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1. Introduction
2. The in vivo role of ECM Importance of the field: Biomimetic scaffolds and substrates of extracellular
matrices (ECMs) play an important role in the regulation of cell function
and in the guidance of new tissue regeneration, as an ECM has the intrinsic
cues necessary to communicate with and dictate to cells.
Areas covered in this review: This paper reviews the latest developments in
ECM scaffolds and substrates obtained from decellularized tissues, organs or
5. Cell-formed decellularized cultured cells and their application in tissue engineering. The ECM composi-
matrices for the regulation of tion, structure, interaction with surrounding cells, preparation method and
usage in the regeneration of various tissues and organs are summarised.
6. Conclusions What the reader will gain: The advantages and challenges of decellularized
7. Expert opinion matrices are highlighted.
Take home message: Similarity in the composition, microstructure and bio-
mechanical properties of the decellularized scaffolds and substrates to those
of the native tissues and organs maximizes the promotion effect in the regen-
eration of both structural and functional tissues and organs. Simple tissues as
well as complicated organs have been decellularized and decellularization
methods have been optimized to completely remove the cellular components
while keeping the ECM intact.

3. Decellularized matrices derived
from tissues and organs

4. Cell-formed decellularized
matrices
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1. Introduction

By combining cells, biomaterial scaffolds and biologically active molecules, tissue
engineering has been proven to be a promising therapeutic approach in treating dis-
ease and injury in light of a variety of problems confronting currently available treat-
ment methods [1,2]. Three-dimensional scaffolds play an important role in tissue
engineering to control cell functions and to promote the formation of new tissues
and organs [3]. The scaffolds provide initial support to the seeded cells, localise
the cells in the appropriate spaces, provide physical and biological cues for adhesion,
migration, proliferation and differentiation, and assemble the propagated cells and
secreted matrices into functional tissues and organs. The scaffolds will be replaced
by the cells’ own matrices during the regeneration. Therefore, the scaffolds should
be biocompatible, biodegradable and provide appropriate signals for the seeded cells
to orchestrate the process. Meanwhile, two-dimensional cell culture substrates used
for the in vitro subculture of somatic and stem cells are also very important for tissue
engineering. The substrate should have the capacity to expand the cells to the max-
imum amount without changing the phenotypes and characteristics of the expanded
cells. These special requirements drive the development of scaffolds and substrates
that have the same functions as 7z vive extracellular matrix (ECM).

ECM and ECM-mimicking scaffolds and substrates are ideal candidates for tissue

~ f engineering because in our body cells lay on- or are surrounded by ECM [4]. The
I n o r m a ECM functions as not only a supporting material but also as the regulator of cellular
healthcare functions such as cell survival, proliferation, morphogenesis and differentiation 4,5].

Moreover, the ECM can modulate signal transduction activated by various bioactive
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Article highlights.

e ECM and ECM-mimicking scaffolds and substrates are
ideal candidates for tissue engineering.

» To design scaffolds and substrates for tissue engineering
and cell culture applications, the tissue specificity of
ECMs should be considered for the induction of proper
cellular functions.

« To obtain scaffolds mimicking native ECM, cellular
components are selectively removed by a
decellularizsation treatment.

o The ECM scaffold of decellularized small intestinal

submucosa (SIS) is one of the well-studied decellularized

ECM scaffolds.

Decellularized amniotic membrane is another

well-studied decellularized ECM scaffold because of its

easy availability.

o A number of tissue-specific decellularized matrices have
been developed.

» The biomechanical properties of decellularized ECM
scaffolds are also very important factors in
tissue engineering.

» The microstructure of the ECM also plays an important

role in tissue engineering.

Whole organs have been decellularized to keep the

similarity of composition, biomechanical properties,

microstructure and shape of the native organs.

Cell-formed matrices can be used as a new cell culture

substrate after a decellularization treatment.

Cell-formed decellularized matrices have been

extensively studied for the regulation of stem

cell functions.

The decellularized matrices will be useful matrices for

not only tissue engineering and biological therapy but

also for basic biological research.

This box summarizes key points contained in the article.

molecules such as growth factors and cytokines [6,7]. The
ECM molecules and networks change their compositions,
structures and biomechanical properties according to each
specific tissue and organ. Their compositions and properties
also dynamically change and remodel during development.
Ideally, the scaffolds and substrates used for tissue engineering
and cell culture can provide the same or similar microenviron-
ment to the seeded cells as that of an ECM existing in vivo.
However, native ECMs are composed of many kinds of
proteins and have very intricate structures. Although many
rescarchers have been trying to identify the proteins of
ECMs in vivo (8], there remain a number of unidentified pro-
teins. Therefore, it is difficult to reconstruct a scaffold or
substratum that has the same composition as that of an
in vivo ECM by conventional physicochemical methods. In
addition to the difficulty in mimicking the ECM composi-
tion, it is also difficult to mimic the complex microstructure
and architecture of the in vivo ECM. Due to these difficulties,
researchers have tried to use the ECM in the tissues and
organs or ECM proteins produced by in vizro cultured cells
after decellularization treatment (Figure 1).

