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a b s t r a c t

Decellularized extracellular matrix (dECM) is widely used in regenerative medicine as a scaffold material
due to its unique biological activity and good biocompatibility. Hydrogel is a three-dimensional network
structure polymer with high water content and high swelling that can simulate the water environment of
human tissues, has good biocompatibility, and can exchange nutrients, oxygen, and waste with cells. At
present, hydrogel is the ideal biological material for tissue engineering. In recent years, rapid develop-
ment of the hydrogel theory and technology and progress in the use of dECM to form hydrogels have
attracted considerable attention to dECM hydrogels as an innovative method for tissue engineering and
regenerative medicine. This article introduces the classification of hydrogels, and focuses on the history
and formation of dECM hydrogels, the source of dECM, the application of dECM hydrogels in tissue
engineering and the commercial application of dECM materials.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Extracellular matrix (ECM) is a complex network of macromo-
lecular substances synthesized and secreted by various tissues and
cells in the body, such as fibroblasts, mesenchymal cells, and
epithelial cells, which are distributed and aggregated on the cell
surface and intercellular substances. ECM forms the cell-based
skeleton of tissues and organs and supports and connects the tis-
sue structures, regulates the tissue development, and forms the
microenvironment required for cell growth. ECM has a significant
impact on cell behavior, including adhesion, differentiation, pro-
liferation, migration, and functional expression [1]. ECM plays an
important role in tissue development, homeostasis and disease [2].

In some diseases, the tissues or organs must be replaced due to
severe damage [3]. However, insufficient donor sources and rejec-
tion after transplantation have restricted the application of this
treatment [4]. Investigation of the composition and function of ECM
in various tissues and imitation and construction of biological
scaffolds with high biomimetic properties have become important
areas in the field of tissue engineering [5]. Hydrogel can simulate
the water environment of human tissues, has good biocompati-
bility, and can exchange nutrients, oxygen, andwastewith the cells.
Currently, hydrogel is an ideal biological material for tissue engi-
neering [6]. Studies by Badylak et al. have shown that decellular-
ized biological scaffolds have good conservation between the
species and are well tolerated by heterogeneous hosts thus effec-
tively reducing immune rejection and promoting structural
remodeling [7]. The decellularized scaffolds of the natural tissues
obtained by the decellularization methods, such as physical,
chemical, and enzymatic methods [8e11], are freeze-dried, ground,
and enzymatically digested to form a decellularized extracellular
matrix (dECM) hydrogel that retains the structural characteristics
and stimulatory properties of the hydrogel responsiveness while
retaining the function of ECM. The progress in the development of
the methods of hydrogel formation by ECM bio-scaffolds has
expanded potential applications of the hydrogels in vitro, in vivo,
and in clinical practice [12]. This article reviews the types of
hydrogels, the history and formation of dECM hydrogels, the source
of dECM, the applications of dECM hydrogels in tissue engineering,
the commercial application of dECM materials, and future pros-
pects in the field.

2. Hydrogels

Hydrogel is a polymer with three-dimensional network struc-
ture that has hydrophilic groups, can absorb a large amount of
water or biological fluids, and swells in the presence of water but is
insoluble in water. Hydrogels can maintain a unique three-
dimensional network structure and polymer chain network.
Hydrogels interact with water or biological fluids by capillary force,
penetration force, and hydration force, and these forces can cancel
89
each other [13]; and it affects the swelling of hydrogels driven by
osmotic pressure and Gibbs�Donnan effect. Hydrogels can simu-
late the natural microenvironment of the cells. Therefore, hydrogels
are one of the most common tissue engineering scaffolds [14]. The
application of the hydrogels was started by Wichterle and Lim [15]
who successfully prepared hydrogels by polymerizing 2-
hydroxyethyl methacrylate in 1954, and made the first contact
lens in history. Good uniformity and operability of the hydrogels
enable expanded applications in various fields.

There are many types of hydrogels. Hydrogels can be divided
into natural, synthetic, and hybrid hydrogels.

Natural hydrogels are mainly composed of collagen [16], gelatin
[17], hyaluronic acid [18,19], fibrin [20], agarose, dextran, alginate
[21], chitosan [22], and other natural polymers. The structure and
composition of natural hydrogels are similar to those of the natural
extracellular matrix and have good biocompatibility and bio-
functionality [23]. However, natural hydrogels also have some
shortcomings, such as batch differences in the structure and per-
formance during preparation, potential immunogenicity, and rela-
tively poor mechanical properties, which limit their applications
[24e26].

