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Yapi iskelesi teknolojileri: Kok hiicre terapisi i¢in dogal platformlar

Esin AKBAY, Mehmet Ali ONUR

ABSTRACT

Several contemplated ‘scaffold platforms’ have been reported
recently for the feasible treatment of various health problems
and diseases. These engineered scaffold platforms consist of two
important factors namely stem/progenitor cells and biomaterial
scaffolds designed for the regeneration of many diseased and in-
jured tissues and/or organs. There are many limitations for the
application of treatment modalities of end-stage organ failure.
Thus, future advance in tissue engineering will depend on im-
proving new scaffolding methods. Currently instead of regener-
ating whole organ, decellularization techniques used to harvest
native extracellular matrix (ECM) scaffold platform are among
the most successful techniques. In the light of this information,
in this paper we review the current status of scaffold platform
technologies; ‘decellularization methods’ for various tissues and
stem cell therapy strategies for tissue engineering.

Keywords: Stem cell, decellularization, tissue engineering, scaf-
fold, regenerative medicine

0z

Son yillarda cesitli saglik sorunlari ve hastaliklara yénelik olasi
tedavi yéntemi olarak gesitli yollarla tasarlanmis yapi iskelesi yii-
zeyleri rapor edilmistir. Cesitli hastaliklar ve doku/organ hasarlari
icin tasarlanmis yapi iskelesi yiizeyleri iki 6nemli komponentten
olusmaktadir: Kék/progenitor hiicreler ve biyolojik yapi iskeleleri.
Son evresinde bulunan organ hasarlarinin tedavi yollarinda ¢ok
sayida kisitlayici etken vardir. Giiniimiizde tiim organin yenilen-
mesi yerine, dogal ekstraseliiler matriks yapi iskelesi yiizeyi eldesi
icin kullanilan deseliilarizasyon teknigi en basarili yéntemlerden
biridir. Bu bilgiler 1siginda, bir¢cok doku igin yapi iskelesi yiizey tek-
nolojilerinin (deseliilerizasyon yéntemleri) ve doku miihendisligi
icin k6k hiicre terapi stratejilerinin son zamanlardaki durumunu
bu derleme ile degerlendirdik.

Anahtar kelimeler: Kbk hiicre, deseliilerizasyon, terapi, doku mui-
hendisligi, yapi iskelesi, rejeneratif tip

INTRODUCTION

During the last decade the incidence of end-stage
failure has estimatedly increased across the world.
This is notably due to growing risk factors and lack
of donor organs. The importance of this issue is still
being limited with restricted number of treatment
approaches. To work up effective and applicable the-
rapies to treat end-stage failure of different tissues is
desperately needed.

The goal of tissue engineering is to replace or rege-
nerate injured tissues and/or organs. Hence, the es-
sential components of tissue engineering are stem
cells, biomaterials and a proper environment?. Tissue

engineered scaffold platforms have to possess some
properties. They should (i) promote development of
novel tissue with specialized functions, (ii) provide a
proper platform suitable for forming of new tissues,
(iii) allow the interaction between cells and the ECM
during normal tissue formation>.

Stem cells used in regenerative medicine and tissue
engineering should also meet some criteria: (i) they
should be available in abundant numbers, (ii) they
can be harvested using a merest invasive procedu-
re and (iii) they can differentiate along multiple cell
lineage (cardiomyocytes, vascular smooth muscle
cells, endothelial cells, etc.).
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Although cells and cell sources are equally impor-
tant, this review focuses on mostly the former and
present development researches in tissue enginee-
ring of different organs and decellularization native
tissue techniques.

Cellular components for tissue engineering

Regeneration attempts of damaged tissues, firstly
consists of cell grafting via direct injection into da-
maged area of tissues. But the efficiency of cell ad-
herence is very low about 90% of the cell suspensi-
on is lost after injection procedure. When consider
from this point of view only by itself cellular therapy
is currently limited and supports the idea of need for
other promoter such as scaffolds®. Therefore, studi-
es in recent years focus on tissue engineering stra-
tegies including biomaterials and cells which can be
successfully engrafted into damaged tissues®. Hereby
the ideal cell source should have some special pro-
perties like easy availability, biocompatibility, intense
proliferation potential and safety in terms of genetic
perspectives.

