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ABSTRACT

The application of scaffolding materials is believed to hold enormous potential for tissue regeneration. Despite
the widespread application and rapid advance of several tissue-engineered scaffolds such as natural and synthetic
polymer-based scaffolds, they have limited repair capacity due to the difficulties in overcoming the immuno-
genicity, simulating in-vivo microenvironment, and performing mechanical or biochemical properties similar to
native organs/tissues. Fortunately, the emergence of decellularized extracellular matrix (dECM) scaffolds pro-
vides an attractive way to overcome these hurdles, which mimic an optimal non-immune environment with
native three-dimensional structures and various bioactive components. The consequent cell-seeded construct
based on dECM scaffolds, especially stem cell-recellularized construct, is considered an ideal choice for regen-
erating functional organs/tissues. Herein, we review recent developments in dECM scaffolds and put forward
perspectives accordingly, with particular focus on the concept and fabrication of decellularized scaffolds, as well
as the application of decellularized scaffolds and their combinations with stem cells (recellularized scaffolds) in

tissue engineering, including skin, bone, nerve, heart, along with lung, liver and kidney.

1. Introduction of decellularized extracellular matrix scaffolds

Along with the rapid development of tissue engineering in the past
decades, biological scaffolds have attracted significant interest in this
field due to their great biocompatibility and bioactivity, and moderate
mechanical performances for supporting cells. Among various types of
scaffolds, decellularized extracellular matrix (dECM) scaffolds, which
refer to biomaterials formed by human or animal organs/tissues with the
removal of immunogenic cellular components via decellularized tech-
nologies, are under the spotlight [1]. dECM scaffolds mainly consist of
extracellular matrix (ECM), which is a three-dimensional (3D) frame-
work containing extracellular macromolecules such as collagen, elastin,
fibronectin, laminin, and matricellular proteins, as listed in Table 1
[2-5]. Meanwhile, the physicochemical signals and biological perfor-
mance of dECM can be remained after decellularization, which provides
a substrate for mechanical supporting and a biological 3D carrier for
subsequent cell seeding [6,7]. Therefore, such recellularized dECM can
be implanted into patients for tissue engineering, including restoration
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of damaged organs, regeneration of endogenous tissues, and replace-
ment of missing organs [2,8].

Since the conception of decellularization was introduced, re-
searchers have carried out numerous studies and explorations on the
application of dECM scaffolds, as Fig. 1 shows the timeline of dECM. The
first exploration of decellularization was achieved by Poel in 1948 [11].
After that, a few studies had reported decellularization technologies in
the 1970s [12]. In 1995, Badylak’s team reported acellular scaffolds of
small intestinal submucosa (SIS) for Achilles tendon repair [13]. Since
then, various 3D biological scaffolds derived from decellularized tissues
or whole organs have been harvested and applied in a broad range of
tissue engineerings, such as dermal tissue repair, heart valves replace-
ment, and vascular tissue regeneration [1,2]. A tremendous milestone of
decellularized whole organs was reported by Ott in 2008, where a
cadaveric ECM scaffold derived from rat heart was fabricated via
perfusion decellularization [14]. From then on, many research groups
demonstrated the feasibility of obtaining acellular scaffolds from a va-
riety of organs. In 2010, Ott, as well as Petersen, reported bioartificial
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Table 1
List of main protein components in dECM.
Protein Distributions Function Reference
Collagen The skeletal Provide tensile strength, [2,9,10]
systems and most connect the framework of
soft tissues tissue/organ, affect cell types
disposition
Elastin Most soft tissues, Provide elasticity, adjust [2,9,10]
such as mechanical properties,
vasculature and increase hemocompatibility
muscle
Fibronectin Most organs/ Regulate cell behavior and [2,8,10]
tissues function, guide branching
morphogenesis in the
development of complicated
structures
Laminin Cartilage, muscle Promote cell adhesion and [2,8]
migration, provide bioactive
sites for cross-linking
Matricellular Vasculature Contain binding sites for [9]
Proteins ECM structural proteins and

cell surface receptors, and
modulate activities of
specific growth factors

lungs using decellularization process and verified that the acellular lung
could participate in gas exchange [15,16]. Similarly, Uygun obtained a
transplantable liver scaffold via perfusion decellularization and
demonstrated the recellularized grafts could normally support albumin
secretion, urea synthesis and cytochrome P450 expression [17]. In 2013,
Song et al. introduced the orthotopic transplantation of decellularized
kidneys in rodents and showed their functions of urine production and
metabolites clearance, demonstrating the possibility and feasibility of
fabricating dECM bioscaffolds with complex physiological functions
[18]. Moreover, with the steady improvement of decellularization
technology, dECM scaffolds have been regarded as promising bio-
materials to be solubilized into bioinks for 3D-bioprinting since the
dECM could transform from a pre-gel fluid to hydrogel [19-22]. In 2017,
Jang used stem cell-laden heart tissue-derived dECM bioinks in 3D cell
printing, in which cell-to-cell interactions and differentiation capability
of stem cells are improved, and thus the pre-vascularized construct
provided a cardiac-like microenvironment and resulted in beneficial
effects on cardiac repair [23]. Recently, researchers are paying more
attention to the in-depth profiling of the proteome of decellularized
ECM, in order to provide guidelines for comprehensively defining the
ECM atlas and thus designing improved dECM scaffolds [24]. In
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conclusion, the emergence and development of dECM scaffolds open a
new avenue for human-organ/tissue-derived biomaterials in tissue en-
gineering [2].

2. Classification and fabrication of dECM scaffolds
2.1. Classification of dECM scaffolds

Decellularization is a method of eliminating cellular components
from organs/tissues/cells to generate a structural ECM template and
maintain a biomimetic ECM microenvironment [25]. According to the
origins of ECM, dECM scaffolds are classified into three categories,
including autogenous dECM, allogeneic dECM and xenogeneic dECM.
Since autogenous dECM scaffolds face the situation of tissue limitations
and surgical complications, most dECM scaffolds are from allogeneic or
xenogeneic donor tissues; however, donor site morbidity, architecture
and mass composition differences, and immunogenicity problems
caused by incomplete decellularization may exist in allogeneic/xeno-
geneic dECM [26,27]. According to the sources of ECM, dECM scaffolds
can also be classified into two main categories, including
organ/tissue-derived dECM scaffolds and cell-derived dECM scaffolds,
as Fig. 2 shows.

2.1.1. Organ/tissue(O/T)-derived dECM scaffolds

O/T-derived dECM scaffolds refer to the scaffolds derived from
specific organs or tissues, which possess the natural 3D architecture
from the whole organ or tissue by eliminating immunogenic cellular
components and preserving non-immunogenic ECM (Fig. 2al). These
organs/tissues go through decellularization process, and the resulted
acellular ECM scaffolds can be reseeded with specific cells to generate
tissue-engineered grafts. O/T-derived dECM scaffolds serve as reservoirs
for site-specific bioactive molecules and cell-matrix interactions, offer-
ing numerous advantages for tissue regeneration. First, since the native
ECM contains memory factors and cues, O/T-derived dECM retains
distinct tissue-specific memory that can drive tissue-specific differenti-
ation [25,28]. Second, O/T-derived dECM partly remains the sophisti-
cated ECM structure and interior architecture, such as the morphology
of pores and the alignment of collagen fibers, which might significantly
regulate cell adhesion, proliferation and differentiation [29]. Further-
more, their mechanical properties and microenvironment conditions are
more similar to the native ECM than cell-deposited ECM discussed
below.

Fig. 1. Timeline of decellularized extracel-
lular matrix (dECM) scaffolds. Crude decel-
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developed to analyze dECM materials in
2021 [24].
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stem cells and their classification.

2.1.2. Cell-derived dECM scaffolds

Cell-derived dECM scaffolds are alternative scaffolds to O/T-derived
dECM scaffolds to provide a requisite niche. When cells are cultured in
vitro, they can secrete cell-specific ECM, which can be decellularized
subsequently to be a substratum for yielding large-quantity cells
(Fig. 2a2) [25,30]. The acellular ECM, named cell-derived dECM, can be
recellularized to form another excellent decellularized graft. These
dECM scaffolds have attracted considerable interest since they possess
several unique benefits. First, compared to the sophisticated fabrication
of O/T-derived dECM scaffolds, acquiring cell-derived dECM scaffolds is
relatively more exercisable to achieve, especially for obtaining dECM
from certain progenitors or stem cells. Second, cell-derived ECM scaf-
folds can reduce the risk of pathogen transfer caused by allogenic ECM
and eliminate adverse host immune responses induced by xenogeneic
ECM [31-33]. Furthermore, in-vitro cultured cell-derived dECM can be
more operable to modify and graft on other surfaces of biomaterials such
as hydroxyapatite and biphasic calcium phosphate [34-36].