Synthetic hydrogels are mainly composed of polyethylene oxide,
polyethylene glycol (PEG) [27e29], polyvinyl alcohol [30], poly-
acrylamide, N-isopropylacrylamide (PNIPAM) [31,32],etc. The
composition can be molecularly customized according to the type
of hydrogel required for block structure, molecular weight, me-
chanical strength and biodegradability [33]. However, synthetic
hydrogels are mainly crosslinked by free radical initiators and
crosslinking agents. The use of free radical initiators and cross-
linkers has many disadvantages, such as residual unreacted
monomers, and residual crosslinkers or initiators, which can cause
inflammation or cytotoxicity.

Composite hydrogels are prepared by combining the charac-
teristics of synthetic and natural polymers and are known as hybrid
hydrogels. Hybrid hydrogels can be prepared by covalent coupling
of synthetic and natural polymers by chemical coupling or poly-
merization. Synthetic polymers provide adjustable physical prop-
erties, and natural polymers provide special biological functions
[34]. This method is advantageous because it does not require
complex bioconjugation during preparation of bioactive hydrogels
unlike the methods used to prepare bioactive synthetic polymers.
However, use of animal-derived natural polymers can cause
immunogenic reactions and infections.

3. dECM hydrogels

Properties of an ideal bioactive hydrogel scaffold should be
similar to the structure and biological properties of natural tissue
ECM. Current bioactive polymer hydrogels are limited in simulation
of various biological functions and mechanical properties of ECM.
Acellular matrix is a natural scaffold prepared from the tissues or
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organs by removal of cellular components and retains the three-
dimensional structure of the tissues or organs and some natural
fiber components, such as collagen fibers; the scaffold is biologi-
cally active, biocompatible, and nonimmunogenic. dECM hydrogel
retains a number of cell growth factors, such as fibroblast growth
factor, transforming growth factor, and hepatocyte growth factor,
which can enhance the growth, migration, proliferation, differen-
tiation, and angiogenesis of the seed cells. This “real-time interac-
tion”with the seed cells can reshape the structure of the tissues and
organs and is important for the regeneration and functional repair
of the tissues and organs.
3.1. History of dECM hydrogel

In clinical and preclinical research, biological scaffolds
composed of extracellular matrix (ECM) have been used to promote
the repair and reconstruction of various tissues. The clinical use of
such scaffolds may be limited by the geometric and mechanical
properties of the tissue or organ fromwhich the ECM is harvested.
The injectable gel form of ECM can potentially conform to any
three-dimensional shape, and it can be delivered to the site of in-
terest through minimally invasive techniques [35]. Therefore,
gradual advancement of the decellularization technology and
improvement in the ability of decellularized extracellular matrix
(dECM) to form hydrogels resulted in innovative applications of
dECM hydrogels in tissue engineering and regenerative medicine
[36]. After Badylak and coworkers reported the preparation of
porcine bladder acellular matrix hydrogel in 2008, the heart
[37e39], kidney [40,41], liver [42], pancreas [43], esophagus [44],
submucosa of the small intestine (SIS) [45,46], meniscus [47,48],
nerves [49e51], fat [52,53], and other tissues have been decellu-
larized and gelled. Thus, dECM hydrogel has broad application
prospects in clinical practice.
3.2. dECM hydrogel formations

Biological scaffolds derived from ECM are the natural compo-
nents of the tissues that have been decellularized to retain the
inherent structural and chemical integrity of the original tissues.
The formation of extracellular matrix-derived hydrogels after
decellularization is based on collagen self-assembly and is influ-
enced by glycosaminoglycans, proteoglycans, and various proteins.
Usually, a decellularized biological ECM scaffold is freeze-dried and
ground into a powder, which is digested and dissolved in an acidic
solution with an acid protease in a certain proportion to prepare a
homogeneous solution. Then, the solution temperature, salt ion
concentration, and pH are changed or a crosslinking agent is added
to induce crosslinking to form a gel [35,54]. Freytes [35] et al.
prepared the solution of porcine bladder dECM by freeze-drying,
grinding, hydrochloric acid-pepsin digestion in solution, and
magnetic stirring, and adjusted pH of the porcine bladder dECM
solution to neutral (pH z 7.4) with sodium hydroxide. The salt ion
concentration in the solutionwas changed to form a pregel, and the
hydrogel was formed by heating to 37 �C. Recently, Badylak and
coworkers proposed a new method of preparation of ECM hydro-
gels using ultrasonic cavitation. Crushed ECM was used as the
starting material; ECM was resuspended in a neutral buffered salt
solution and dissolved by sonication at 20 kHz. The temperature of
the ECM solutionwas reduced below 25 �C to induce rapid gelation
[55]. Pregelation of the dECM solution is the key step in the for-
mation of a dECM hydrogel. Clinicians can inject a dECM pregel into
a surgical site. At human body temperature (37 �C), dECM pregel
can quickly form a dECM hydrogel.
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3.3. Source of dECM