Various decellularized matrices have been developed from
different tissues and organs as well as cultured cells. Decellu-
larized matrices contain tissue- or cell-specific ECM proteins
and remain a tissue- or cell-specific microstructure. The decel-
lularized matrices have been widely used for the engineering
of functional tissues and organs such as cartilage, skin, bone,
bladder, blood vessels, heart, liver, lung and etc. In this
review, we summarise the trials to develop decellularized
matrices after a brief introduction of the roles played by
the ECM.

2. The in vivo role of ECM

The ECM is a complicated complex of many kinds of poly-
saccharides and proteins, such as collagens, proteoglycans
and glycoproteins. Cells adhere to the ECM via receptors
(e.g., integrins) to maintain tissue architecture iz vivo. In
addition to the maintenance of tissue architecture, ECMs
can regulate cellular functions in several ways [5]. The asso-
ciation between ECM proteins and receptors like integrin
can directly activate intracellular signalling pathways. For
example, it has been reported that the signal transduction
activated by integrins is required for the escape of
detachment-induced apoptosis [91. Integrin activates survival
signal molecules such as Akt and extracellular-signal-regulated
kinase (ERK) for cells to survive and proliferate [10,11]. Also,
integrin can activate Rho kinase to assemble actin fila-
ments [12]. The signal transduction activated by integrins
differs according to the type of ECM molecules [11,121. In
addition to direct activation of signalling pathways, the
ECM can also regulate cellular functions through indirect
pathways. Two types of indirect mechanisms have been indi-
cated. One mechanism to regulate cellular functions is the
modulation of cytokine activity. In the liver, hepatocyte
growth factor (HGF) is stored in the ECM in an inactive
form. When the liver is damaged, the ECM is degraded
by matrix metalloproteinase (MMP) to release HGF to inter-
act with hepatocytes for their proliferation [13,14]. In addition
to the storage of cytokines in the ECM, the ECM can regulate
cytokine activity. Decorin can bind to bone morphogenic
proteins (BMPs) to increase their activity [15]. In contrast,
biglycan can bind to chordin, an antagonist of BMPs, to sup-
press BMP activity [16]. In the neural stem cell (NSC) niche,
FGF-2 binds to N-sulphated heparan sulphate proteoglycans
(HSPGs) to maintain the NSC phenotype (171. Moreover,
intracellular signalling activated by integrins can modulate
signalling pathways activated by cytokines [6,7. The other
mechanism to regulate cellular function by the ECM is trans-
duction of mechanical signals. When cells are cultured on
substrate having different elasticity, the cells show different
responses according to the elasticity of the substrate [18,19].
When mesenchymal stem cells (MSCs) are cultured on sub-
strates mimicking the elasticity of nerve, muscle and bone,
MSC:s differentiate into neurons, muscle cells and osteoblasts,
respectively [18].
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Figure 1. Decellularized matrices from tissues/organs and cultured cells, and their advantages. A. Decellularized matrices
from tissues/organs. They have native-like ECM composition, microstructure and biomechanical properties. Also, they keep
the shapes of the original tissues and organs. B. Decellularized matrices from cultured cells. They can mimic the composition
of native ECM which is difficult to isolate from the tissues (e.g., stem cell niche). Biomaterial surface can also be modified with

decellularized matrices from cultured cells.

The properties (e.g., composition, microstructure and elas-
ticity) of ECMs vary depending on the type of tissue. The
composition of the ECM is specialized in different tissues to
exert tissue-specific cellular functions (8,20 Moreover, the
composition of ECM varies depending on different develop-
mental stages and pathological conditions, like fibrosis, even
within the same tissue [21-23]. In addition to the composition
of the ECM, the microstructure varies depending on the
type of tssue. For example, the microstructures of ECMs
are different between epithelial tissue and stromal tissue [5].
The elasticity of the ECM is also different among the
tissues [18]. To design scaffolds and substrates for tissue engi-
neering and cell culture applications, the tissue specificity of
ECMs should be considered for the induction of proper
cellular functions.

3. Decellularized matrices derived from
tissues and organs

3.1 Decellularized matrices and decellularization
methods

ECMs and ECM-mimicking scaffolds have been shown to
facilitate the constructive remodelling of many different tis-
sues in both preclinical animal studies and in human clinical
applications. To obtain scaffolds mimicking native ECM,
cells in the tissue are specifically removed by a decellulariza-
tion treatment and the intricate mixture of structural and
functional proteins and glycosaminoglycan remains. Many
methods have been developed for decellularization [24-29].
They include physical, chemical and enzymatic treatments.
Physical treatments use agitation, sonication, mechanical
massage, pressure or freezing and thawing to disrupt the cell
membrane and release cell contents. Chemical treatments
use alkalis, acids, detergents, organic solvents, chelating

agents, hypotonic solutions or hypertonic solutions to disrupt
cell membranes and the bonds responsible for intercellular
and extracellular connections. Enzymatic treatments use pro-
tease or nuclease to cleave the peptide or nucleotide bonds.
All of these methods have their respective advantages and
limitations. They can efficiently remove cellular components
such as nuclei, actin and the cell membrane while they also
have some adverse effects on the composition, biological
activity, and biomechanical property of the remaining
ECM. Generally, these methods are properly combined to
maximize the decellularization effect while minimizing
any adverse effect on the composition, biological activity,
integrity and biomechanical properties of the remaining
ECM. Appropriate methods should be selected and refined
for the specific tissues and organs.