2.2. Fabrication of dECM scaffolds

Ideal decellularization refers to the complete removal of cellular
components with remaining the original architecture and composition,
biochemical and mechanical properties of the native ECM [37,38]. To
date, there is no methodological gold standard of decellularization,
which is largely dependent on multiple factors of the source tissue, such
as species and ages, anatomical location and sizes [39,40]; however,
researchers have developed a wide variety of decellularization pro-
tocols, including physical, chemical, enzymatic treatments and a com-
bination of these approaches (Fig. 3).

2.2.1. Physical treatments

Physical treatments modulate physical characteristics, such as tem-
perature, force and pressure, to facilitate rinsing of detergent solutions,
disruption of cell membranes, and removal of cellular contents. Partic-
ularly, freeze-thaw cycles, immersion and agitation, and perfusion are
widely used for decellularization. Herein, various physical treatments,
and their mechanisms and disadvantages are summarized in Table 2.

2.2.1.1. Freeze-thaw cycles. Freeze-thaw cycles refer to a repetitive
decellularization process that involves freeze-drying in nitrogen and
subsequent thawing in buffer solution. Freeze-thaw procedures are
operated to disintegrate cell membranes, promote cell lysis and detach
cells from the ECM network by forming intracellular ice crystals. Freeze-
thaw cycles have been used for both O/T-derived ECM and cell-derived
ECM due to its improved decellularization efficiency, reduced residual
chemicals and cytotoxicity, and well-preserved biochemical composi-
tion, biomechanical performance and tissue structures [41,42]. The
decellularization efficiency is mainly determined by its cooling/thawing
rate, the setpoint temperature, processing time, and repetitive cycles

a2
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Fig. 2. Classification of dECM scaffolds. (al)
Organ/Tissue-derived dECM as a decellu-
larized scaffold for tissue engineering.
Human-derived organs/tissues undergo
decellularization progress to obtain dECM
scaffolds. Then cells are extracted, expanded
and then seeded onto the dECM scaffolds to
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Fig. 3. Decellularization methods: physical treatments, chemical treatments,
and enzymatic treatments. The typical processes for each treatment
are cataloged.

[43]. Freeze-thaw cycles is typically combined with chemical or enzy-
matic methods to form a porous structure, rendering ECM susceptible to
subsequent chemical treatments [43,44]. However, without chemical or
enzymatic agents, cyclic freeze-thawing could also achieve satisfactory
results [34,36,45]. For instance, repetitive freeze-thawing procedures
could deplete all native cells from peripheral nerve sheath, while basal
lamina maintains integrity and flexibility [46].

2.2.1.2. Perfusion. Perfusion is a typical decellularized route for larger,
thicker tissues or whole organs, which refers to cannulating organs/
tissues and subsequently establishing a channel for circulating agents
through their intrinsic vascular system [47]. The efficiency of perfusion
is primarily determined by perfusion route (artery or portal vein route),
infusion mode (antegrade or retrograde), perfusion paraments (pres-
sure, temperature, and flow rate), types and concentrations of perfusate,
and the dimension of organ/tissue [48-53]. This method has attracted
great attention because it intensely improves the decellularization effi-
ciency by rapid accessing to the whole organ and homogeneous perfu-
sion through the native vasculature [54-56]. Second, after perfusion,
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Table 2
List of physical treatments used for decellularization.
Method Mechanism Disadvantages Reference
Freeze-thaw Disrupt cell Disrupt ECM [42,43,
cycles membranes and cause  microstructure by ice 72-75]
cell lysis by forming crystals.
intracellular ice Require subsequent
crystals treatments for the
removal of cellular
contents
Immersion and Rupture tissues and Alter ECM architecture. [42,50,65,
agitation cells, and isolate cells Need optimal 66,70,72]
from basement standards for
membranes mechanical force and
exposure time
Perfusion Remove cells from Cannot process tissues [14,49-52,
ECM and help the without innate 57,76-81]
removal of cellular vasculature.
components and Sophisticated to
debris within the operate the perfusion
organ’s natural devices
vasculature
Scraping Mechanically remove Damage underlying [82]
cells from ECM basement membranes.
surface Need standards for
controlling mechanical
force
Sonication Generate acoustic High power or longer [83-85]
cavitation bubbles, duration of sonication
induce shear stress could disrupt the main
effect, and thus structural fibers and
rupture the cell produce adverse effects
membrane; Ease and on the vascular tissues
assist the penetration
of agents by emitting
the vibration, and
help cellular debris
removal
Supercritical Facilitate chemical Not yet widely used [86-88]
fluids exposure, and lead to
cell removal
Pressure Burst cells, and aid in Make solutions difficult [89-93]
gradient/ the delivery of to penetrate ECM due
Convective solutions to force to the constantly high
flow cellular components pressure
and soluble proteins
out of tissues
Pressurization Result in cell lysis Denature the proteins, [51,94,95]
and disrupt the ECM
structure by formed ice
crystals.
Expensive to operate
Electroporation Cause micropore Hard to process large- [96-99]

formation in cell
membranes and lead
to cell lysis

sized tissues.
Used solvents can be
toxic

the intact and intricate vascular network, the vital construction of the
whole organ, is maintained, including portal vein, artery inflow, and
venous outflow, which is essential for the transportation of nutrition and
oxygen within organs/tissues [5,57,58]. However, perfusion requires
additional hardware and complex setup for flow control, such as an

infusion/withdrawal syringe pump and pressure transducer [59-61].

2.2.1.3. Immersion and agitation. Compared with perfusion treatment,
immersion and agitation is a more appropriate method for small, fragile
and thin sections of organs as well as tissues without innate vascular
structures [62-64]. Immersion and agitation refers to the method of
submerging tissues into decellularization solutions with constant me-
chanical agitation, whose efficiency depends on different paraments,
including agitation intensity, decellularization agent and tissue dimen-
sion [62,65]. After immersing tissues in the agents, agitation facilitates
the rupture of cells, the detachment of cells from basement membranes,
and the removal of cellular components. As an optimal physical way to
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decellularize, the utilization of immersion and agitation owns plenty of
advantages. First, using dynamic immersion and agitation can attain a
more homogeneous detergent exposure than static decellularization,
and achieve a better decellularization effect with less exposure time to
aggressive decellularization agents [60,66]. Second, this method does
not significantly affect the ECM surface structure, collagen structure and
integrity, mechanical strength, and GAG content [56,66-69]. Third,
compared to whole organ perfusion, this method is a more accessible
and easily executed procedure [56]. However, compared with perfusion,
using this method may cause more damages to tissues due to the limited
diffusion of chemicals by agitation [70,71].

2.2.2. Chemical treatments

Chemical treatments use detergents and chemical agents to disrupt
cellular bonds and remove cellular components. An overview of chem-
ical treatments and their typical solutions, mechanisms, and disadvan-
tages is briefly summarized in Table 3. In particular, detergents, acids
and bases, hypertonic and hypotonic solutions are discussed in the
following sections.

2.2.2.1. Ionic and non-ionic detergents. Detergents, including ionic, non-
ionic and zwitterionic detergents, are soluble amphiphiles that can
disrupt the hydrophobic-hydrophilic interactions among molecules.
They effectively remove immunogenic cellular components by solubi-
lizing cell membranes and dissociating DNA from proteins, but strong
detergents can have adverse effects on ECM by disrupting and dissoci-
ating proteins. Ionic detergent is an effective chemical treatment for
decellularization, which solubilizes nuclear and cytoplasmic membranes
by disrupting lipid-lipid, lipid-protein, deoxyribonucleic acid (DNA)-
protein and protein-protein interactions, leading to the elimination of
cells and genetic contents. The most common ionic detergent are sodium
dodecyl sulfate (SDS), sodium deoxycholate (SDC), sodium lauryl sul-
fate, sodium lauryl glutamate, sodium lauryl ester sulfate and Triton X-
200 [100-102]. It is verified that SDS treatment can thoroughly remove
the native cells as well as genetic materials [29,74]. The concentration
of SDS plays a critical role in the decellularization process. The higher
concentration of SDS results in lower remained DNA content and
reduced mechanical strength in the dECM scaffolds, while the lower
concentration of SDS leads to more retention of collagen, less denatur-
ation of ECM proteins and increased cytotoxic effects with more cellular
remnants [29,60,61,65,103]. However, due to interrupting
protein-protein interactions, ionic detergents have a harmful impact on
ECM structures and bioactive components [48,51,61,103,104]. Besides,
remaining SDS is difficult to remove due to its strong interactions with
ECM proteins, which may subsequently induce cytotoxicity to recellu-
larized cells [41,104-106]. Compared to ionic detergents, non-ionic
detergents provide a gentler treatment to solubilize cell membranes
and dissociate DNA from proteins by breaking up interactions of
lipid-lipid, lipid-protein, DNA-protein, but leaving protein-protein in-
teractions conserved. Because of the incapacity to denature proteins,
non-ionic detergents can clear off cellular contents without damaging
the structure and orientation of collagen [42,48,61,107]. However,
because non-ionic detergents are milder and gentler, they are insuffi-
cient to remove nuclei and DNA [51,58,108]. Therefore, these de-
tergents always require the assistance of other solutions or physical
treatments to ensure the complete removal of cellular components [43,
48,611].