3.3.1. Cell source
The cell-derived matrix (CDM) contains a complex and orga-

nized mixture of macromolecules that can mimic all aspects of the
natural tissue microenvironment [56]. Both primary cells and cell
lines have been used to produce CDM. Primary cells harvested
directly from tissueswithout passage are generally considered to be
ideal cell sources for tissue engineering and biomedical applica-
tions, because they are very similar to their natural in vivo phe-
notypes, and can be said to produce more similar to the natural
microenvironment the capacity of the substrate [57]. Mesenchymal
stem cells are easily obtained cells and are usually used to prepare
cell-derived ECM because they have the ability to deposit ECM that
simulates various tissues (such as bone, cartilage, fat) according to
culture conditions, and their applications in tissue engineering The
universal use [58]. One of the main disadvantages of cell-derived
dECM is that CDM generally has poor mechanical properties [59].

3.3.2. Animal source
The sources of autologous and allogeneic tissues are extremely

limited. Xenotransplantation is still a suitable solution to overcome
the shortage of human tissues [60]. The acellular extracellular
matrix of xenogenes has become a major theme of today's tissue
repair technology research. Various tissues from different animals
have been widely used to create dECM, such as the bladder and
heart of pigs [61,62], tendons of cattle [63], lung and kidney of goat
[64,65], and liver and lungs of rats [66,67]. A major source of het-
erogeneous DECM is pigs [68e70]. The use of pig tissues and organs
is superior to other animal tissues and organs in many aspects.
Organs from pigs are readily available and available in larger
quantities than from other animals [60]. Due to its high reproduc-
tive capacity and large number of offspring, pigs have always been
the number one choice when it comes to DECM that provides tis-
sues and organs [71], but the risk of human infection with porcine
endogenous retrovirus (PERV) is inevitable [72]. In addition, the
difference in source tissues may affect the composition, degrada-
tion rate and mechanical properties of dECM [73].

3.3.3. Human source
In order to avoid the spread of disease from animals and the

xenogeneic dECM obtained from animals may contain residual
contamination and immunogenicity, human tissues will be the best
choice for dECM for clinical applications [74,75]. Human-derived
dECM can be obtained from cadavers, diseased or damaged tis-
sues and organs of patients, and tissues donated from human tissue
biobanks [75,76]. Various tissues and organs from the human body
have been used to create dECM. For example, the entire heart
[77,78], cartilage [79e81], ovarian tissue [82], adipose tissue
[83,84], pancreas [85], kidney [86], liver [87], skin [88], teeth [89]
and lungs [90] have been successfully decellularized.

4. Application of dECM hydrogels in tissue engineering

dECM hydrogels have the following advantages. (1) Injectability.
Viscous fluid pregel can be injected with a catheter or a syringe and
polymerized at physiological temperature to form a hydrogel con-
forming to the shape of a defect site. (2) dECM hydrogels have
inherent biological activity of the natural matrix [91]. (3) dECM
hydrogels do not contain immunogenic cellular material. (4)
Adjustability of mechanical properties. Mechanical properties of
dECM can be controlled by changing the concentration of a
hydrogel or by crosslinking. (5) Gelled dECM has a three-
dimensional structure suitable for cell growth [92]. (6) dECM
hydrogels are modifiable and can support the cells, therapeutic
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drugs, or other biologically active molecules. (7) Machinability of
dECM hydrogels. 3D geometric shapes can be customized by 3D
printing [49]. Therefore, dECM is widely used in in vitro and in vivo
applications as shown in Fig. 1 below.