Decellularized ECM scaffolds from a variety of tissues,
including heart [30] and heart valves [31-35], blood vessels [29.36,37],
small intestinal submucosa (SIS) (3638391, lung [40-42], tra-
chea [43], skin [4445], nerve [4647], cornea [48-50], oesopha-
gus [51,52], liver [53-55], kidney [56], bladder (26,57, cartilage [s8],
ligament [28], adipose tissue [59-61] and amniotic membrane [62]
have been prepared and tried for use in tissue engineering in
many forms (Figure 2). Some of them have been commercial-
ized for therapeutic applications. Among the commercially
available ECM scaffolds, SIS- and skin-derived decellularized
scaffolds are the most representative ones [39,44. Some of the
representative ECM  scaffolds for each tssue are listed
in Table 1. Applications for a few of the typical ECM scaffolds
used in tissue engineering are discussed in detail below.

3.2 Decellularized matrices derived from small
intestinal submucosa

The ECM scaffold of decellularized small intestinal submucosa
(SIS) is the well-studied decellularized ECM

one of
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Figure 2. Different types of decellularized matrices derived
from tissues and organs.

scaffolds (36,3839]. The composition, microstructure and
biomechanical properties of SISSECM scaffolds depend on
the decellularization method. Collagens occupy almost more
than 90% of the dry weight of decellularized SIS with type I
collagen being the major type found. The SIS-ECM scaffolds
contain a number of components: collagen, including type I,
I, IV, V and VI; glycosaminoglycans (GAGs), including hep-
arin, heparin sulphate, chondroitin sulphate and hyaluronic
acid; adhesion molecules, such as fibronectin and laminin; pro-
teoglycans including decorin; glycoproteins, such as biglycan
and entactin; and various growth factors, including transform-
ing growth factor-B (TGF-f), basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF). The
SIS-ECM scaffolds have been used to reconstruct a variety of
tissues including the integument, body wall, urinary bladder,
rotator cuff, intestine, urethra, ureter, diaphragm [38) and blood
vessels [34].

3.3 Decellularized matrices derived from amniotic
membrane

Decellularized amniotic membrane is another one of the
well-studied decellularized ECM scaffolds because of its easy
availability [63]. Amniotic membrane is the innermost layer
of the placental membranes. Amniotic membrane has both a
basement membrane ECM side and a stromal ECM side. In
the layer to which epithelial cells adhere, type I, type III and
type IV collagens; laminins; and fibronectin are assembled.
Human amniotic membrane has been widely used in many
surgical procedures, such as skin transplantation, vaginal
reconstruction and eye surgery [44.62]. Following clinical use,
several beneficial effects, such as anti-inflammatory and anti-
microbial effects, have been reported [64,65]. Various attempts
have been made to modify human amniotic membrane,
including chemical and physical cross-linking to enhance its
physical properties and to remove cellular components [63].

3.4 Decellularized matrices for specific applications

The SIS-ECM and amniotic membrane have been used in
clinics for various tissues, and not limited to one specific
tissue. Because the composition and character of the ECM

of each tissue are different, tissue-specific ECM scaffolds are
required for some tissues and organs. In other words, cellular
functions may differ depending on the decellularized matrices
derived from different tissues or organs. Badylak and col-
leagues reported that sinusoidal endothelial cells can maintain
their differentiated functions on liver-derived decellularized
matrices but not on SIS-derived and bladder-derived decellu-
larized matrices, demonstrating the effect on cellular functions
of decellularized matrices derived from different tissues [20].
Therefore, the source of the tissues or organs used in the prep-
aration of decellularized matrices should be carefully chosen
based on the intended usage and application. A number of
tissue-specific decellularized matrices have been developed.

Primary hepatocytes lose their liver-specific functions, such
as albumin secretion and drug metabolising activities, when
they are cultured 77 vitro. The loss of their specific functions
is one of the major problems for liver tissue engineering. To
maintain the liver-specific functions of primary hepatocytes,
Reid e# al. developed decellularized matrices from liver tissue
after homogenization. This decellularized matrix contains
mostly liver collagens and an unknown quantity of noncollag-
enous components and proteoglycans. On this decellularized
matrix, primary hepatocytes can attach and maintain their dif-
ferentiated functions, like albumin secretion, for up to three
months [53,54]. The authors claimed that this matrix might
be one of the appropriate substrates for hepatocyte adhesion
in vitro.