2.2.2.2. Acids and bases. Acids and bases are the decellularization
methods based on catalyzing the hydrolytic degradation of bio-
molecules, cytoplasmic components and nucleic acids [109]. Similar to
detergents, they can disrupt ECM constituents and structures.Acid
compounds donate hydrogen ion H' or form a covalent bond with an
electron pair to catalyze hydrolytic degradation, among which peracetic
acid (PAA), hydrochloric acid and acetic acid are typically utilized for
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Table 3
List of chemical treatments used for decellularization.
Method Typical Agents Mechanism Disadvantages Reference
Ionic detergents SDS, Solubilize cytoplasmic membranes, nucleic membranes and nucleic Damage ECM structure and collagen [36,50,51,58,114,
acids, and dissociate deoxyribonucleic acid (DNA) from protein integrity. 115]
SDC, Reduce the contents of
glycosaminoglycan (GAG) and growth
factors
Triton X-200
Non-ionic Triton X-100 Solubilize cell membranes and dissociate DNA from proteins Alter the ECM architecture. [43,50,51,57,58,
detergents (especially suitable for cell-derived dECM) without disrupting protein-  Reduce laminins/fibronectin content. 107,108,115,116]
protein interactions Remove cells incompletely
Zwitterionic CHAPS, Solubilize cell membranes and dissociate DNA from proteins by Disrupt and dissociate proteins in the [100,117-120]
detergents SB-10, disrupting DNA-protein, lipid-lipid, lipid-protein interactions ECM
SB-16
Acids Peracetic acid, Disrupt cell membranes, solubilize cytoplasmic organelles, induce cell ~ Damage ECM architecture. [76,105,114,121]
Hydrochloric acid lysis, denature proteins and catalyze hydrolytic degradation of Affect intracellular molecules such as
biomolecules GAG
Bases Ammonium Solubilize cytoplasmic components, disrupt nucleic acids and catalyze  Influence GAG content, collagen and [57,61,105]
hydroxide hydrolytic degradation of biomolecules growth factors.
Weaken mechanical properties
Hypertonic Sodium chloride Rupture cell membranes and lyse cells by osmotic shock Difficult to remove DNA remnants [42,118]
solutions
Hypotonic Tris-HClL Induce cell lysis, and detach DNA from proteins Difficult to remove DNA remnants [116,118,122]
solutions

Organic solvents

Chelators

Ethanol, Methanol,
Acetones
EDTA, EGTA

Extract the lipid of the ECM and cause tissue dehydration, leading to
cell membranes solubilization and cell lysis
Dissociate cells and ECM by binding divalent metal ions necessary for

Cross-link and precipitate proteins,
including collagen.
Disrupt protein-protein interactions,

[35,56,73,
123-125]
[75,118,119,125]

cell adhesion

and denature proteins in ECM

decellularization [38]. After PAA treatment, cytoplasmic organelles are
solubilized and nucleic acids are disrupted. In addition, PAA performs
germicidal activity against a broad spectrum of bacteria, viruses and
fungi [110]. However, acids also damage ECM microarchitecture,
reduce collagen content and weaken tissue strength [37]. Therefore,
proper acids and optimized concentrations should be selected. PAA at
the concentration of 0.1% is regarded as an ideal treatment for thin
tissues, since it has minimal effects on ECM structures and components
[111]. Compared to acid compounds, alkaline could release hydroxide
OH™ and react with acids to form salts, and the most common bases for
decellularization are ammonium hydroxide, sodium hydroxide and so-
dium sulfide [37]. Bases decellularize tissues by denaturing chromo-
somal DNA and inducing cellular lysis. Especially alkaline solutions with
a pH higher than 11 can efficiently remove cellular remnants, since DNA
is susceptible to denature [109]. However, alkaline can affect ECM
structure, change mechanical and viscoelastic properties, reduce GAG
content, and even remove growth factors within tissues if exposed for a
long time. Besides, alkaline solutions with pH 10-12 may greatly dam-
age collagen fibers, fibronectin and GAGs, as well as elicit severe host
responses and form fibrotic tissues [109].

2.2.2.3. Hypertonic and hypotonic solutions. Hypertonic/Hypotonic so-
lution treatment respectively refers to using solutions with a higher/
lower solute concentration than that in cells to remove cellular com-
ponents out of cells. Due to the osmotic effects, they decellularize tissues
through inducing cell lysis, cell dehydration and cell death. In addition
to offering a pressure condition, it is verified that the removal of protein
can be achieved by hypertonic solutions, and the removal of nuclei and
DNA can occur in hypotonic solutions, which could explain the reason
that they are regarded as chemical routes for decellularization [112].
Besides, since these solutions are more operable to be washed out of
tissues, the possibility of inducing cellular toxicity from the remained
solution is minimized [42]. Moreover, hypertonic/hypotonic solutions
of saline (e.g., sodium chloride) can effectively remove other residual
chemicals and cellular leftovers from ECM [72]. Further, hypertonic
solutions could maintain basal lamina structures and tissue functionality
[112]. For example, NaCl treatment in PBS shows a negligible effect on
the transparency of corneas compared to the treatment of SDS or
nuclease [67]. However, cell lysis in hypotonic solutions may cause the
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dispersion of antigens in tissues and result in tissue swelling [112]. In
addition, despite hypertonic/hypotonic solutions can aid in cell death,
they cannot achieve complete elimination of cellular residues unless
combined with other detergents or enzymes [113]. For instance, the
hypertonic-DNase wash strategy results in a more effective removal
(>95%) of DNA content than the hypertonic-hypotonic wash method
(<95%) [112].

2.2.3. Engzymatic treatments

Enzymatic treatments provide high specificity for the removal of cell
components and undesirable ECM constituents by breaking specific
chains within cellular fragments or cell-matrix adhesions. The typical
enzymatic treatments, along with their mechanism and disadvantages,
are shown in Table 4. In particular, nuclease and trypsin are discussed in
the following sections.

2.2.3.1. Nuclease. Nucleases catalyze the hydrolysis of deoxyribonu-
cleotide and ribonucleotide chains, and therefore aid in cell removal.
Deoxyribonuclease (DNase), as a typical nuclease, has been commonly
used for decellularization, due to its powerful specificity to facilitate the
removal of DNA content while retaining proteins by cleaving nucleic
acid sequences [126]. DNase is generally used after detergents that in-
crease internal spacing and porosity, making DNase easier and quicker
to infiltrate into tissues. The penetrated DNase can remove residual
nucleic acids and cellular debris, as well as assist in the washing out of
detergents [67,100,127]. DNase with detergents is shown to be essential
for the complete removal of cellular materials as >95% DNA removal is
achieved after DNase treatment [61,101,112,120,128]. However, the
long-standing processing time of nucleases can alter ECM structure and
decrease mechanical stability, and result in the loss of ECM constituents
such as GAG, laminin and collagen IV [67,100,120]. Furthermore,
multi-stepped and extensive washing should be performed because the
remaining enzymatic products may invoke an immune response and
impede subsequent recellularization and implantation [129].

2.2.3.2. Trypsin. Trypsin is another commonly used enzyme for decel-
lularization processes. Its mechanism relies on the cleavage of the pep-
tide bonds on the carbon side of carboxyl-side of arginine and lysine,
resulting in the separation of cellular components from ECM. Similar to
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Table 4
List of enzymatic treatments used for decellularization.
Method Mechanism Disadvantages Reference
Nuclease Catalyze the Induce severe distortion [67,100,
hydrolysis of the of ECM structure. 101,117,
interior or terminal Hard to be removed 126,128,
bonds of RNA and incompletely, and can 129,134]
DNA, and aid in the impede recellularization
complete removal of and transplantation
residual nucleic acids
Trypsin Cleave peptide bonds Hard to achieve [130,133,
on the carboxyl-side sufficient 135-140]
of arginine and lysine  decellularization.
Need lengthy incubation
time.
Disrupt elastin and
collagen structure
Dispase Cleave specific Damage basement [67]
peptides (collagen IV membranes and ECM
and fibronectin) in
the basement
membranes
Lipase Catalyze the Hard to remove all lipids [141,142]
hydrolysis of lipids
and aids in
delipidation
Phospholipase ~ Hydrolyze Significantly reduce GAG [143,144]
phospholipid content

components of cells
and solubilizes cells

DNase, trypsin has been widely used since it could effectively decellu-
larize ECM without inducing a cytotoxic effect [75,130]. However,
trypsin can cleave proteins within the ECM, possibly leading to the
damage of preserved ECM and alteration of mechanical stability [38].
Therefore, proper concentrations and exposure time are recommended
[131-133]. For instance, Lin clarified that the selection of proper trypsin
concentrations (<0.03-0.5%) and exposure times (<12 h) are manda-
tory for the decellularization of the porcine coronary artery [133].
Ramm demonstrated that the trypsin treatment of heart valves should be
limited to less than 90 min, which showed effective removal of DNA and
N-linked glycans, and excellent mechanical stability [131].