There are several key points in cellular therapy. Cho-
ice of stem cell sources is one of the most difficult
points in tissue engineering. Embryonic stem cells
(ESCs) have ethical problems as well as risk of tera-
toma. Also the major challenging issue is collecting
large amounts of unadulterated cells and ensurance
of their long term survival. Another stem cell types
which are difficult to obtain and culture in vitro, are
hematopoietic stem cells, so they are not preferred
by researchers. However, mesenchymal stem cells
(MSCs) can be isolated from various tissues, adhere
quickly to the culture dish forming colonies, so they
can be harvested in adequate number (according to
derived origin) in a short time. Additionally, MSCs are
considered to be powerful cell types for gene targe-
ting therapy and regeneration®®. Most popular cell
types in recent times are induced pluripotent stem
cells (IPSCs), and reprogrammed autologous somatic
cells. These cells are non-immunogenic but have si-
milar properties as ESCs which made them precious
material to be used for regeneration. However, iso-
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lation of various types of somatic cells like cardiom-
yocytes is restricted. Moreover IPSCs senescence has
not been understood adequately?. Instead of directly
using all cell types that contain usable tissue, alter-
native approach is to support and follow the body’s
own repair process and then implement these cells
in a spatial organization. Today, this is achieved by
co-culture technique that mentioned in many studi-
es recently®’. Another point is harvesting effective
and sufficient number of cells or differentiated cells.
Due to tendency of stem cells to spontaneously diffe-
rentiate into different cell lineages, the efficiency of
engraftment is reduced. From this perspective effi-
cacy of the treatment may be improved, if cells could
differentiated into intended cell types ideal for the
regeneration of the damaged tissue. Also elaboration
of the molecular mechanism and signalling pathways
that regulate intended cell types will be facilitated
when cells can be differentiated in vitro®.

Scaffolds for tissue engineering

Cell based therapies are among the most successful
promising approaches for tissue engineering. But cell
therapy itself has so many disadvantages. Therefore
the need for crucial factors like biomaterial scaffolds
comes to the fore. Biomaterials have important roles
as mimicking the natural environment and providing
the physical and biological helpers to the attached
cells during the in vivo and in vitro cultivation?. Cellu-
lar adhesion is one of the most undesirable properti-
es for biomaterials. There are many studies in prog-
ress about surface modification of biomaterials®*°.
Furthermore, optimal biomaterials should degrade

Table 1. Proper scaffold platforms properties for tissue engine-
ering.

Biocompatible

Biodegradable (tissue and damaged based)

Support cell adhesion

Non-immunogenic

Non-toxic

Easy obtainable

Controllable porosity

Provide vasculature for oxygen and nutrients delivery
Providing microenvironment and promote cells growth
Possesses proper biomechanical strength
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without toxicity and must control degradation rate®®.
Another important factor of biomaterials is the pore
size and pore connectivity which are key mediators
of cell behaviour!*2, All together, ideal scaffolds pro-
perties for tissue engineering are shown in Table 1.
Number of different synthetic and natural source
have been used as scaffolds for various damaged tis-
sue models*.

Synthetic scaffolds for tissue engineering

A functional scaffold for tissue engineering should
have some mechanical and topographical properti-
es®3. Synthetic polymers like polyglycolic acid (PGA),
poly-L-lactic acid (PLLA) and polylactic acid (PLA)
could supply covetable mechanical properties and
topographies providing guidance to construction.
But because of the elasticity of some tissues, rese-
archers have focused on hydrogel synthetic poly-
mers?. In agreement with these results, more elastic
synthetic materials namely “elastomers” have come
into current issue. Elastomers are known as natural
rubber due to their mimicking potential of the fle-
xible tissues. Polyurethane (PU), 1,3 trimethylene
carbonate, PEG and poly (glycerol sebacate) (PGS)
were reported as examples of elastomers**. Since
large-scale animal studies have not been performed
yet, co-decisions about these materials are not fully
reliable.

Natural scaffolds for tissue engineering

Several research groups are currently studying scaf-
fold materials composed of natural supplies. There
are many different natural scaffolds available. Ne-
vertheless, all types of natural scaffolds have the
same properties, in other words they are being bio-
degradable and biocompatible.

Collagen is the most preferable natural scaffold in tis-
sue engineering research areas, based on its many
properties. Because of its biocompatible, biodegra-
dable, adhesive and porous features it can integrate
with different natural and synthetic scaffolds. Also
its structural speaciality like preserving tissue enti-

rety and promoting the distinctive characteristics
of ECM microenvironments made it appropriate for
implementation®2,

Fibrin is an essential protein which is the active form
of fibrinogen. It is produced after inflammation and
with the cooperation of macrophages. Its main role is
to participate in blood clot formation and wound he-
aling processes®?’. When inflammation occurs in the
body, fibrin plays important roles in cell-ECM interac-
tions with other matrix components like collagen®.
Also fibrin has important competency in the required
site, and assists cell for biological adhesion®. After
injury, fibrin derived from blood supports preventi-
ve properties for immune rejection. Moreover, fibrin
can be manipulated with ease by re-organizing fib-
rinogen concentrations for alteration of matrix den-
sity, microstructure and mechanical strength?®3!, In
consequence of these specifications, fibrin becomes
a delivery vehicle and bioactive scaffold in tissue en-
gineering.

Elastic fibers compose of elastin and microfibers,
present in all tissues. Elastogenesis is the procedure
called for polymerization of water-soluble tropoelas-
tin to form elastin proteins. Additionally, elastin ma-
terials are soluble and biodegradable just like other
natural biomaterials®2.