4.1. In vitro applications of dECM hydrogels

ECM hydrogels derived from decellularized tissues can be used
for in vitro vascular network reconstruction [93] and as the sub-
strates for in vitro cell culture systems [41], bioinks [14,94] and
organoid derivatives [45] to provide guidance for the cells. The
growth environment maintains and enhances the tissue-specific
cell phenotypes, induces the chemotaxis of lineage-oriented pro-
genitor cells, and regulates cell proliferation and differentiation
[95e97].

4.1.1. Substrates for cell culture systems
The study of cell behavior has always been a challenge. When

the cells are removed from the 3D environment of the tissue, they
lose contact with the ECM and basement membrane and change
their behavior. Therefore, close attention is paid to optimization
of the 3D culture systems to simulate the processes that cells may
undergo in the body. Some studies have used human glomerular
endothelial cells (GEnCs) as a model cell type to investigate the
interaction of the cells with kidney dECM hydrogel. The GEnC line
is derived from endothelial cells isolated from the glomerulus.
Unlike primary cells that are difficult to expand in the culture and
lose important phenotypic characteristics over time, conditionally
immortalized GEnCs are cultured at an appropriate temperature.
Their expansion can be maintained; however, transfer to an
inappropriate temperature stops the expansion and initiates
gradual maturation. In vitro studies demonstrated that kidney
dECM hydrogels can be used as biocompatible substrates to
support the attachment, survival, and proliferation of human
GEnCs. These hydrogels are formed under mild conditions and
physiological temperature; hence, they can be used for cell
encapsulation. Human GEnCs have high viability after encapsu-
lation in a kidney dECM hydrogel (2.5 mg/mL) [41]. In Matrigel
has been demonstrated to be the most effective culture substrate
in terms of maintaining differentiated gene expression and
function. Matrigel is a basement membrane matrix derived from
EHS mouse sarcoma. An ECM gel form derived from pig liver
supports human hepatocyte function at a level equivalent to that
of Matrigel in vitro [98]. These studies indicate that dECM
hydrogels can be used as an ideal 3D culture system to create an
environment that can guide cell growth and regulate cell prolif-
eration and differentiation.
Fig. 1. Application of dECM hydr
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4.1.2. In vitro reconstruction of the biliary tree
The bile duct tree is an important part of transplantable human

liver tissue. Its finer branches are complex and have heterogeneous
structure and function. They cannot be cultivated artificially and
can only be regenerated by innate development. The extracellular
matrix (ECM) of the developing liver plays an indispensable role in
the formation and maturation of the bile duct tree. Primary bile
duct cells have a certain degree of in vitro morphogenesis to
generate cholangiocytes. The bile duct cells (SV40SM44) can be
encapsulated in the liver dECM gel. The have high viability and are
assembled into the complex branched duct-like structures on an
unprecedented scale. Liver dECM hydrogel induces the formation of
a complex bile duct network in vitro by immortalized mouse small
bile duct epithelial cells (cholangiocytes) [93]. In Moreover,
inherent biological activity of dECM hydrogels and 3D printing of
sacrificial biological materials can be used to create a spatially
defined 3D bile duct tree by changing the geometry (width and
angle) of the dECM structure to guide the orientation of the bile
duct tree [99]. These results demonstrate the effect of dECM
hydrogel on the formation of bile duct network and suggest that
dECM hydrogels can be used in the future for intrahepatic bile duct
tissue engineering.

4.1.3. Organoid cultures
Organoids are three-dimensional multicellular constructs,

which are a promising source of the cells for tissue repair and can
be used for tissue regeneration and treatment in various disease
models. Usually, organoids can be cultured in 3D hydrogel systems.
Intestinal ECM gel can support the culture of intestinal organoids
and cells from other endoderm-derived tissues (such as liver,
stomach, and pancreas) [45]. Additionally, comparison of organoids
without a hydrogel with organoids in dissolved LEM, 3D collagen
gel organoids, and traditional 2D cultures indicated that self-
contained 3D liver-derived dECM hydrogel LEM gel can organize
human liver cancer (Huh7) cells, bone marrowMSCs, and umbilical
vein endothelial cells (HUVEC) to create liver organoids. Epithelial
phenotype of hepatocytes was characterized by higher cell viability,
and the expression and function of hepatocyte-specific genes was
significantly increased [42]. The Thus, dECM hydrogel can provide
support for organoid cultures.