2.2.4. Combinations of physical, chemical and enzyme treatments

These different methods mentioned above, physical, chemical and
enzymatic treatments, have their own advantages and disadvantages.
They all can remove cellular components to a certain degree but also do
harm to the composition, structure and properties of the remaining
ECM. In general, to minimize the adverse effect on ECM and maximize
the removal of cellular contents, the use of any of these treatments alone
is insufficient; thus these methods should be combined [51,145,146].
For instance, decellularization was more effective when using the
combination of chemical treatments (Triton X-100 and hypotonic solu-
tion) and physical method (freeze-thaw cycles), leaving only roughly 1%
residual nuclei and 20% residual DNA, whereas samples that had not
undergone additional freeze-thaw cycles contained approximately 20%
residual nuclei and 40% residual DNA [108]. Furthermore, Shafiq
optimized the decellularization protocols for auricular cartilage with the
combination of chemical (SDC), physical (freeze-thaw cycles), and
enzymatic (DNase and Trypsin) routes. They claimed that detergen-
t/enzymatic method was one of the most effective processes, and their
optimized methods could mimic a biophysical and physiological niche
similar to human auricular cartilage ECM. This is because the usage of
DNase and SDC could effectively decellularize cartilage, freeze-thaw
could minimize the duration of exposure to detergent/enzymatic
forms, and trypsin could accelerate decellularization by removing cells
while maintaining collagen and biomechanical properties [75]. It is
noted that the choices of decellularization methods, depending on but
are not limited to tissue thickness, cellular density and scaffold size. A
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proper method for specific tissue or organ may weaken decellularized
effects or even induce adverse effects on other organs or tissues. For
example, studies have proved the superiority of agitation in 1% SDS to
agitation in 1% Triton X-100 for decellularization of human testicular
tissue due to the strong ability of SDS to penetrate thick tissues [147].
However, it is observed that tissues following the agitation in 1% SDS
protocol showed shrinkage and rigidity, indicating that it is not suitable
for the decellularization of a force-resistant matrix such as dense and
fibrous tendons [42].

2.2.5. Recently emerged treatments of decellularization methods

In addition to the above classical methods, several novel treatments,
such as vacuum-assisted decellularization and apoptosis-assisted decel-
lularization, are recently emerged. Vacuum-assisted decellularization
refers to using negative pressure to accelerate the processing of decel-
lularization [148-151]. The method is highly effective when combined
with physical, chemical or enzyme treatment; however, the prolonged
vacuum time may increase the pore size and destruct the collagen fiber
bundles, and thus decrease the mechanical strength of specific tissues,
such as pericardium [152,153]. Apoptosis-assisted decellularization
removes cellular components via apoptosis-inducing agents such as
camptothecin and rotenone, and is demonstrated to be promising for
complex structures like nerve tissues or vasculature [112,154,155].
However, due to the complicated mechanism, these
decellularization-assisted novel methods have not been applied exten-
sively, remaining a research field worthy of explorations.

2.3. Postprocessing of dECM scaffolds: sterilization, cross-linking and
modification

Sterilization. In order to remove the toxic components and improve
the biocompatibility of the dECM scaffolds, decellularized scaffolds
should be post-processed through sterilization and disinfection. The
ideal sterilization or disinfection of the acellular scaffolds can effectively
remove microorganisms without inducing toxicity. However, the ster-
ilization often results in the changes in the physical and chemical
properties, such as causing cross-linking of collagen matrix and breaking
of macromolecular chains. Irradiation is a physical sterilization method,
mainly including gamma rays produced by a ®°Co device and electron
beams produced by electron accelerators. Irradiation can directly
destroy the nucleic acid, protein and enzyme in the microorganism, due
to its strong penetration capability. However, irradiation could lead to
changes in physical properties, chemical properties, and biological
compatibility of dECM [156,157]. Ethylene oxide (EO) sterilization is a
relatively mature sterilization method, which can make the amino and
carboxyl groups in microbial protein and nucleic acid alkylation, and
inactivate the macromolecules [158]. EO can be performed at room
temperature and does not cause damage to materials, but it produces
toxic residues after sterilization [159,160]. Antibiotic disinfection can
significantly inhibit the growth of bacteria by destroying bacterial cell
wall and inhibiting protein synthesis and DNA synthesis, and have a
negligible effect on the structure of acellular scaffold. But it is basically
ineffective on viruses and spores, and besides, the antimicrobial spec-
trum of each antibiotic is limited [161,162]. Peracetic acid (PAA) is a
chemical detergent, but it can also achieve a bactericidal effect under
certain conditions. PAA could destroy the cell wall of the microorganism
and affect the enzyme system in the microorganism, and its decompo-
sition products are non-toxic [163]. However, the strong oxidation of
PAA will alter the physical and chemical properties of the scaffolds [164,
165].

Cross-linking. To enhance the mechanical strength, and ensure a
stable 3D network structure, decellularized scaffolds are always under-
gone a cross-linking treatment. Since decellularization often has adverse
effects on the biomechanical properties of ECM, physical and chemical
crosslinking methods are usually used to preserve the 3D structure of
dECM and improve the mechanical properties of scaffolds [166].
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Glutaraldehyde is a commonly used chemical -crosslinker for
collagen-based materials, and Yu cross-linked decellularized kidney
scaffold with glutaraldehyde perfusion; but its cytotoxicity may affect
subsequent studies [167,168]. Alternatively, glyoxal and genipin were
used as crosslinkers with reduced cytotoxicity [169,170]. Interestingly,
researchers have found that cross-linking approaches could assist in
promoting cell adhesion and differentiation. For example, Xing used
EDC crosslinking combined with chemical extraction to conduct tissue
decellularization, which could promote the adhesion and differentiation
of mesenchymal stem cells [171].

Modification. To increase the pore density and improve cell infil-
tration, surface modification methods, such as laser, solvent casting and
particle leaching, and electrospinning modification, are developed
[172]. Laser modification, employing a laser beam to selectively sinter
the material surface and producing a large number of minute pores at a
high density, was demonstrated to generate micropores on tissue sur-
faces and thus speed up the decellularized processing. Take the cartilage
for an example, laser modification facilitates migration and dediffer-
entiation of reseeded chondrocytes, and also maintains the mechanical
strength of native tissues [173-175]. Solvent-casting/salt-leaching,
leaving uniform salt solvent evaporated and forming a sponge-like
porous structure in water, was shown to provide an optimal template
for cell infiltration and nutrient transfer [172,176]. Furthermore,
coating of inorganic polymers and peptide modification have also been
applied as ECM modifications recently [177,178]. Attempts have been
made by covalently coupling bioactive peptides to the inner surface of
dECM, which showed improved biofunction performance such as cell
adhesion, proliferation and differentiation [179-181]. Besides,
ECM-derived peptides with signaling domains, a type of ECM fragments,
have also been used to modify the other biomaterials and enhance their
functions by connecting with receptors on the cell membrane surface
[182-184].

