interest while improving cells sur-
vival by providing a friendly microenvironment. Several studies
have been published based on polysaccharides such as xylan, algi-
nate, pullulan and dextran, chitosan and hyaluronan and there are
equally many patents on the field, as reviewed herein. However,
there are still many challenges in the domain related to the choice
of the cell type, the choice of the animal model, the way  of admin-
istration (volume, route and timing), the angiogenic potential of
the construct and also regulatory concerns. Critical issues in the
near future will be the demonstration of safety and efficacy of
polysaccharide-based approaches in large animal models, at long
term and complying with regulatory requirements. This will ulti-

mately lead to the transition of polysaccharide-based approaches
toward clinical trials and also to the market, as a perspective.
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