4.1.4. Decellularized ECM-derived bioinks
3D bioprinting is a powerful technique for engineering tissues

used to study cell behavior and tissue properties in vitro [100e102].
One of the main prerequisites in 3D bioprinting is finding an
appropriate bioink that provides a tissue-specific microenviron-
ment supporting the cellular growth and maturation [103e106].
ogels in tissue engineering.
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Bio-based materials that support cellular adhesion, differentiation,
and proliferation e including gelatin, hyaluronic acid, collagen and
alginate have been successfully used as bioinks [107e109]. In
particular, decellularized extracellular matrix (dECM) has become a
promising material with the unique ability to maintain both
biochemical and topographical micro-environments of native tis-
sues [14,110e112]. Studies have shown that the photo-crosslinkable
kidney ECM-derived bio-ink (KdECMMA) can provide a kidney-
specific microenvironment for kidney tissue bioprinting. Porcine
whole kidneys are decellularized through a perfusion method,
dissolved in an acid solution, and chemically modified by meth-
acrylation. A KdECMMA-based bioink is formulated and evaluated
for rheological properties and printability for the printing process.
The results show that the bioprinted human kidney cells in the
KdECMMA bioink are highly viable and mature with time. More-
over, the bioprinted renal constructs exhibit the structural and
functional characteristics of the native renal tissue. The potential of
the tissue-specific ECM-derived bioink is demonstrated for cell-
based bioprinting that could enhance the cellular maturation and
eventually tissue formation [113]. The above research shows that
the 3D bioprinting strategy using dECM hydrogel as bio-ink has
great potential in bioengineering functional tissue constructs for
future regenerative medicine applications.

The latest progress in the extraction and purification of decel-
lularized extracellular matrix (dECM) from healthy or malignant
tissues has opened up a new way for engineering physiology to
simulate 3D in vitro tumor models. Research has shown that 3D
bioprinted self-gelling mammary adipose tissue-derived dECM-
based hydrogels from both rat and human sources enabled the
generation of organotypic constructs conjugating distinct breast
cancer cells, demonstrating the importance of using tissue specific
ECM as a basis for TME-ECM cancer cell interaction analysis and the
need for carefully establishing comparisons with observations
derived from other non-tissue-specific ECM-derived biomaterials
[114]. This is of great significance for understanding the role of ECM
in controlling cell fate for developmental biology, tissue engineer-
ing and cancer treatment [115].

4.2. In vivo applications of dECM hydrogels

ECM hydrogels have been extensively used in many preclinical
studies to promote tissue repair after an injury, including the heart,
lung, brain, nerves, and colon.

4.2.1. Heart
Cardiovascular disease is a common serious threat to human

health. More than half of patients who die of cardiovascular disease
have myocardial infarction. The pathological changes in myocardial
infarction are dynamic. The changes start with an inflammatory
phase; then, necrotic myocardial fibers are dissolved and absorbed,
granulation tissue is gradually formed, and a dense collagen scar is
finally formed. Left ventricular remodeling develops after
myocardial infarction (MI) and can lead to heart failure. In terminal
heart failure, only heart transplantation or implantation of left
ventricular assistance devices can be used for efficient treatment.
Injection of an injectable hydrogel derived from ventricular extra-
cellular matrix (ECM) in a rat MI model increases the number of
endogenous cardiomyocytes in the infarct area and maintains car-
diac function without causing arrhythmia [116]. Seif-Naraghi and
coworkers developed an injectable hydrogel derived from porcine
myocardial extracellular matrix. Two weeks after MI, percutaneous
intracardial injection of the myocardial matrix hydrogel was used
to treat pigs with MI. Myocardial matrix hydrogel injected after MI
can improve heart function, prevent negative LV remodeling, and
increase myocardial activity [117] The tissue-level mechanisms of
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the therapeutic effect of myocardial ECM injection were investi-
gated by using whole transcriptome analysis in a total MI rat model.
Principal component analysis of the transcriptome showed that the
infarctedmyocardium injectedwith thematrixmanifested changes
in inflammatory response, decreased myocardial apoptosis,
increased new blood vessel formation in the area of infarction,
decreased myocardial hypertrophy and fibrosis, changes in the
expression of metabolic enzymes, increased expression of cardiac
transcription factors, recruitment of progenitor cells, and overall
improvement in cardiac function and hemodynamics compared
with those in the control group injected with normal saline [118].
These results indicate that dECM hydrogels can promote angio-
genesis and maintain cardiac function.