Chitosan, a natural derivative of the alkaline deacety-
lation of chitin, which has been widely investigated
for cartilage, bone, liver, skin, blood vessel tissue
replacement3*3*, This material has the capacity to
combine with conductive materials®>3¢, On the other
hand, chitosan has been shown to have biological
properties like being soluble, reactive and biodegra-
dable®.

Alginate, gel particles, are among the more com-
monly used natural materials due to their being bi-
ocompatible, non-thrombogenic, non-toxic, mild,
biodegradable, cheap, and simple to produce. Algi-
nate is an anionic linear polysaccharide which after
ionic crosslinking with divalent cations such as Ca2,
forms a hydrogel*®**. The properties that enables
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combination of cells and proteins inside the hydro-
gel made alginate more useful scaffold type for tis-
sue regeneration***l, Several composites such as
alginate-polymer, alginate-protein, alginate-ceramic,
alginate-bioglass, alginate-biosilica, alginate and
RGD peptides composite have been investigated up
to now. Interestingly, recently several studies have
demonstrated that it caused reverse remodeling and
also after implantation pure alginate did not result in
host immune response®**,

Hyaluronic acid plays important roles in cell attach-
ment, development of tumor, wound healing, joining
of connective tissue, and inflammatory reaction®.
Hyaluronic acid is largely used in many clinical con-
ditions due to its anti-inflammatory and angiogenic
properties. Nowadays this material has been used
in different tissue engineering fields. Bone and car-
tilage restoration, myocardial regeneration, wound
repair and nerve-brain regeneration are some of the
application areas of the hyaluronic acid®.

Matrigel is a biomaterial produced from ECM and its
composition is still not clear. But its main property is
that it can support angiogenesis both in vitro and in
vivo*®. This characteristic properties made it useful
platforms for cellular therapy.

Gelatin is produced as a result of induction of partial
hydrolysis of bone, skin, or tendon collagen. Known
as a natural polymer, gelatin is an ideal material for
tissue engineering applications due to its many pro-
perties. It is biocompatible and biodegradable and
also has low antigenicity. Another important feature
is that it is cheap®"*.

ECM is the perfect combination of the proteins and
some important molecules of tissue and organ ori-
gin®. This physiologic structure make cells suitable
for their proper circle systems including different sig-
nals for proliferation, differentiation, migration and
attachment®®*1, The cells and their contact material
ECM are in a state of “dynamic reciprocity”, which
means that they are really in communication with a
good balance®?. Decellularization procedure, inclu-
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ding removing complete cellular and nuclear com-
ponents, is the way of ECM extraction®*%4. Successful
decellularization technique requires correct selecti-
on of physical, chemical, and biological procedures
that can remove cellular antigens without damaging
ECM. Indeed, cell-free ECM must maintain its mecha-
nical integrity and biological activity. Altogether, de-
cellularized ECM scaffolds can serve as “constructive
remodeling” of damaged tissues®.

Decellularization methods

Based on various studies, several different chemical,
biological and physical procedures and their combi-
nations have been developed to remove both cellu-
lar and nuclear components with minimal disruption
of ECM. These various detergent-based techniques
end up with decellularized tissue differing in ECM
composition®®. Correspondingly, composition of de-
cellularized scaffolds used in different protocols will
influence the cell seeding and attachment potentials.
This is the main point that scientists are now focusing
on the selection of decellularization protocol and de-
velop most potential clinical usability of decellulari-
zed tissue scaffolds.

Decellularization method primarily aims to lyse
membrane cells using physical methods or ionic so-
lutions. Then, for separation of cellular and nuclear
components from ECM, enzymatic methods are pro-
vided. Detergents are used to dissolve the nuclear
and cytoplasmic cellular components. Finally, it aims

Table 2. Decellularization methods used in general.

Chemical Biological Physical

*Alkaline-acid *Protease inhibitors *Freezing&Thawing
treatment *Calcium chelating  *Mechanical force
*Non-ionic detergents agents *Sonication
*|lonic detergents *Nucleases *Mechanical
*Zwitterionic *Antibiotics agitation
detergents
*Tri(n-buyl)
phosphate
*Hypotonic and
hypertonic
treatments
*Chelating agents
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to completely free the tissue from cellular debris.
These steps can be supported to increase their effec-
tiveness by mechanical agitation method. Commonly
used decellularization methods are briefly shown in
Table 2.