Decellularized fat tissue has been investigated in combina-
tion with mesenchymal stem cells for adipogenic applica-
tions [59.60]. Fat matrix contains collagens type I - VI, as well
as other ECM components, such as laminin and fibronectin [66).
Culture of human adipose-derived stem cells in a decellularized
fat ECM scaffold indicated that the decellularized adipose tis-
sue provided an inductive microenvironment for adipogenesis,
supporting the expression of the master regulators peroxisome
proliferator-activated receptor y (PPARY) and CCAAT/
enhancer binding protein (C/EBPa), without the need for
exogenous differentiation factors.

3.5 Decellularized matrices with appropriate
biomechanical properties

The biomechanical properties of decellularized ECM scaffolds
are also very important factors in tissue engineering. Acellular
xenogeneic or allogeneic matrices have been used for tissue-
engineered heart valves because the biomechanical properties
of a valve can potentially be preserved with an optimal decel-
lularization method that removes the cells while keeping the
matrix intact. Steinhoff ez al. decellularized sheep pulmonary
valve conduits and seeded the scaffolds with autologous myo-
fibroblasts and endothelial cells for reconstruction of viable
pulmonary valve leaflets [31]. Six tissue-engineered valves and
four unseeded control valves were implanted in sheep for
3 months. The tissue-engineered valves showed complete his-
tological restitution of valve tissue and confluent endothelial
surface coverage in all cases while the unseeded allogeneic
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Table 1. Partial list of tissue/organ-derived decellularized matrices for tissue engineering.

Target tissues Sources of matrices Use Ref.
Heart Rat whole heart Heart transplantation [30]
Heart valves Porcine aortic valves Valvular heart disease [31]
Pig aortic valves Bioprosthetic valves [33]
Procine myocardial tissue Injectable gel for cardiac tissue engineering [35]
Blood vessels Pig carotid arteries Vascular graft [29]
Dog small intestinal submucosa Vascular graft [36]
Porcine aortic blood vessel Vascular graft [37]
Lung Rat whole lung Lung transplantation [40]
Rat whole lung Lung transplantation [41]
Mouse whole lung Lung bioreactor system [42]
Trachea Yorkshire boar trachea Airway replacement [43]
Skin Human dermal tissue Abdominal wall, breast, ear, nose and [44]
throat/head and neck reconstruction, grafting
Nerve Peripheral nerve Peripheral nerve graft [46]
Rat peripheral nerve Peripheral nerve graft (471
Cornea Human cornea stroma Cornea transplantation [48]
Porcine cornea Cornea transplantation [49,50]
Esophagus Porcine aorta Patch for esophageal injury [51]
Rat esophagus Artificial esophagus [52]
Liver Rat homogenized liver Hepatocyte culture [53,54]
Ischemic rat liver Liver transplantation [55]
Kidney Rhesus monkey kidney Scaffold for kidney tissue engineering [56]
Bladder Dog bladder submucosa Bladder augmentation [26]
Porcine bladder Scaffold for bladder tissue engineering [57]
Cartilage Porcine menisci Scaffold for meniscal repair (58]
Ligament Porcine anterior cruciate ligament Bone-anterior cruciate ligament-bone graft [28]
Adipose tissue Rat adipose tissue Adipogenesis of mesenchymal stem cell [59]
Human adipose tissue Adipose tissue regeneration [60]
Rat skeletal muscle Adipose tissue regeneration [61]
Vagina Human amniotic membrane Vaginal reconstruction [62]
Decellularized small intestinal submucosa has been used for the reconstruction of integument, body wall, urinary [38]

bladder, rotator cuff, intestine, urethra, ureter and diaphragm

acellular control valves showed partial degeneration (two of
four valves) and no interstitial valve tissue reconstitution.
Bertipaglia ¢t a/. cultured aortic valve interstitial cells in decel-
lularized valve leaflets [32]. After culturing for two weeks, the
cells penetrated the decellularized scaffolds, and a heteroge-
neous mesenchymal cell population of valve interstitial cells
(fibroblasts, myofibroblasts, smooth muscle cells and endothe-
lial cells) was present. The decellularized valve leaflets showed
the cellular potental to reconstruct a viable aortic valve.
Tedder ez al. reported the usage of decellularized porcine peri-
cardium and porcine pulmonary arteries for heart valve tissue
engineering [33]. The two decellularized scaffolds were layered
together to form a valve-shaped construct that was seeded
with human bone-marrow-derived stem cells and cultured in
a bioreactor. The cells in the ECM scaffolds showed similar
morphology and properties to native human valve interstitial
cells, indicating the feasibility of the approach.

3.6 Decellularized matrices with appropriate
microstructures

In addition to the similarity of composition and biomechani-
cal properties, the microstructure of the ECM also plays an
important role in tissue engineering. Decellularized matrices

of tissues and organs can mimic the microstructure of native
ECM. Decellularized cornea stroma was used for a culture
of human corneal endothelial cells for cornea tissue engineer-
ing. After 14 days culturing in growth medium, the seeded
human corneal endothelial cells retained the expression of
the functional markers of corneal endothelial cells, and the
engineered cornea showed similar biomechanical properties
to the normal cornea [48]. For corneal tissue engineering
with decellularized matrices, transparency is an important fac-
tor. To control the transparency of decellularized matrices,
high hydrostatic pressure has been used to remove the cellular
component of the cornea [49,50]. These decellularized matrices
became clear after transplantation into the cornea [50]. It was
suggested that the structure of the aligned collagen fibrils after
decellularization was involved in producing the transparency
after transplantation.