2.4. Recellularization of dECM scaffolds

Recellularization is defined as renewed repopulation of acellular
ECM scaffolds with specific cell types or stem cells, to form an engi-
neered construct with specific structures and functions [185]. Stem cells,
the undifferentiated cells that can differentiate into specific lineages and
self-renew by dividing themselves to produce more stem cells, have been
widely used for recellularization [186,187]. They are generally grouped
into pluripotent stem cells and multipotent stem cells (Fig. 2a). Plurip-
otent stem cells, including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), can be theoretically differentiated into
almost all kinds of somatic cells while remaining their indefinite growth;
multipotent stem cells, such as mesenchymal stem cells (MSCs), can be
found in varieties of tissues such as bone marrow, adipose tissues and
central nervous system (CNS) [186]. Embryonic stem cells (ESCs), iso-
lated from embryos maintaining the unique capability of self-renewal
and multi-lineage differentiation, have attracted much interest for
organ/tissue regeneration [188]. Thus, the combination of ESCs and
dECM scaffolds is widely studied in various tissue repairs, such as car-
diac tissues, cornea and kidneys [189-193]. However, due to moral is-
sues and ethical controversy, researches and translational medicine
related to ESCs are strictly regulated, or even prohibited. Another
pluripotent stem cells, iPSCs, reprogramed from somatic cells by intro-
ducing a set of transcription factors, can achieve similar gene expression
profiles of ESCs and obtain unlimited capacity of proliferation and dif-
ferentiation [194,195]. However, some researches indicate that the
blunted phenotype of iPSC-derived cell lineages can limit their overall
cellular potency compared with primary cells [196,197]. Interestingly,
studies reveal that 3D dECM scaffolds can improve the phenotype and
viability of iPSC-derived cells [196]. Applications of iPSC-derived cells
with dECM scaffolds can be found in various tissue engineerings such as
heart, kidney, lung and pancreas [198-200]. Ott’s group combined
human decellularized cardiac matrix with human iPSC-derived
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cardiomyocytes, and built functional 3D cardiac tissue constructs with
force-generating human myocardial tissue, which showed feasible
methods for repair and replacement of myocardium [201]. MSCs, an
important population of multipotent stem cells with less immune
system-mediated rejection, can differentiate into numerous cell types,
showing notable performances in the field of tissue engineerings such as
dermal wound healing, tendon repair, cardiomyogenesis and bone
regeneration [186,202-209]. In recent years, the decellularized matrix
has been shown as proper bioscaffolds for MSCs in the application of
tissue repairing, since its native biophysical and biochemical properties
can induce the site-specific differentiation of MSCs and further coordi-
nate with cells to repair organs/tissues [209]. For instance, Brouki Milan
harvested decellularized dermal matrix (DDM) from human skin and
repopulated it with human umbilical cord perivascular cells (HUCPVCs),
a type of MSCs that could accelerate the early wound healing of the skin.
According to experimental results of an accelerated wound closure and a
promoted wound maturity, the HUCPVCs-loaded DDM scaffolds showed
positive effects on full-thickness wound healing, such as diabetic wound
models [204]. To sum up, recellularization not only depends on the
variety of cell types, but also relies on the recellularization methods, the
cell density, culture conditions, etc.

Although these cell-based strategies have been widely applied to
tissue repair and regeneration, these methods have some drawbacks,
such as cell contamination, short transplant life, increased disease
transmission, and microvascular obstruction [210]. The cell-free strat-
egy aims at overcoming the above drawbacks and repairing damaged
tissues/organs by recruiting endogenous stem cells to the damaged site.
A successful acellular strategy requires appropriate stimulation and
recruitment factors to active and accumulate cells at the injury site,
followed by cellular proliferation and differentiation, and tissue
repairing and regeneration [211]. For example, studies showed that the
meniscus acellular composite scaffold had great biomechanics and
biocompatibility, and could promote the regeneration of meniscus
[212]. However, the key technical problem in the cell-free strategy is
searching the appropriate stimulation and recruitment factors to recruit
sufficient populations of endogenous stem cells.

3. dECM scaffolds for tissue engineering

Up to now, since organ/tissue transplantation is concerned for the
risk of donor shortage and health risks such as diseases and pathoge-
nicity transmission, dECM scaffolds with critical components and native
structures are investigated as new alternatives for organ/tissue regen-
eration. In the following sections, we mainly focus on dECM scaffolds for
skin, bone, nerve, heart along with lung, liver, and kidney.

3.1. dECM scaffolds for skin tissue engineering

Skin, the largest organ in the human body, acts as a barrier against
the external environment and toxins. Loss of skin integrity can result in
acutely physiologic imbalance and subsequently further injuries [213].
dECM scaffolds could repair and regenerate skin tissues, since they
preserve physical signals such as the porous dermal bilayer architecture,
vessel structure, adhesive force and elasticity, and bioactive molecules
such as endogenous growth factors [214-216]. For example, the main-
tained intact basement membrane zone was demonstrated to facilitate
the adhesion of keratinocytes, and the preserved dermal structure with
papillary and reticular dermis is verified to promote the growth of
angiogenic cells [217,218]. In addition, the release of basic fibroblast
growth factors from dECM is shown to reduce wound contraction,
leading to less scar formation [215]. Interestingly, once autologous skin
is regenerated, the degradation products of dECM show negligible
toxicity and even possess the ability to induce the formation of tube-like
structures and the regeneration of skin [219]. It should be noted that
skin is a bilayer structure comprising avascular epidermal and vascular
dermal layers [220]. Brouki Milan reported a decellularized dermal
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matrix (DDM) scaffold, and the structure of DDM and its biomechanical
strength were relatively similar to those of fresh human dermis. After
reseeding DDM scaffolds with human umbilical cord perivascular cells
(HUCPVCs), the construct significantly enhanced cutaneous wound
healing by performing an accelerating wound closure rate, faster
re-epithelization and decreased collagen deposition (Fig. 4I) [204].
Further, Groeber employed a decellularized porcine jejunum to fabricate
a bilayer skin alternative, and proved that native vascular networks,
topography and collagen contents were preserved (Fig. 41I). By seeding
human dermal microvascular endothelial cells into the vascular system,
and inoculating dermal fibroblasts and human epidermal keratinocytes
onto the surface of dECM scaffolds, a human vascularized skin equiva-
lent composed of an epidermal and a vascular dermal layer was gener-
ated, proved to have the potential for skin grafting [221].

To date, diabetic foot ulcers (DPUs), a full-thickness skin loss, has
been investigated and treated by using dECM scaffolds [222,223].
Angiogenesis, essential for the transportation of oxygen and nutrients to
the wound site, is one of the major issues for DPUs treatment. Although
there are plenty of treatments such as extensive necrotic tissue
debridement, biological dressings and hyperbaric oxygen therapy, they
all cannot completely resolve the healing problem [224]. Recently,
dECM scaffolds with a high capacity of neovascularization have been
used for DPU due to their preserved vasculature and endogenous
angiogenesis factor [225-227]. It is shown that dECM-based scaffolds
can accelerate wound healing of DPUs by affecting granulation tissue
formation, epithelial regeneration and pro-angiogenesis activity, and
may reduce scar formation by shortening the inflammatory phase [204].
Nowadays, there are several acellular products successfully transferring
into clinical application, such as AlloDerm® regenerative tissue matrix
and Oasis® wound matrix [228]. However, some procedures need to be
optimized and the criteria of these products should be enhanced to
perfect the skin alternatives emerging in the market. For example, the
reconstitution of adnexal structures such as hair follicles and sweat
glands has not been shown in clinical products, which is a main criterion
for skin formation. Fortunately, some studies have reported that decel-
lularized human placenta-derived ECM could modulate the healing of
full-thickness wounds accompanied by hair follicle formation [215,
229].

3.2. dECM scaffolds for bone tissue engineering

Bone is a dynamic tissue with the innate capacity to heal and
regenerate itself following injury [230,231]. However, large defects may
cause reversible impacts and require external interventions for osteo-
genesis [232]. Recently, decellularized matrices represent alternative
scaffolds for bone regeneration due to their biomimetic environment
supporting histogenesis, including their structure features, bioactive
molecules and trace elements. First, dECM scaffolds preserve the
macro-structural features like geometry and highly porous structure,
and the microstructural features like surface roughness and micropores,
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which greatly improve the osteoinductivity [233-235]. Second, rigid
matrices mimic the cross-linked collagen structure of osteoid so that
stem cells on stiff substrates tend to differentiate into osteogenic line-
ages [236,237]. Third, dECM scaffolds preserve immunomodulatory
cytokines, such as transforming growth factor-p, bone morphogenic
proteins and bFGFs, which regulate the pro-inflammatory response
[203,238-242]. In addition, the trace elements preserved in dECM, such
as magnesium and strontium, play a crucial role in maintaining the
integrity and cellular activity of bone [231,243]. To date, decellularized
bone scaffolds are mainly derived from livestock animals due to their
accessibility and similarity with human bone [233,235,237]. Sladkova
compared decellularized cow and human cadaveric bone scaffolds with
the same decellularized protocol. The results showed that the scaffolds
displayed similar porous and trabecular structure, while interspecies
differences existed in cortical bone parameters such as composition and
density (Fig. 5I). Then the scaffolds were then seeded with human
induced pluripotent stem cells (iPSC)-derived mesenchymal progenitor
cells, and the constructs were subsequently cultured in osteogenic
inducing medium and later transformed to perfusion bioreactors. After 5
weeks’ cultivation, samples displayed a similar extent of tissue forma-
tion, with the cells embedded and distributed uniformly throughout the
scaffolds (Fig. 5II). In conclusion, despite minor differences in archi-
tecture and mass composition, it was reported that dECM scaffolds from
both human and animal sources could support cell viability and the
formation of mineralized tissues [244].