4.2.2. Lung
Increasing incidence of chest tumors, such as lung, breast, and

esophageal cancer, enhanced the use of radiotherapy as an impor-
tant method of treatment of thoracic tumors; therapeutic effect of
radiotherapy is positively correlated with radiation dose. However,
radiotherapy of thoracic tumors induces radiation lung injury
because the surrounding normal lung tissue is susceptible to ra-
diation. Radiation lung injury causes fibrosis in the later stage,
cannot be reversed, and leads to severe functional damage to the
lung and even death. Epithelial-mesenchymal transition (EMT)
plays an important role in radiation-induced pulmonary fibrosis
[119]. Therefore, an ECM hydrogel derived from the lung tissue was
injected into rat trachea after irradiation to investigate the pro-
tective effect on radiation-induced lung injury. The rats were fixed
in a supine position on a wooden board to fully expose the chest.
The upper boundary of the irradiation field corresponded to the
line connecting the midpoints of the two axillas, and the lower
boundary of the irradiation field corresponded to the lower edge
plane of the lower edge of the xiphoid process; the rest of the body
was shielded by a 12 mm lead block. The rats in the IR þ NS and
IR þ ECM groups were irradiated with a 6 MV X-ray linear accel-
erator at a source-to-surface distance of 100 cm. The dose was
20 Gy, and the dose rate was 3.5 Gy/min. Two treatment groups
were injected with 500 ml lung ECM hydrogel or an equivalent
amount of normal saline into the trachea half an hour after radio-
therapy. Subsequent experiments were performed 4, 8, and 16
weeks after irradiation. The dry/wetweight ratio was used to assess
lung congestion and edema. Hematoxylin and eosin staining and
Masson trichrome staining were used for histopathological analysis
of the lung tissue. Immunohistochemical staining andWestern blot
analysis were performed to determine the expression of
epithelialemesenchymal transition (EMT)-related proteins in the
lung tissues (E-cadherin, a-smooth muscle actin [a-SMA], and
vimentin). Additionally, tumor necrosis factor-a (TNF-a), trans-
forming growth factor-b1 (TGF-b1), interleukin-6 (IL-6), hydroxy-
proline, malondialdehyde (MDA), and superoxide were assayed.
The level of superoxide dismutase (SOD) was also evaluated. The
results indicated that ECM-derived hydrogels have good cyto-
compatibility and histocompatibility, and ECM-derived hydrogel
treatment has a beneficial effect on histopathological damage and
pulmonary edema in the lung. The IR þ ECM group had higher E-
cadherin expression, and the expression levels of vimentin and a-
SMA were lower than those in the IR þ NS group; moreover, the
dECM hydrogel treatment reduced the hydroxyproline levels. After
irradiation, the levels of TNF-a, IL-6, and TGF-b1 were significantly
increased. After treatment of irradiated rats with ECM-derived
hydrogel, the MDA content was significantly reduced and SOD
level was increased. dECM hydrogel treatment reduced radiation-
induced lung fibrosis, reduced EMT and radiation-induced lung
damage, and improved the survival rate of rats after irradiation
[54]. The results indicate that dECM hydrogel as an injectable
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biological scaffold has a certain effect on the repair of the damaged
tissue.

4.2.3. Brain
ECM hydrogels have been extensively used to repair brain injury

and treat stroke. To evaluate the response of the brain tissue to the
injection of bladder extracellular matrix hydrogel (UBM), the gel
form of UBM was injected into the brain of healthy rats, and the
brain tissue response to UBM was examined on days 1, 3, and 21.
Application of UBM did not activate microglia, did not increase the
number of astrocytes, and did not cause inflammation during
neurodegeneration indicating that UBM has no toxic effect on the
normal brain. UBM was injected into the ipsilateral hippocampal
CA3 area of the rats with brain injury (TBI); the data indicated that
the application of UBM reduces the lesion volume andwhite matter
damage, and UBM treatment can lead to a significant recovery of
neurological behavior after TBI assessed by vestibular function and
an improvement of the motor function. However, UBM treatment
did not have a significant effect on cognitive recovery. This study
indicated that UBM is biocompatible with the brain tissue and has a
certain protective effect in the injured brain [120].