3.7 Decellularized matrices of whole organs

Most recently, whole organs have been decellularized to keep
the similarity of composition, biomechanical properties, micro-
structure and shape of the native organs. The decellularized
organ-derived ECM scaffolds have been used to reconstruct
whole organs by re-seeding cells in the matrices [3040-42,55].
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Ott er al. first reported decellularized matrices derived from
whole rat heart [30]. To keep the structure of the native ECM
in the heart, the decellularization is performed with a perfusion
technique. After the seeding of cells in the whole heart decellu-
larized matrices, macroscopic contractions were observed
within 4 days. By 8 days, the constructs could generate pump
functions. Similar to whole-heart decellularized matrices, decel-
lularized matrices derived from whole rat liver were developed
by perfusion decellularization [55]. After the seeding of hepato-
cytes in the whole-liver decellularized matrices, hepatocytes
showed liver-specific functions such as albumin secretion,
urea synthesis and the expression of drug metabolising
enzymes. Additionally, these constructs are transplantable. In
2010, three groups reported simultaneously the decellulariza-
tion of a whole lung and the use of the decellularized lung for
lung tissue engineering [40-42]. They used a detergent perfusion
method to decellularize rat lungs and yield acellular lung matri-
ces with intact vasculature, airway and alveoli structures. Lung
cells and endothelial cells were seeded into the acellular lung
matrices to repopulate airways and blood vessels, respectively.
When the cell-seeded lung matrices were cultured in a bio-
reactor simulating the physiological environment of living
lung, they generated gas exchange similar to that of isolated
native lungs. After being transplanted orthotopically, the
engineered lungs enabled ventilation, perfusion and gas
exchange for several hours. These results may suggest that the
use of an acellular organ matrix is a prospective approach for
organ regeneration.

3.8 Decellularized ECM-incorporated gel scaffolds

In addition to the direct usage of decellularized ECM scaf-
folds for clinical applications, they can be incorporated in
soluble-form materials that can be induced to self-assemble
into a gel after the injection into the body. Such scaffolds
have been recently focused on because they can theoretically
fit to any three-dimensional spaces and can be delivered
via minimally invasive surgical techniques. A few types of
injectable gels composed of decellularized matrices of tissues
and organs have been developed for tissue engineering appli-
cations. Freytes ez al. reported injectable gel derived from
decellularized matrices of porcine urinary bladder matrix (67).
This matrix was induced to self-assemble into a gel under
physiological conditions. And the gel can support the adhe-
sion and growth of rat aortic smooth muscle cells. Singelyn
and colleagues developed injectable gel derived from decellu-
larized matrices of myocardial tissues for cardiac tissue engi-
neering (35]. The matrix could form a gel after iz vivo
injection. After the injection, endothelial cells and smooth
muscle cells migrated towards the gel with a significant
increase in arteriole formation.

4. Cell-formed decellularized matrices

Although  decellularized matrices derived from tissues
and organs have many advantages in their composition,

microstructure and biomechanical properties, the availability
of tissues and organs for decellularization is problematic.
Also, tissue or organ decellularization is not suitable for the
preparation of decellularized matrices mimicking an ECM
that is specific to a region of tissue, such as stem cell niches.
To solve these problems, cell-formed matrices have been
developed. When cells are cultured in vitro, ECM proteins
are secreted from the cells and are then deposited beneath
the cells [68,69). Using this phenomenon, an ECM can be
formed in vitro. After the formation of an ECM by cultured
cells, cell-formed matrices can be used as a new cell culture
Cell-formed
decellularized matrices reported since the
1970s [70,71]. Chen ez al. reported a cell-free substratum con-
taining matrices prepared from culture of chick embryo

substrate after a decellularization treatment.

have been

fibroblasts by decellularization treatment with non-ionic
detergent, NP-40, at pH 9.6 [70]. Hedman et al. also isolated
the pericellular matrices of human fibroblast by decellulariza-
tion [71]. These studies indicate that the decellularized matri-
ces can be used as a new cell culture substrate. Now, there
are many types of cell-formed matrices which are prepared
under various culture conditions (Figure 3). Some of the rep-
resentative decellularized matrices derived from cell cultures
are listed in Table 2.

Based on these studies, cell-formed decellularized matrices
have been used and evaluated for their functions as new
cell culture substrates. Mochitate and colleagues developed
a new basement membrane model formed by alveolar epithelial
cells [72-75. They cultured alveolar epithelial cells on air-
dried collagen gels with fibroblasts or Matrigel. After the cul-
ture, lamina densa, which can be detected by a transmission
electron microscopy, formed beneath the cells and was used
as a new cell culture substrate. On this basement membrane
model, primary hepatocytes can survive longer than on a type
I collagen matrix and Matrigel. In addition, the cells can main-
tain their differentiated functions, such as albumin secretion
and cytochrome P450 gene expression, on this decellularized
basement membrane model at higher levels than cells on a
type I collagen matrix and Matrigel [74].