Endochondral ossification, as an innate self-heal mode of the long
bone, has been designed to repair large segmental defects with the uti-
lization of biomaterials in the past few years. It is verified that tissue-
engineered bone grafts based on dECM scaffolds could regenerate
bone through endochondral ossification [231,245-248]. Bernhard et al.
prepared bone decellularized scaffolds, and applied them for the treat-
ment of orthotopic, critical-size defects in rat femur. The scaffolds were
infused with adipose stem cells, and cultured in chondrogenic medium
for 2 weeks and subsequently in hypertrophic medium for 3 weeks to
form hypertrophic chondrocyte-seeded constructs. Then constructs
showed endochondral-like characteristics, and exhibited excellent bone
regenerative features after implantation, including enhanced bone
deposition, fast integration with adjacent native bone, bridging of
femoral defects, and regenerative milieu established within the defect
space (Fig. S5III-IV) [230]. Therefore, dECM scaffolds provide an
osteoinductive microenvironment for the differentiation of chon-
drocytes, the maturation of hypertrophic chondrocytes, and the osteo-
genic activity of tissues, which offer a promising method to improve the
repair effect of the long bone defects. However, there still exist further
steps for the dECM scaffolds applied in the bone tissue engineering. For
example, decalcification of dECM should be added because demineral-
ized matrices remain mineral components and facilitate abundant
osteogenesis-related factors exposure [249]. Moreover, osteoconductive
inorganic materials, such as nanohydroxyapatite, should be embedded
to dECM scaffolds to provide inorganic cues to osteoblasts for their

Fig. 4. dECM for skin tissue engineering. (I)
Histological assessment of human dermis
before and after decellularization. Repro-
duced from Ref. [204]. (II) H&E stained
cross-section of the vascularized skin equiv-
alent (VSE). (a) Overview of the vSE. (b)
Magnification of the area indicated in (a). (c)
Detailed view of the epidermal layer. (d)
Detailed image of a vascular structure that
has been reseeded with human dermal
microvascular endothelial cells (hDMEC).
(e) Image of the vasculature in efferent ves-
sels. Reproduced from Ref. [221].
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Fig. 5. dECM for bone tissue engineering. (I) Characterization of decellularized cow and human bone scaffolds. (a) SEM, (b) Thermogravimetric analysis, (c) X-ray
photoelectron spectroscopy analysis and (d) Ca/P ratio of decellularized cow and human bone scaffolds. (II) Histological analysis of tissue formation on decellu-
larized cow and human bone scaffolds after cultured in perfusion bioreactors with mesenchymal progenitor cells for 5 weeks. (I) and (II) reproduced from Ref. [244].
(I11) (a-b) Bridging of critically sized femoral defects represented by 3D pCT reconstructions of the rat femur at 0 and 9 weeks after post-implantation with acellular
scaffolds, hypertrophic chondrocyte and osteoblast grafts. (c-d) Internal and external regions are shown at 12 weeks. (IV) Defect regeneration and bone formation are
shown at 12 weeks after post-implantation. (a) Hard bone histology using the Levai-Laczko stain. (b) Magnified views allowed detection of calcified cartilage. (c) At
the location of new bone formation, a cartilage anlage characteristic of endochondral ossification was present (green staining in Movat’s pentachrome sections).

Reproduced from Ref. [230].

adhesion, proliferation, and differentiation capacity towards osteogenic
lineages [250].

3.3. dECM scaffolds for nerve tissue engineering

Injuries of the nervous system are one of the most devastating con-
ditions for patients, while the recovery of nerve injuries remains a
challenging problem due to the intrinsically low neuron regeneration
capacity, especially for the central nervous system (CNS) injuries.
Recently, stem cell therapy is a promising strategy for nerve injuries, but
cells would be washed out of the lesion and their migration would be
hampered by glial scars, or they may be attacked by inflammatory fac-
tors and oxygen free radicals [251]. In dECM scaffolds, on the one hand,
the native architecture is preserved, guiding cell migration and directing
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axonal trajectories [252-255]. On the other hand, the retained ECM
components, such as GAGs and proteoglycans, are shown to affect neural
stem cells (NSCs) proliferation and regulate the synapse formation. The
preserved neuro-supportive molecules could stimulate neurons to
modulate their phenotype from a transmitting state to a regenerative
state [256,257]. Moreover, during dECM scaffolds proteolysis degra-
dation, the discharged peptide motifs may increase vascular perme-
ability, induce angiogenesis, and modulate the innate immune responses
[258-261]. Since CNS tissues have a more limited physiological capa-
bility to spontaneously regenerate after structural disruptions than the
peripheral nervous system (PNS), the research of dECM scaffolds used
for CNS has received relatively scarce attention [255,262]. Crapo
applied a decellularization method for different CNS tissues, including
optic nerve, spinal cord, and brain (Fig. 6I). The resulting matrix was
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Fig. 6. dECM for nerve tissue engineering. (I) Biologic scaffolds derived from porcine central nervous system (CNS) tissues. (a) Native optic nerve tissue (left) and
optic nerve ECM (right). (b) Native spinal cord tissue (left) and spinal cord ECM (right). (c) Native brain tissue (left) and brain ECM (right). (II) Characterization of
residual deoxyribonucleic acid (DNA) in CNS ECM scaffolds. (a) native optic nerve tissue (b) optic nerve ECM. (c) native spinal cord tissue, (d) spinal cord ECM, (e)
native brain tissue, (f) brain ECM. (III) Protein content of CNS ECM scaffolds. (a) native optic nerve tissue, (b) optic nerve ECM, (c) native spinal cord tissue, (d) spinal
cord ECM, (e) native brain tissue, and (f) brain ECM. (g) native optic nerve, (h) optic nerve ECM, (j) native spinal cord, (k) spinal cord ECM, (1) native brain, and (m)
brain ECM. Reproduced from Ref. [263]. (IV) H&E-stained sections of porcine brain matrix (a) decellularized brain matrix (b). (V) Brain matrix material was loaded
into a syringe (a) and injected subcutaneously, whereupon the injected material self-assembled into a gel (b). Reproduced from Ref. [267].

proved to be sufficiently decellularized, and bioactive molecules,
including myelin, laminin, neuro-inductive bFGF, and the neurotrophin
nerve growth factors, were retained (Fig. 61I-III). The resultant scaffolds
could regulate behaviors of neural-like cells (PC12), including their
proliferation, migration and neural differentiation [263]. Besides, they
have found that CNS ECM versus non-CNS ECM shown tissue-specific
functionality for PC12 cells. Interestingly, dECM could be solubilized
into a liquid phase, and subsequently form a hydrogel phase [264]. Such
hydrogel scaffolds are widely investigated due to the advantages of their
injectability and in situ polymerization, which delivers the hydrogels
through a minimally invasive method and enhances astrocyte/axon in-
teractions through direct integration with host tissue [264-266]. For
instance, DeQuach decellularized porcine brains and turned them into a
liquid form by using enzymatic digestion. After decellularization, the
absence of intact nuclei indicated the removal of cellular contents, while
critical protein components such as sulfated GAGs, multiple collagen
isoforms, laminin and proteoglycan perlecan of native brain ECM were
preserved (Fig. 6IV). After being seeded with iPSC-derived neurons, the
brain matrix was proved to support the culture and maturation of neu-
rons in vitro, and formed a nanofibrous scaffold in vivo (Fig. 6V) [267].

Spinal cord injury (SCI), caused by the formation of glial scars, loss of
vast amounts of neurons and insufficient expression of neurotrophic
factors, along with sensory or motor deficits, devastating neurological
disorders and cognitive impairments in patients, is a tough task to be
conquered [268]. Reactive microgliosis and heightened inflammatory
responses are the top issues of SCI, which form a cycle to chronically
activate the microglial cell inflammatory responses and self-propels
neurotoxicity [269]. Interestingly, it is verified that dECM scaffolds
can cause a significant decrease in the ratio of M1 to M2 macrophage
phenotype, shifting from primarily pro-inflammatory to primarily
anti-inflammatory in CNS, and thus increase the survival of seeded cells
and limit deleterious effects [265]. Meanwhile, the tissue-engineered
constructs based on dECM also greatly enhance CNS functional recov-
ery by axon regeneration along with the remyelination of axons [251,
255]. Not only for SCI, dECM also displays extraordinary regeneration
capacity for brain nerve injuries, especially for traumatic brain injury
(TBI) [262,270-272]. For example, Wu demonstrated that brain dECM
offered long-lasting structural and functional protection against
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traumatic brain injury-induced neurological deficits by improving neu-
robehavioral function, and mitigating glial scar formation and
pro-inflammatory microglial responses [273]. Sood proved that brain
ECM could enhance functional tissue-specific differentiation of
human-induced NSC into healthy neurons and astrocytes, and inhibit
reactive astrogliosis by downregulation of chondroitin sulfate proteo-
glycan [274]. Although numerous studies have been done for PNS and
CNS repair, improvements are still required urgently to form a more
biomimetic scaffold. First, for weak and readily disintegrated CNS tis-
sues like brain tissues, optimal decellularization methods should be
established to retain mechanical properties and avoid tissue loss [275].
Meanwhile, the chemical crosslinking process may enhance the elastic
modulus, compressive strength and stiffness of dECM, and thus affects
neural differentiation of seeded cells and alters the proportion of
neuronal and glial cells [265,266,276]. Second, since the regeneration
effects are significantly affected by the remaining growth-inhibiting
molecules (e.g., interleukin-a and tumor necrosis factor-o, which exac-
erbate secondary tissue damage and the formation of an inhibitory glial
scar), the final composition after decellularization should be balanced
by removing those growth-inhibiting molecules and keeping
growth-improving factors [277,278].