Heart

End-organ heart failure is increasing day by day be-
cause of the lack of donors and immune rejection
problem which promoted the development of tissue
engineering and regeneration medicine. Midlevel
milestone about replacement or regeneration of in-
jured heart is the restoration of the cardiac functions
completely which has not been succeeded to date.
Hence, many scientists have made experimental stu-
dies on various engineered tissue platforms for the
regeneration of the infarcted heart tissue. These en-
gineered tissue platforms base on cells and biomate-
rials especially for the regeneration of the infarcted
heart tissue. In the first instance polylactic acid, poly-
glicolic acid and polylactic-co-glycolic acid- based bi-
odegradable and biocompatible polymers used for
the repair of the damaged heart®. Then, elasticity
problem encountered and most research focused on
hydrogels composed of natural and synthetic poly-
mers and their composites. Initial natural polymer
is collagen, which is the major component of ECM.
Some studies have showed that collagen strings
improved cell morphology and support contractility
function®®1, It was also demonstrated that collagen
patches provide cell viability up to eight weeks after
implantation®. Another research group reported
that they produced a complex and biocompatible
ECM scaffolds with perfusion decellularization®2.
Same group declared that they applied same pro-
tocol to big mammalians (like pig) and showed that
this technique can be scaled to human heart size and
complexity. Similarly, in an another research group,
ECM scaffolds obtained by using the combination of
decellularization methods (physical, chemical and
biological) showed the same mechanical properties
of natural myocardium®. Additionally, another study
proposed that ECM patches would not only need to
be elastic-compatible but also be thick and perfused

with ease for cell viability®.

Recently, patch platforms are the most popular bi-
omaterials which have been studied by various re-
search groups especially for cardiac regeneration. It
can be divided into two main groups as cell sheets
and synthetic and natural polymers with or without
cell combinations®. Up to the present, for cell sheet
transplantation many types of cells including skele-
tal myoblasts, adipose tissue derived MSCs, neona-
tal rat hearts cardiomyocytes and endothelial cells,
adipose-derived stromal cells with ESCs derived
cardiac progenitor cells and IPSCs were applied®.
Synthetic and natural polymers were described in
the previous sections.

Most recently Russo et al.?? reported new method for
decellularized left ventricular myocardium namely 3D
porous foams which are stable in culture and obtai-
ned without chemical cross-linking. Contrast to other
studies, this group synthesized the cardiac ECM gels
and foams with pepsin digestion and polymerized
collagen with a-amylase digestion.

Lung

The goal of tissue engineering and regenerative
medicine is to restore or replace damaged parts of
tissue or body. Recently, these two disciplines have
allowed obtaining functional tissues in in vitro. Blood
vessels, urinary bladder and trachea can be examples
of these tissues. Most important differences are that
these organs don’t need a large vascular network.
However, the larger tissues like lungs, heart, and liver
urgently require blood supply. Especially, bioartificial
lung requires gas exchanging, perfusion and oxygen
ventilation.

Based on various studies, they demonstrated that
vascular and airway components, as well as pulmo-
nary matrix, can be decellularized with different che-
mical agents and zwitterionic detergents?. All groups
that are mentioned in this section, showed the intact
structure of major components of ECMs. Lemon et
al.®¢ demonstrated cell sources and types of bioma-
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terials for the bioartificial lung with their advantages
and disadvantages. The major cell types suggested
by them are epithelial cells (EPCs) and endothelial
cells (ECs). Alveolar macrophages and smooth musc-
le cells are the other cell types of natural lung. More-
over, they recommended and discussed the potential
of different kinds of sources for these cells.

Liver

Currently, obtaining bioartificial liver is a bit comp-
licated. In the earlier studies ex vivo systems with
synthetic matrix had been described as a promising
approach for replacement liver transplantations®”,
Therefore, several research groups focused on per-
fusion decellularization technique for producing 3D
scaffold platform for damaged liver®®72, In summary,
groups tested different perfusion protocols with
different time durations for various animal livers in
different size and structure. All groups showed that
hepatocyte seeded decellularized liver platforms
functional at implanted side.

Matsuura et al.®® indicated the importance of hepa-
tocyte transplantation due to their major roles in in
vivo settings like suppressing toxins and supplemen-
ting different substances. The same study demons-
trated that cell sheet technologies in compliance
with gene transfer techniques support function of
liver affected with metabolic disorders in in vitro
and also at ectopic site of animals. They constructed
pre-vascularization devices including basic fibroblast
growth factor to prolong the survival of transplanted
hepatocytes. Another research group suggested Hu-
man Wharton'’s jelly MSCs (HWJMSCs) for cell repla-
cement therapy for liver disorders”. HWJMSCs have
a large gene expression profile. From the point of li-
ver regeneration, HWJMSCs express the early hepatic
markers. Khodabandeh et al. demonstrated that the
HWIJMSCs showed different behaviours in 2D and 3D
culture systems. 3D collagen scaffold platforms pro-
mote HWJIMSCs to express tight junction markers,
especially claudin. Besides, hepatic nuclear factor-4
expression is stimulated on the 2D collagen scaffold
films?3.
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CONCLUSION