Cell-formed matrices can be used to modify the surfaces of
other biomaterials, such as metals. Although titanium has
advantageous mechanical properties, titanium alloys are not
osteoconductive and have a low affinity for cells. To cope
with these problems, surface modification techniques have
been developed. To modify titanium surfaces with a native
ECM, osteoblast-like SAOS-2 cells were cultured and
allowed to synthesise and assemble their ECM on titanium
surfaces [76]. After the deposition of ECM proteins, the cell
culture surfaces were decellularized to obtain decellularized-
matrices-modified titanium surfaces. The number of cells
attached to the decellularized-matrices-modified titanium sur-
faces was greater than found on RGD peptide- or fibronectin-
modified titanium surfaces or on bare titanium surfaces.
The cells are also able to spread well on the decellularized
matrices-modified titanium surfaces.
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5. Cell-formed decellularized matrices for the
regulation of stem cell functions

Stem cells are a concern in dssue engineering due to their
capacity for self-renewal and differentation. To date, there
have been a number of efforts to direct stem cell functions.
Cell-formed decellularized matrices have been extensively
studied for the regulation of stem cell functions. With regard
to the regulation of stem cell functions, the maintenance
of stemness and the direction of stem cell differentiation
are important.

Embryonic stem (ES) cells are usually cultured with feeder
cells to maintain their pluripotent differentiation and pro-
liferation potential. The establishment and maintenance
of ES cells without feeder cells is one of the most impor-
tant issues in tissue engineering. To solve this problem,
Klimanskaya er al. applied decellularized matrices [77]. They
prepared decellularized matrices derived from mouse embry-
onic fibroblasts (or feeder cells). On these matrices, they
established new human ES cells from fertilised eggs and found
that these ES cells could be maintained on these decellularized
matrices in a feeder-free condition with their self-renewal
ability and pluripotency intact.

Similar to the approach described above, mesenchymal
stem cells can be maintained on decellularized matrices with
stemness. When mesenchymal stem cells (MSCs) are cultured
in vitro on conventional tissue culture plates (TCPs), the
differentiation ability of the cells decreases during culture [78].
To avoid this problem, an artificial niche to maintain stem-
ness has been under development. Chen and colleagues
developed decellularized matrices derived from MSCs for
the maintenance of stemness in the cells [78,791. On this

Hoshiba, Lu, Kawazoe & Chen

decellularized matrix, MSCs can be cultured with the suppres-
sion of spontaneous differentiation [79]. Moreover, MSCs
can be subcultured on the matrices with their differentiation
ability maintained for a longer time than on TCPs (78]. The
authors attributed this phenomenon to the regulation of cyto-
kines, such as Wnt ligands and BMPs, by decellularized
matrices. They showed that the activity of BMPs was sup-
pressed on the matrices such that spontaneous differentiation
was inhibited.

Manipulation of the direction of stem cell differentiation is
also an important issue in tissue engineering when using stem
cells. There have been several trials to direct stem cell differen-
tiation using decellularized matrices [80-87]. For the differenti-
ation of ES cells or induced pluripotent stem (iPS) cells into
pancreatic 3 cells, Higuchi ez al. applied a synthetic basement
membrane with decellularization (80]. The synthetic basement
membrane was prepared from a culture of the HEK293
cell line stably expressing laminin-511. After the deposition
of basement membrane components, HEK293 cells were
removed to prepare the synthetic basement membrane. On
this basement membrane model, mouse ES cells or iPS cells
sequentially differentiated into definitive endoderm, pancre-
atic progenitor cells, and the insulin secreting pancreatic
B cells in vitro. For chondrogenic differentiation, decellular-
ized 3-dimensional (3D) matrices derived from chondrocytes
have been applied [81.82]. Cheng ez al. developed decellularized
matrices derived from chondrocytes cultured in collagen
microspheres and evaluated the chondrogenesis of MSCs in
the matrices [82]. In these decellularized matrix microspheres,
the chondrogenesis of MSCs was supported. Choi ez al. also
developed decellularized matrices derived from chondro-
cytes [81]. In these decellularized matrices, the chondrogenesis
of MSCs was accelerated compared with polyglycolic acid
(PGA) scaffolds. Moreover, hypertrophy was suppressed in
these scaffolds. Mikos and colleagues developed composite
materials of titanium mesh and decellularized matrices
derived from osteoblasts and MSC-derived osteoblasts [83,84].
They compared the osteogenesis of MSCs and found that it
was accelerated in decellularized matrices with modified tita-
nium mesh compared with bare titanium mesh.
Dumas et al. prepared the decellularized ECM of osteoblasts
cultured under a low-magnitude, high-frequency mechanical
stimulation (85]. The decellularized osteogenic matrix pro-
moted the expression of osteoblast markers at the expense of
adipogenic markers when MSCs were cultured in the matrix
with a multipotential medium.