3.4. dECM scaffolds for cardiac tissue engineering

Heart failure remains a burgeoning public health problem worldwide
and can cause an irreversible impact on patients [279]. To date, dECM
scaffolds that mimic native cardiac environment are demonstrated as a
promising material for heart failure [280,281]. First, the 3D structure,
vasculature tree of native heart, and cardiac-specific functionalities are
preserved  after  decellularization  [81,282,283].  Especially,
perfusion-decellularized whole heart scaffolds even retain the chamber
geometry and valve competency, which could act as templates to
generate synchronously beating heart tissues subsequently [14,284,
285]. The maintained cardiac vascular networks could be vital to ensure
sufficient blood supply for oxygen and nutrients [286,287]. In addition,
the preserved properties make scaffolds resist the strength during the
continuous contraction/relaxation of the heart, leading to the stabili-
zation of the infarcted region [288]. Second, dECM scaffolds retain
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alignments such as topography, which is shown to regulate angiogenic
growth factors and guide anisotropic microvascular progression,
important for cardiac homeostasis and remodeling [284,286]. Third,
dECM maintained bioactive cues like ErbB receptors, are demonstrated
to have extracellular ligands to induce cardiomyocyte proliferation [23,
280,289]. Furthermore, biomimetic culture in dECM scaffolds facilitates
cardiac gene expression, and generates myocardial ECM with contractile
function and electrical conductivity [285,290,291]. It should be noted
that heart muscle, unlike heart valves or blood vessels, has rare alter-
natives, so the creation of myocardial tissue is the most challenging goal
for cardiac tissue engineering, on which the following contents
concentrate [292]. For cardiac tissue engineering, the most studied
dECM scaffolds are decellularized whole heart scaffolds [81,287,293].
Ott first reported an optimal decellularized rat whole heart scaffold
(Fig. 71I). The decellularized heart was shown to be a complex,
biocompatible cardiac ECM scaffold with a perfusable vascular tree,
patent valves and a four-chamber-geometry template. After repopulat-
ing decellularized hearts with neonatal cardia cells or aortic endothelial
cells and subsequently culturing the construct in simulated physiological
conditions, the nascent pump function of cardiac tissues was regener-
ated [14]. In addition to decellularized whole heart scaffolds, dECM
patches have also been widely developed [23,285,286,290]. Cardiac
patches can be as effective as the whole heart in repairing the damaged
myocardium, with the advantage of exercisable implantation [294].
Wang created cardiac dECM patches (Fig. 7II). After decellularization,
the 3D structure and vasculature templates (vessel-like structure) were
preserved (Fig. 7III). By reseeding the decellularized patches, bone
marrow mononuclear cells within the scaffolds showed good cell
viability, proliferation and differentiation. The mechanical properties of
cardiac tissues were recovering with the culture time increasing, and
tissues performed angiogenesis potential and cardiac regeneration
[295].

Myocardial infarction (MI), a typical ischemic heart disease, refer-
ring to the situation that the blockage of a coronary artery reduces the
blood supply to the heart muscle, makes the lack of oxygen in the
affected tissue, leading to the cardiomyocyte death and tissue necrosis
[296]. It is of great importance to prevent the pathological remodeling
process and repair the infarcted tissue after MI, which may lead to the
loss of normal contractility and functionality, since fibroblasts and
endothelial cells can replace the impacted area with tough, rigid,
collagenous and fibrotic scar tissue. It has been shown that the appli-
cation of dECM scaffolds for MI could prevent adverse remodeling,
reduce the scar expansion, and protect the local area from stiffening. In
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addition, heart dECM scaffolds could promote revascularization of the
injured region, regulate cardiomyocyte proliferation and differentiation,
and induce cardiac ECM remodeling [23,280,289,297]. Although dECM
scaffolds have shown great promise in cardiac tissue repair and regen-
eration, some issues still need to be addressed. Especially, considering
the importance of adequate blood supply for myocardial tissues, optimal
decellularization methods should be further developed to attain more
intact cardiac vascular networks. Moreover, the timing of bioscaffold
transplantation and experimental endpoints are not standardized, so
paraments of decellularization, recellularization and in-vitro culture
cannot be compared and fully optimized. For example, some groups
identified that the usage of decellularized heart ECM showed a great
effect on the angiogenesis and myocardial regeneration effect after only
2 weeks of MI; however, others observed the influence of dECM on
cardiac tissue after 4 or even 6 weeks of MI [280,283,297].

3.5. dECM scaffolds for whole-organ tissue engineering

The regeneration of organs/tissues has gradually focused their
attention on dECM scaffolds over the past few years, which started from
the restoration of simpler tissues (such as skin, bone, nerve and heart,
discussed in Section 3.1-3.4), to the reconstruction of more complex
whole organs, such as lung, liver and kidney. Since organ trans-
plantation is largely limited by donor shortage, and the highly intricate
vascular networks and architecture make it difficult for artificial organs
and scaffolds to integrate with vessels and other systems [298]. For these
solid organs, whole organ-derived dECM scaffolds have unique advan-
tages, which can offer 3D organ matrices with preserved intact macro-
scopic 3D architecture, ultrastructure, vascular network and ECM
components. Especially, the retained circulatory network of native or-
gans can allow the constructs to be connected to blood torrent. Taking
these into account, here we mainly overview decellularized whole organ
scaffolds of these solid organs for tissue engineering, including lung,
liver and kidney.

3.5.1. dECM scaffolds for lung tissue engineering

Respiratory disease is the third leading cause of death worldwide,
however, lung transplantation is facing the situation of severe donor
lung shortage [299]. Interestingly, dECM scaffolds remain spatial ar-
chitecture, intact alveolar structure, thin basement membrane and hi-
erarchical branching geometry, which offer a high surface area for gas
exchange. Besides, they also preserve physiological mechanical stresses.
Moreover, the maintained ECM signals and surface topography cues

Fig. 7. () Perfusion decellularization of
whole heart scaffold. Retrograde perfusion
of rat heart using polyethylene glycol (a),
Triton X-100 (b) or sodium dodecyl sulfate
(SDS) (c) over 12 h. Corresponding H&E
staining of thin sections from LV of rat hearts
perfused with polyethylene glycol (d) or
Triton X-100 (e). (f) H&E staining of a thin
section of SDS-treated heart showing no
intact cells or nuclei. Reproduced from
Ref. [14]. (II) Morphology of (a) native
P myocardium and (b) decellularized myocar-
//! \»\;k, dial scaffold after decellularization treat-
RIS J! ment of 2.5 weeks. (II) Mason’s trichrome
staining for (a) native myocardium and (b)
decellularized myocardial scaffold H&E
staining of (c) the longitudinal and trans-
versal views of the acellular scaffold, and (d)
vasculature templates in the decellularized
myocardial scaffold. Reproduced from
Ref. [295].
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have synergistic effects on regulating pulmonary cell functions [118,
299-302]. Especially, pre-existing arterial and venous vascular tree and
bronchial tree networks can be preserved as a framework for the
reconstruction of vasculature and the lung organ [49,303,304]. In 2010,
Ott created a bioartificial lung through decellularization, which pro-
vided acellular vasculature, airways, alveoli, and preserved alveolar
septation, alveolar surface area, and ECM proteins (Fig. 8I). After
seeding with lung epithelial and endothelial cells, the cell-seeded con-
structs were perfused and ventilated in a bioreactor to simulate the
physiological microenvironment of lung. It was shown that the recel-
lularized lung could perform gas exchange both in vitro and in vivo [15].
To date, the decellularized lung matrix has excellent potential for the
treatment of pulmonary diseases, such as chronic obstructive pulmonary
disease [305].

3.5.2. dECM scaffolds for hepatic tissue engineering

Liver is the largest solid organ in the body and plays an essential role
in detoxification, protein synthesis and bile production, and thus liver
disease has raised awareness of the public [306,307]. dECM scaffolds
have provided a new way for hepatic tissue engineering, since they can
preserve liver-specific ECM components, liver functional characteristics,
the biliary tree with adequate branching, and vascular networks such as
the portal vein, hepatic artery and hepatic vein [57,308-312]. In 2010,
Uygun first reported the production of a transplantable liver graft. The
decellularized liver matrix preserved 3D architecture, liver ECM, and
microvascular network (Fig. 8II). Recellularized grafts could support
liver-specific functions, including albumin secretion, urea synthesis and
cytochrome P450 expression in vitro, and support hepatocyte survival
and function with minimal ischemic damage in vivo [17]. From then on,
the development of dECM scaffolds for hepatic tissue engineering has
paid more attention to optimizing decellularization methods for
reducing the decellularization time and attaining more intact vascular
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networks [51,57,309]. Owing to their relatively intact structure and
functions, dECM scaffold is a potential treatment for liver diseases,
including acute liver injury and chronic liver damage [306].