Consequently, due to high prevalence of organ failu-
res and limited success with traditional medical and
surgical therapies, the replacement of damaged tis-
sue remains an urgent and difficult task. Under these
circumstances, different tissue engineering targets
at assembling tissue constructs that can restore ba-
sic functions of various tissue by combining cellular
components with scaffold platforms which in turn
provide a framework of ideal structural, mechanical,
and electrophysiological characteristics have been
investigated. Recently, much emphasis has been pla-
ced on tissue engineering methods that mimic the
biological and biomechanical components of the
native tissue and maintain transplanted cell functi-
on and survival’. The three main targets are biomi-
metic decellularized scaffold platforms, proper cell
types and microenviroment. Mechanical interaction
between cells and the scaffolds plays an important
role in the morphogenesis and function of tissues.
Therefore, the use of decellularized matrices within
various tissue-derived stem cells or IPSCs has the
most potential approach for overcoming the need
for bioartificial tissue engineering.

REFERENCES

1. Arenas-Herrera JE, Ko IK, Atala A et al. Decellularization
for Whole Organ Bioengineering. Biomedical Materials
2013;8(1):014106.
http://dx.doi.org/10.1088/1748-6041/8/1/014106

2. SangLJ, Atala A. Scaffold Technologies for Controlling Cell Be-
havior in Tissue Engineering. Biomedical materials, 2013.

3. Sarig U, Machluf M. Engineering Cell Platforms for Myo-
cardial Regeneration. Expert opinion on biological therapy
2011;11(8):1055-77.
http://dx.doi.org/10.1517/14712598.2011.578574

4. Zammaretti P, Jaconi M. Cardiac Tissue Engineering: Regene-
ration of the Wounded Heart. Current opinion in biotechno-
logy 2004;15(5):430-34.
http://dx.doi.org/10.1016/j.copbio.2004.08.007

5. Parker AM, and Katz AJ. Adipose-Derived Stem Cells for the
Regeneration of Damaged Tissues. Expert Opinion on Biolo-
gical Therapy 2006;6(6):567-78.
http://dx.doi.org/10.1517/14712598.6.6.567

6. Heng BC et al. Strategies for Directing the Differentiation of
Stem Cells into the Cardiomyogenic Lineage in vitro. Cardio-
vascular Research 2004;62(1):34-42.
http://dx.doi.org/10.1016/j.cardiores.2003.12.022

7. Xu C. Differentiation and Enrichment of Cardiomyocytes from
Human Pluripotent Stem Cells. Journal of Molecular and Cel-
lular Cardiology 2012;52(6):1203-12.



E. Akbay et al., Scaffold technologies: Using a natural platform for stem cell therapy

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

http://dx.doi.org/10.1016/j.yjmcc.2012.03.012

Cannizzaro SM, Padera RF, Langer R et al. A novel biotiny-
lated degradable polymer fro cell-interactive applications.
Biotechnol Bioeng 1998;58:529-535.
http://dx.doi.org/10.1002/(SIC1)1097-0290(19980605)58:
5<529::AID-BIT9>3.0.CO;2-F

Wang DA, Ji J, Sun YH et al. In situ immobilization of proteins
and RGD peptide on polyurethane surfaces via poly(ethlyne
oxide) coupling polymers for human endothelial cell growth.
Biomacromolecules 2002;3:1286-1295.
http://dx.doi.org/10.1021/bm0255950

Lee KY, Alsberg E, Hsiong S et al. Nanoscale adhesion ligand
organization regulates osteoblast proliferation and differen-
tiation. Nano Lett 2004;4:1501-1506.
http://dx.doi.org/10.1021/nl0493592

Davis ME, Patrick CHH, Alan J G et al. Custom Design of the
Cardiac Microenvironment with Biomaterials. Circulation Re-
search 2005;97(1):8-15.
http://dx.doi.org/10.1161/01.RES.0000173376.39447.01
Russo V et al. Porous, Ventricular Extracellular Matrix-Derived
Foams as a Platform for Cardiac Cell Culture. BioResearch
Open Access 2015;4(1):374-88.
http://dx.doi.org/10.1089/biores.2015.0030

Vakilian S et al. Structural Stability and Sustained Release
of Protein from a Multilayer Nanofiber/nanoparticle Com-
posite. International Journal of Biological Macromolecules
2015;75:248-57.
http://dx.doi.org/10.1016/j.ijbiomac.2015.01.051

Wang Y, Ameer GA, Sheppard BJ et al. A tough biodegradable
elastomer. Nat Biotechnol 2002;20:602-606.
http://dx.doi.org/10.1038/nbt0602-602

McDevitt TC, Woodhouse KA, HAuschka SD et al. Spatially
organized layers of cardiomyocytes on biodegradable polyu-
rethane films for myocardial repair. J Biomed Mater Res A
2003;66:586-595.

http://dx.doi.org/10.1002/jbm.a.10504

Pego AP, Van Luyn MJ, Brouwer LA et al. In vivo behaviour
of poly (1,3-trimetyhlene carbonate) and copolymers of 1,3-
trimetyhlene carbonate with D, L-lactide or e-caprolactone:
Degradation and tissue response. J Biomed Mater Res A
2003;67:1044-1054.