When stem cells differentiate into somatic cells, the differ-
entiation will proceed in step-by-step manner [88]. During this
stepwise differentiation of stem cells, the ECM surrounding
differentiating cells is remodelled according to the stage of dif-
ferentiation [21]. Recently, we have developed decellularized
matrices mimicking ECM remodelling during stem cell
differentiation, referred to as stepwise tissue-development
mimicking matrices (8687]. We developed the decellularized
matrices mimicking the ECM during the osteogenesis or
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Table 2. Partial list of cell-formed decellularized matrices.

Cell source Application Remarks Ref.
Fibroblast Cell culture substrate [71]
Embryonic fibroblast Cell culture substrate [70]
ES cells establishment and their maintenance [77]
Alveolar epithelial cells Basement membrane model Co-culture with fibroblast [72]
Basement membrane model, primary Co-culture with Matrigel [73-75]
hepatocyte culture, tracheal cell culture
HEK293 Pancreatic lineage differentiation of ES cells Cells stably expressing laminin-511 [80]
Osteoblast-like SAOS-2 Ti coating for bone implantation [76]
Mesenchymal stem cell Maintenance of mesenchymal stem cell [78,79]
Chondrocyte Chondrocyte monolayer culture [98]
Scaffold for implantation ECM formed in a pellet culture [81,99]
Chondrogenesis of mesenchymal stem cell ECM formed in collagen microspheres [82]
Osteogenic mesenchymal Osteogenesis of mesenchymal stem cell In titanium mesh [83,84]
stem cells Osteogenesis of mesenchymal stem cell Osteogenic MC3T3-E1 [85]
Osteogenesis of mesenchymal stem cell Matrices were prepared in each step [86]
of osteogenesis
Adipogenic mesenchymal Adipogenesis of mesenchymal stem cell Matrices were prepared in each step [87]

stem cell

of adipogenesis

adipogenesis of MSCs. To prepare the decellularized matrices
mimicking ECM, MSCs were induced to undergoosteogene-
sis or to adipogenesis 77 vitro. At each stage of MSC differen-
tiation, cell-cultured substrates were decellularized and the
decellularized matrices were used as stepwise osteogenesis-
mimicking matrices or stepwise adipogenesis-mimicking
matrices. The osteogenesis of MSC was accelerated in the
decellularized matrices mimicking ECM at an early stage
compared with those at the undifferentiated stage, and the
late stage of osteogenesis, and the bare TCPs [86]. Interest-
ingly, different mechanisms are at work for osteogenesis
suppression in the matrices mimicking ECM at the undiffer-
entiated stage and the late stage. In the matrices mimicking
ECM at the undifferentiated stage, the osteogenesis was
directly inhibited. On the other hand, the osteogenesis was
competitively inhibited in the matrices mimicking ECM at
the late stage. In the matrices mimicking ECM at the late
stage, adipogenesis was unexpectedly observed. However, adi-
pogenesis and the direct suppression of osteogenesis were not
observed in the matrices mimicking ECM at the early stage,
resulting in the acceleration of osteogenesis. The regulation
of the balance between osteogenesis and adipogenesis was
due to the regulation of cytokines’ activities by the ECM. In
the decellularized matrices mimicking ECM at the late stage,
B-catenin signal, which can suppress adipogenesis, was sup-
pressed compared with the matrices mimicking ECM at the
early stage of osteogenesis.

We have also developed decellularized matrices mimick-
ing ECM during the adipogenesis of MSCs as stepwise
adipogenesis-mimicking matrices (87]. Similar to stepwise
osteogenesis-mimicking matrices, the adipogenesis of MSCs
was accelerated on the matrices mimicking ECM at an
early stage of adipogenesis compared with those at the
undifferentiated stage and the late stage, and the bare TCPs.

From our research, maturational-stage-specific ECM plays
an important role in the direction of stem cell differentiation.
Mimicking the ECM at each maturational stage is one of the
important approaches to direct stem cell differentiation.

These stepwise tissue-development mimicking matrices
will be applied not only to tissue engineering but also to basic
biological research. To investigate the role of the ECM during
tissue development, protein knocked-down animals are avail-
able [89]. Alternatively, surfaces coated with ECM proteins are
also used [90]. In the cases using animals, it is difficult to com-
prehensively investigate the role of the ECM during tissue
development. For this purpose, new iz vitro ECM models
mimicking the ECM during tissue development are desired.
Stepwise tissue-development mimicking matrices will be one
of the good in vitro models available to investigate the roles
of ECM.

6. Conclusions

Insight into the microstructure and function of in vivo ECM
helps the understanding of the necessity for ECM scaffolds
and substrates for tissue engineering. Various kinds of ECM
scaffolds and substrates have been prepared from simply struc-
tured tissues and whole organs with complicated structures.
ECM scaffolds can also be prepared from cultured cells so
that there is no problem with donor tissue availability and
cells at different development stages can be controlled. The
ECM scaffolds and substrates have been used to control
stem cell functions and the regeneration of various types of
tissues and organs. Decellularized matrices have been used
for stemness maintenance as a stem cell niche and for the
direction of stem cell differentiation. In addition to applica-
tions for tissue engineering, the decellularized matrices will
be good in vitro ECM models. Therefore, the decellularized
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matrices will be useful matrices for not only tissue engineering
and biological therapy but also for basic biological research.