3.5.3. dECM scaffolds for kidney tissue engineering

Kidney is the most important organ for water homeostasis and waste
excretion, and its unit consists of a glomerulus for ultrafiltration and a
tubular apparatus for reabsorption [198,313]. To date, dECM scaffolds
provide a therapy for patients with renal diseases, which preserve both
composition and structure of renal ECM, as well as kidney-specific
functions such as filtration, secretion and reabsorption [298,314,315].
Particularly, preserved renal microvasculatures, such as glomeruli and
peritubular capillaries, are crucial for vascular patency [316-318]. In
2013, Song reported the first experimental orthotopic transplantation of
a bioengineered kidney in rodents. They created decellularized
whole-organ scaffolds with intact and perfusable vascular, glomerular
and tubular compartments (Fig. 8III). After repopulating these scaffolds
with renal endothelial and epithelial cells and perfusing the constructs
in the bioreactor, the grafts showed in vitro capacity to clear metabo-
lites, to reabsorb electrolytes and to generate concentrated urine, and
produced urine via ureteral conduit after transplantation in vivo [18].
From then on, more researchers have made progress in decreasing
decellularization time, increasing the vasculature integrity and main-
taining kidney-specific growth factors [58,115,318,319]. To date, dECM
scaffolds are proved to be attractive alternatives for the chronic kidney
disease, end-stage renal disease [313,314,318].

4. Conclusions and outlooks

Over the past few decades, along with the emergency and develop-
ment of a vast number of decellularization techniques, researches on
dECM bioscaffolds have evolved from initial attempts of decellularized

Fig. 8. dECM for lung, liver and kidney
tissue engineering. (I) Perfusion decellula-
rization of whole rat lungs. (a) Freshly iso-
lated lung (left), after 60 min of SDS
perfusion (middle), and after 120 min of SDS
perfusion (right). (b,c) Corresponding
Movat’s pentachrome staining of thin sec-
tions from parenchyma of native (left
panels) and decellularized (right panels)
lung. (d) Corresponding Verhoeff’s elastic-
tissue staining of thin sections from paren-

chyma of native (left) and decellularized
(right) lung. (e) TEM image of decellularized
lung. Reproduced from Ref. [15]. (II) DLM
retains intact lobular structure and vascular
bed. (a) Representative photograph of
decellularized left lateral and median lobes
of rat liver. (b) The vascular tree, after
perfusion with Allura Red AC dye. (c,d)
Corrosion cast model of left lobe of a normal
liver (c) and the DLM (d). (e-g) SEM images
of a vessel (e), a section featuring bile
duct-like small vessels (arrows) (f), ECM
within the parenchyma (g), with
hepatocyte-size free spaces. Reproduced
from Ref. [17]. (III) Perfusion decellulariza-
tion of whole rat kidneys. (a) Freshly iso-
lated kidney (left), after 6 h of SDS perfusion
(middle), and after 12 h of SDS perfusion
(right). (b) Corresponding Movat’s pentach-

rome stained sections of rat kidney during perfusion decellularization. (c) Representative immunohistochemical stains of cadaveric rat kidney sections showing
distribution of elastin, collagen IV and laminin. (d) Corresponding sections of decellularized rat kidney tissue after immunohistochemical staining for elastin, collagen
IV and laminin. (e) TEM of a cadaveric rat glomerulus showing capillaries (C), mesangial matrix (M) and podocytes (P) surrounded by Bowman’s capsule (BC). (f)
TEM of decellularized rat glomerulus exhibiting cellularity in decellularized kidneys. (g, h) Biochemical quantification of DNA and total collagen in cadaveric and

decellularized rat kidney tissue. Reproduced from Ref. [18].
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simple tissue scaffolds to successful preparation of decellularized whole
organ scaffolds. Via physical treatments, chemical treatments and/or
enzymatic treatments, dECM scaffolds can ensure the removal of
immunogenic cellular components and the retention of significant
compositions and native structures, which offer a microenvironment for
tissue repair, restoration and regeneration. To date, decellularized
scaffolds along with stem cell technologies play an essential role in the
areas of tissue engineering, and provide clinically promising therapies
for diseases such as skin wound healing, bone defects, nerve injuries,
heart diseases, as well as coverage on whole-organ tissue regeneration
related to lung, liver and kidney. Compared with other engineered
biological scaffolds, dECM scaffolds attract more attention due to their
outstanding advantages for tissue engineering. First, the removal of
immunogenic cellular components reduces the potential adverse im-
mune responses after implantation. Second, the 3D architecture of dECM
is retained from original organs/tissues after decellularization, which
provides biomimetic scaffolds with stable physical structures and signals
for subsequent cell-cell interactions and cell-ECM interactions [7,22,
320]. Third, compared to synthetic polymers, dECM scaffolds provide a
better surface for cell attachment, owing to the remaining biological and
biochemical components like cell adhesion ligands on the surface [2,
321].

Based on these advantages, dECM-based products have recently
emerged as an attractive substrate for clinical application. For example,
AlloDerm® (BioHorizons) was applied to skin regeneration. After the
materials were implanted, scar quality and skin functions in the im-
plantation area were significantly improved [322]. Oasis® (Smith &
Nephew) is another acellular product for skin repair, derived from
acellular porcine SIS, primarily used for chronic wound treatment [323].
Products used for tendon and ligament injuries include GraftJacket®
(Wright Medical) and Allopatch HD™ (MTF Sports Medicine), are pre-
pared by decellularization of human dermis ECM. Particularly, Graft-
Jacket® has been approved for clinical use by FDA in 2014. CardioCel®
(Admedus IHS Inc.) is a heart valve product based on the acellular
pericardium, which performs great biocompatible and facilitates the
proliferation and differentiation of stem cells [324]. The application of
these products has in turn promoted the development of decellulariza-
tion technologies. However, it is notable that decellularization process
could bring certain damages to the original structure and properties of
ECM, and induce immunogenicity with residual cellular components
[320]. A clinical application of Synergraft® valves, the decellularized
porcine heart valves introduced in Europe in 2001, caused three of four
patient’s death because of the incomplete removal of cell remnants in
decellularized products [325].

Therefore, during the explorations and clinical transformation of
dECM scaffolds, there expose several challenges (Fig. 9), including (i)
more sensible detection methods should be developed to test if there
remain residual toxic products in dECM; (ii) decellularized protocols
should be optimized to minimize toxicity by either reducing toxic and
hard-to-remove decellularized agents, or choosing treatments that assist
in removing those agents; (iii) the degradation speed of dECM scaffolds
should be consistent with the process of bone remodeling, which affects
the time for cell ingrowth, and an improper speed can result in trans-
plantation failure [202,326]; (iv) the stricter selection of organ/tissue
sources should be adopted due to the risks of transplantation, such as
disease transmission risks of non-autogenous dECM, and pigmentation
disorders derived from decellularized skin ECM; (v) the standardized
quality control of dECM should be established according to the ECM
source or the organ/tissue variety for further in vivo follow-up studies;
(vi) the forms of dECM scaffolds should be adjusted as required. For
example, dECM can be switched into particles for better portability,
hydrogels for minimally invasive injectability, or films on other surfaces
for enhanced regenerative capacity; (vii) to achieve functional regen-
eration of organs/tissues, reconstruction of vascular networks and
adnexal structures should also be focused on, so besides the ECM
structures and composition, these vital architectures should also be
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Fig. 9. Prospects and challenges of dECM applied in tissue engineering.

maintained; (viii) the immunomodulatory of dECM and their degrada-
tion products, induced by the remaining physiological motifs and
bioactive receptors, has been proved, though the exact mechanism in
still unclear and needs further investigation [327-329]; (ix) the opti-
mization for recellularization and cultivation within dECM scaffolds
should be further developed, since they all affect the functional inte-
gration of dECM scaffolds with the host and clinical success of
tissue-engineered constructs; (x) surface modification can be added to
dECM to provide biological cues that assist in tissue regeneration, such
as mechanical modification and loading with factors or other bioactive
molecules; (xi) the timing of biomaterial transplantation and experi-
mental endpoints are needed to be standardized, facilitating the com-
parison of results between different study groups. These lingering
challenges can be offered as the catalysts for future clinical applications
once they can be further settled in detail.

In conclusion, despite the shortcomings mentioned above, dECM is
acknowledged as an ideal choice for immune-compatible organ/tissue
alternatives. Besides, as a platform, dECM could provide a biomimetic
microenvironment for integrating with stem cells and other bioactive
materials, which is a promising inspiration for the design of future
bioscaffolds as well as an optimized solution to problems in tissue en-
gineering and regenerative therapies.
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