http://dx.doi.org/10.1002/jbm.a.10121

lyer RK, Chiu LL, Radisic M. Microfabricated poly(ethylene
glycol) templates enable rapid screening of triculture condi-
tions for cardiac tissue engineering. J Biomed Mater Res A
2009;89:616-631.

http://dx.doi.org/10.1002/jbm.a.32014

Gelse K, Poschi E, Aigner T. Collagens-structure, function, and
biosynthesis. Adv Drug Deliv Rev 2003;55: 1531-46.
http://dx.doi.org/10.1016/j.addr.2003.08.002

Zhao Y, Xu Y, Zhang B, et al. In vivo generation of thick, vascu-
larized hepatic tissue from collagen hydrogel-based hepatic
units. Tissue Eng Part C Methods 2010;16:653-9.
http://dx.doi.org/10.1089/ten.tec.2009.0053

Tedder ME, Simionescu A, Chen J et al. Assembly and testing
of stem cell-seeded layered collagen constructs for heart val-
ve tissue engineering. Tissue Eng Part A 2011;17:25-36.
http://dx.doi.org/10.1089/ten.tea.2010.0138

Kijenska E, Prabhakaran MP, Swieszkowski W et al. Electros-
pun bio-composite P(LLA-CL)/collagen I/collagen Il scaffolds
for nerve tissue engineering. J Biomed Mater Res B Appl Bio-
mater 2012;100:1093-102.
http://dx.doi.org/10.1002/jbm.b.32676

Chiu LL, Reis LA, Momen A, Radisic M. Controlled release of
thymosin B4 from injected collagen-chitosan hydrogels pro-
motes angiogenesis and prevents tissue loss after myocardial
infarction. Regen Med 2012;7:523-33.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

http://dx.doi.org/10.2217/rme.12.35

Xu Y, Dong S, Zhou Q et al. The effect of mechanical sti-
mulation on the maturation of TDSCs-poly(L-lactide-co-e-
caprolactone)/collagen scaffold constructs for tendon tissue
engineering. Biomaterials 2014;35:2760-72.
http://dx.doi.org/10.1016/j.biomaterials.2013.12.042
Gautam S, Chou CF, Dinda AK et al. Surface modification of
nanofibrous polycaprolactone/gelatin composite scaffold by
collagen type | grafting for skin tissue engineering. Mater Sci
Eng C Mater Biol Appl 2014;34:402-9.
http://dx.doi.org/10.1016/j.msec.2013.09.043

Mosesson MW, Siebenlist KR, Meh DA. The structure and bi-
ological features of fibrinogen and fibrin. Ann N Y Acad Sci
2001;936:11-30.
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03491.x
Barsotti MC, Felice F, Balbarini A, Di Stefano R. Fibrin as a
scaffold for cardiac tissue engineering. Biotechnol Appl Bioc-
hem 2011;58:301-310.

http://dx.doi.org/10.1002/bab.49

Ye L, Zimmermann WH, Garry DJ et al. Patching the heart:
cardiac repair from within and outside. Circ Res 2013;113:
922-932.
http://dx.doi.org/10.1161/CIRCRESAHA.113.300216

Leor J, Amsalem Y, Cohen S. Cells scaffolds, and molecu-
les for myocardial tissue engineering. Pharmacol Ther
2005;105:151-163.
http://dx.doi.org/10.1016/j.pharmthera.2004.10.003

Linnes M, Ratner BD, Giachelli CM. A fibrinogen based preci-
sion microporous scaffold for tissue engineering. Biomateri-
als 2007;28:5298-5306.
http://dx.doi.org/10.1016/j.biomaterials.2007.08.020

Rowe SL, Lee S, Stegemann JP. Influence of thrombin con-
centration on the mechanical and morphological properties
of cell-seeded fibrin hydrogels. Acta Biomater 2007;3:59-67.
http://dx.doi.org/10.1016/j.actbio.2006.08.006

Wiesel JW. Structure of fibrin: impact on clot stability. J
Thromb Haemost 2007;5:116-24.
http://dx.doi.org/10.1111/j.1538-7836.2007.02504.x
Gasperini L, Mano JF, Reis RL. Natural polymers for the mic-
roencapsulation of cells. J. R. Soc. Interface 2014;11.
http://dx.doi.org/10.1098/rsif.2014.0817

Revi D, Paul W, Anilkumar TV et al. Chitosan scaffold co-cultured
with keratinocyte and fibroblast heals full thickness skin wounds
in rabbit. J Biomed Mater Res A 2014;102:3273-81.
http://dx.doi.org/10.1002/jbm.a.35003

Guzman R, Nardecchia S, Gutiérrez MC et al. Chitosan scaffolds
containing calcium phosphate salts and rhBMP-2: in vitro and
in vivo testing for bone tissue regeneration. PLoS One, 2014.
http://dx.doi.org/10.1371/journal.pone.0087149