7. Expert opinion

Decellularized matrices derived from tissues/organs and cul-
tured cells are one of the useful matrices for tissue engineering
and stem cell manipulation as described above. To use natural
ECM proteins, most of the research has been focused on
isolated ECM proteins and their combinations, although
the ECM has a complex composition in each specific
tissue [11,12,90-93]. Instead of the application of isolated ECM
proteins, Matrigel, an extract of basement membrane secreted
from Engelbreth-Holm-Swarm sarcoma cells, has also been
used [9495]. As evidenced by the studies using Matrigel and
its combination with other isolated proteins, the full ECM
composition is required to exert maximal functions [92-95]. In
addition, the composition of the ECM depends on the types
of cells, tissues and organs (8], and only native-tissue-like
matrices can induce the highest effect on cellular functions [20].
Furthermore, the microstructure and biomechanical proper-
ties of the ECM facilitate functional tissue engineering and
the engineered tissues and organs can replicate the function
immediately after implantation (30,40-42,55]. Given these fac-
tors, decellularized matrices are useful for tissue engineering
and comprehensive study of ECM.

Years ago, decellularization was focused on simple tissues
such as small intestinal submucosa, amniotic membrane,
skin, heart valves and blood vessels [31-39,44,45,59,63-65]. In
recent years, with the development of new and advanced
decellularization methods, the decellularization of complica-
ted organs, such as the heart, liver and lung, has become
realistic [30,40-42,55]. The intricate blood vessel and airway net-
works in these complicated organs are almost impossible to
build up by conventional technology. The strong desire for
the regeneration of complicated organs, such as the heart, liver,
lung and pancreas, has pushed the development of ECM scaf-
folds. The development of a decellularized matrix for large and
complicated tissues and organs will continue as the popular
trend in tissue engineering and scaffolding research.

Although the decellularized tissue- and organ-derived
matrices are similar to the iz vivo ECM, they cannot mimic
the development process of tissue or body. To mimic the
remodelling of the ECM during development, the use of
stem cells that are controlled at different stages of develop-
ment is important. Theoretically, the preparation of ECM
mimicking the whole development process is possible if
embryonic stem cells or induced pluripotent cells are used.

The advantages of the decellularized ECM are evident.
There are also some problems and challenges. One of the
problems is the variation of the ECM from different donors.
The subtle or evident difference of decellularized ECM scaf-
folds is hardly eliminated because each of the donor tissues
and organs is from different individuals. To solve this
problem, it is reasonable to consider usage of synthetic

Hoshiba, Lu, Kawazoe & Chen

matrices including synthetic peptides such as RGD and pro-
teins such as collagen. However, it is difficult for the synthetic
matrices to induce full cellular functions as native ECMs are
composed of several domains [96] and complicated molecule
networks [4] and have synergistic effects. Another problem of
decellularized ECM is the availability of donor tissues and
organs. Xenogeneic and allogeneic tissues and organs have
been frequently used because of their availability. However,
there is a problem with inflammatory and immunological
reactions [38,97]. Xenogeneic and allogeneic cellular antigens
can be recognised by the host and induce inflammatory and
immunological reactions, and therefore result in the rejection
of implanted tissues and organs. Because ECM components
are well-conserved among species and tolerated even by xeno-
geneic recipients, the host responses can be minimised if the
cellular components are completely removed. Therefore the
development of a decellularization method to completely
remove cellular components is important to help solve the
problem of inflammatory and immunological reactions. The
development of autologous ECM scaffolds that are derived
from autologous tissues and organs is the optimal method to
solve this problem. However, it is almost impossible to use
autologous tissues and organs for decellularization. The use
of cultured cells to prepare autologous scaffolds should
be considered as autologous cells are available and can be
expanded by 7 vitro cell culture.

Compared with decellularized-tissue- and organ-derived
ECM scaffolds, cell-formed decellularized matrices have the
advantages of unlimited availability and adaprability for dif-
ferent developmental stages. There are also some problems
with the cell-formed decellularized matrices. It is difficult to
mimic the native ECM-like complicated architectures. And
the ECM secretion pattern of 7 vitro cultured cells is different
from that of in vive cells. Therefore, the possibility of differ-
ence of ECM composition and structure between cell-
formed decellularized matrices and native ECMs should be
considered when the cell-formed decellularized matrices
are used.

Finally, besides the scientific and technical bases of decellu-
larized matrices, regulatory issues should also be considered to
facilitate their clinical applications. Regulation of production,
management of donor tissues and organs, effectiveness and
safety evaluation, quality control, application protocols and
guidelines, standardization and ethics are critical issues for
the development and commercialization of decellularized
ECM scaffolds.

Despite these problems and challenges, the progression of
research into decellularized matrices will open the way for
the research and development of new biological therapies,
such as engineered tissues for tissue transplantation.
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