Ceccaldi C, Bushkalova R, Alfarano C et al. Evaluation of pol-
yelectrolyte complex-based scaffolds for mesenchymal stem
cell therapy in cardiac ischemia treatment. Acta Biomater
2014;10:901-11.
http://dx.doi.org/10.1016/j.actbio.2013.10.027

Martins AM, Eng G, Caridade SG et al. Electrically conductive
chitosan/carbon scaffolds for cardiac tissue engineering. Bio-
macromolecules 2014;15:635-43.
http://dx.doi.org/10.1021/bm401679q

Rodriguez-vazquez M et al. “Chitosan and Its Potential Use as
a Scaffold for Tissue Engineering in Regenerative Medicine.”
Hindawi Publishing Corporation Bomed Reseacrh Inter 2015.
Wee S, Gombotz WR. Protein release from alginate matrices.
Adv Drug Deliv Rev 1998;4:267-85.

Bidarra SJ, Barrias CC, Granja PL. Injectable alginate hydro-
gels for cell delivery in tissue engineering. Acta Biomater
2014;10:1646-62.
http://dx.doi.org/10.1016/j.actbio.2013.12.006

211



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wang L, Shansky J, Borselli C et al. Design and fabrication of a
biodegradable, covalently crosslinked shape-memory algina-
te scaffold for cell and growth factor delivery. Tissue Eng Part
A 2012;18:2000-7.
http://dx.doi.org/10.1089/ten.tea.2011.0663

Moshaverinia A, Xu X, Chen C et al. Dental mesenchymal
stem cells encapsulated in an alginate hydrogel co-delivery
microencapsulation system for cartilage regeneration. Acta
Biomater 2013;9:9343-50.
http://dx.doi.org/10.1016/j.actbio.2013.07.023

Orive G, Ponce S, Herndndez RM et al. Biocompatibility of
microcapsules for cell immobilization elaborated with diffe-
rent type of alginates. Biomaterials 2002;23:3825-31.
http://dx.doi.org/10.1016/50142-9612(02)00118-7

Ménard M, Dusseault J, Langlois G et al. Role of protein con-
taminants in the immunogenicity of alginates. J Biomed Ma-
ter Res B Appl Biomater 2010;93:333-40.
http://dx.doi.org/10.1002/jbm.b.31570

Toole BP. Hyaluronan: from extracellular glue to pericellular
cue. Nat Rev Cancer 2004;4:528-39.
http://dx.doi.org/10.1038/nrc1391

Collins MIN, Birkinshaw C. Hyaluronic acid based scaffolds for tis-
sue engineering-a review. Carbohydr Polym 2013;92:1262-79.
http://dx.doi.org/10.1016/j.carbpol.2012.10.028

Huang NF, Yu J, Sievers R et al. Injectable biopolymers en-
hance angiogenesis after myocardial infarction. Tissue Eng
2005;11:1860-6.
http://dx.doi.org/10.1089/ten.2005.11.1860

Van Vlierberghe S, Dubruel P, Schacht E. Biopolymer-based
hydrogels as scaffolds for tissue engineering applications: a
review. Biomacromolecules 2011;9:1387-408.
http://dx.doi.org/10.1021/bm200083n

Elzoghby AO. Gelatin-based nanoparticles as drug and gene
delivery systems: reviewing three decades of research. J
Control Release 2013;172:1075-91.
http://dx.doi.org/10.1016/j.jconrel.2013.09.019

Bonnans C, Chou J, Werb Z. Remodelling the extracellular
matrix in development and disease. Nat Rev Mol Cell Biol
2014;15:786-801.

http://dx.doi.org/10.1038/nrm3904

Midwood KS, Williams LV, Schwarzbauer TE. Tissue repair
and the dynamics of the extracellular matrix. Int J Biochem
Cell Biol 2004;36:1031-7.
http://dx.doi.org/10.1016/].biocel.2003.12.003
Badylak SF, Taylor D, Uygun K. Whole-organtissue engineering:
decellularization and recellularization of three-dimensional
matrix scaffolds. Annu Rev Biomed Eng 2011;13:27-53.
http://dx.doi.org/10.1146/annurev-bioeng-071910-124743
Nelson CM, Bissell MJ, Of extracellular matrix, scaffolds, and
signaling: Tissue architecture regulates development, home-
ostasis, and cancer. Annu Rev Cell Dev Biol 2006;22:287-309.
http://dx.doi.org/10.1146/annurev.cellbio.22.010305.104315
Robinson KA, Li J, Mathison M et al. Extracellular matrix scaf-
fold for cardiac repair. Circulation 2005;112:135-43.
Gaélvez-Montén C, Prat-Vidal C, Roura S et al. Update: Inno-
vation in cardiology (IV). Cardiac tissue engineering and the
bioartificial heart. Rev Esp Cardiol 2013;66:391-9.
http://dx.doi.org/10.1016/j.recesp.2012.11.013

Badylak SF. The extracellular matrix as a biologic scaffold ma-
terial. Biomaterials 2007;28:3587-3593.
http://dx.doi.org/10.1016/j.biomaterials.2007.04.043
WallisJM et al. Comparative Assessment of Detergent-Based Pro-
tocols for Mouse Lung De-Cellularization and Re-Cellularization.
Tissue Engineering Part C: Methods 2012;18(6):420-32.
http://dx.doi.org/10.1089/ten.tec.2011.0567

Zund G, Breuer CK, Shinoka T et al. The in vitro construction
of a tissue engineered bioprosthetic heart valve. Eur J Cardi-

212

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Med Med J 31(3):205-212, 2016

othorac Surg 1997;11:493-497.
http://dx.doi.org/10.1016/51010-7940(96)01005-6
Eschenhagen T, Didie M, Heubach J et al. Cardiac tissue engi-
neering. Transpl Immunol 2002;9:315-321.
http://dx.doi.org/10.1016/S0966-3274(02)00011-4

Kofidis T, Akhyari P, Boublik J et al. In vitro engineering of he-
art muscle: artificial myocardial tissue. J Thorac Cardiovasc
Surg 2002;124:63-69.
http://dx.doi.org/10.1067/mtc.2002.121971

Zimmermann WH, Didie M, Wasmeier GH et al.Cardiac graf-
ting of engineered heart tissue in syngenic rats. Circulation
2002;106: 1151-1157.

Zimmermann WH, Melnychenko I, Eschenhagen T. Enginee-
red heart tissue for regeneration of diseased hearts. Bioma-
terials 2004;25:1639-1647.
http://dx.doi.org/10.1016/5S0142-9612(03)00521-0

Ott HC et al. Perfusion-Decellularized Matrix: Using Nature’s
Platform to Engineer a Bioartificial Heart. Nature Medicine
2008;14(2):213-21.

http://dx.doi.org/10.1038/nm1684

Wang B et al. Fabrication of Cardiac Patch with Decellularized
Porcine Myocardial Scaffold and Bone Marrow Mononucle-
ar Cells. Journal of Biomedical Materials Research Part A
2010;94(4):1100-1110.
http://dx.doi.org/10.1002/jbm.a.32781

Song JJ, Ott HC. Organ Engineering Based on Decellu-
larized Matrix Scaffolds. Trends in Molecular Medicine
2011;17(8):424-32.
http://dx.doi.org/10.1016/j.molmed.2011.03.005

Matsuura K, Rie U, Kenichi N et al. Cell Sheet Approach for
Tissue Engineering and Regenerative Medicine. Journal of
Controlled Release 2014;190:228-39.
http://dx.doi.org/10.1016/j.jconrel.2014.05.024

Lemon G, Mei LL, Fatemeh A et al. The Development of the
Bioartificial Lung. British Medical Bulletin 2014;110(1):35-45.
http://dx.doi.org/10.1093/bmb/Idt037

Gomez-Lechon MJ et al. Long-term expression of differenti-
ated functions in hepatocytes cultured in three-dimensional
collogen matrix. J Cell Physiol 1998;177:553-562.
http://dx.doi.org/10.1002/(SIC1)1097-4652(199812)177:
4<553::AID-JCP6>3.0.CO;2-F

Zeilinger K et al. Time course of primary liver cell reorga-
nization in three-dimensional high-density bioreactors for
extracorporeal liver support: an immunohistochemical and
ultrastructural study. Tissue Eng 2004;10:1113-1124.
http://dx.doi.org/10.1089/ten.2004.10.1113

Baptista PM et al. The use of whole organ decellularization
for the generation of a vascularized liver organoid. Hepato-
logy 2010;53:604-617.
http://dx.doi.org/10.1002/hep.24067

Uygun B et al. Organ reengineering through development of
a transplantable recellularized liver graft using decellularized
liver matrix. Nature Med 2010;16:814-820.
http://dx.doi.org/10.1038/nm.2170

Shupe T et al. Method for the decellularization of intact rat
liver. Organogenesis 2010;6:134-136.
http://dx.doi.org/10.4161/0rg.6.2.11546

Barakat O et al. Use of decellularized porcine liver for engine-
ering humanized liver organ. J Surg Res 2011;173:11-25.
http://dx.doi.org/10.1016/j.jss.2011.09.033

Khodabandeh Z et al. Comparison of the Expression of He-
patic Genes by Human Wharton’ S Jelly Mesenchymal Stem
Cells Cultured in 2D and 3D Collagen Culture Systems. [/MS
2016;41(1).

Alrefai MT et al. Cardiac tissue engineering and regeneration
using cell-based therapy. Stem Cells and Cloning: Advances
and Applications 2015;8:81-101.