The concentration of UBM determines its penetration in the
cavity or tissue in chronic stroke animal models; therefore, UBM
concentration influences hydrogel interactions with the host brain
[121,122]. Among A concentration of 4 mg/mL achieves a coverage
rate of 92% (88e97% range), and a concentration of 8 mg/mL results
in a coverage rate of 89%. Too high or too low concentrations are not
suitable [121] At a concentration of 8 mg/mL, approximately 60% of
infiltrating cells have brain-derived phenotypes, and 30% of the
infiltrating cells are peripheral macrophages polarized toward the
M2 anti-inflammatory phenotype. Therefore, ECM at a concentra-
tion of 8 mg/mL can promote acute endogenous repair responses
and can be potentially used to treat stroke [122]. Histologically
evaluation of a porcine-derived bladder matrix (UBM)-ECM
hydrogel at the concentrations of 0, 3, 4, and 8 mg/mL implanted in
a stroke cavity on day 14 after stroke indicated efficient biodegra-
dation of the hydrogel at the concentrations of 3 and 4 mg/mL
within 14 days after implantation to promote tissue recovery in the
lesion cavity. In contrast, higher concentrations (8 mg/mL) of ECM
hydrogel manifested only minor biodegradation and did not lead to
tissue recovery. The sensory hydrogel, which is weaker than the
brain tissue, provides suitable conditions to promote an endoge-
nous regeneration response, which can restore the tissue in the
cavity. This method provides a new means to treat chronic tissue
damage caused by stroke and other acute brain injuries in the
future [123]. The Thus, injection of dECM hydrogel can promote
immune cell infiltration and reduce brain damage.

4.2.4. Spinal cord
After the central nervous system (CNS) is injured, the formation

of glial scars inhibits the growth of new axons leading to a lack of
regeneration of the central nervous system and poor clinical
treatment effects. Extracellular matrix (ECM) was harvested from
astrocytes derived from mouse embryonic stem cells (mESC) to
prepare a hyaluronic acid (HA) hydrogel that was implanted to treat
spinal cord injury in rats. ECM harvested from the protoplasm (gray
matter) astrocytes was incorporated into a hydrogel and implanted
in rats with spinal cord injury (SCI); this procedure decreased the
size of glial scars, increased the penetration of axons into the le-
sions, and reduced the number of macrophages in themicroglia. HA
hydrogel supported the transplantation of V2a interneurons and
increased the neuronal process area in and around SCI lesions [124].
Injection of a neural dECM hydrogel in rats with spinal cord injury
significantly reduced the ratio of M1:M2 macrophages one week
later, which was conducive to the regeneration phenotype
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(p < 0.05); the distal tissue interface increased axon extension to
acutely regulate the inflammatory environment and support axon
growth to promote repair after contusive spinal cord injury [125].
These results indicate that dECM hydrogel can be used as a good
biological scaffold and promotes the repair of injured nerve tissue.

4.2.5. Colon
Decellularized porcine small intestinal submucosa ECM hydro-

gel (ECMH) was delivered locally in a rodent model of ulcerative
colitis (UC) to determine whether the biological effects induced by
ECM influence a UC rodent model. In this rodent model, ECMH can
adhere to the colonic tissue, and ECMH treatment can reduce the
clinical symptoms of UC. Animals treated with ECMH have reduced
weight loss and reduced hematochezia. Histomorphological anal-
ysis indicated that ECMH has a therapeutic effect in this model, and
use of ECMH reduced the signs of inflammation and ulceration on
days 7 and 14 in the distal and proximal sections of the colon. ECMH
treatment can increase the number of E-cadherin positive cells by
approximately 50% compared with that in the negative control.
ECMH treatment resulted in a decrease in the number of colabeled
CD68þ/TNFaþ cells suggesting that ECMH directly regulates the
macrophage response by reducing the number of inflammatory
macrophages present in the colon [46]. The results indicate that
dECM hydrogel has good biological properties and low immuno-
genicity, which can provide a basis for subsequent clinical trials.

5. Commercial application of dECM materials

ECM derived products from animal sources have been on the
market for more than 20 years and have been used commercially in
a variety of applications. ECM materials and scaffolds made from
decellularized tissues and organs derived from many animal and
human tissues have many clinical applications in wound healing,
surgical closure and reinforcement, and tissue reconstruction
across large defects. The current clinical products available include:
Oasis® (porcine small submucosa, Cook Biotech, Inc., Indiana, USA),
GraftJacket® (human dermis, Acelity L.P. Inc., Texas, USA), Der-
mACELL® (human dermis, Novadaq Technologies Inc., Mississauga,
Canada), Alloderm® (human dermis, Allergan plc [NYSE: AGN,
Dublin, Ireland]), CuffPatch® (Porcine small intestinal submucosa,
Arthrotek, Warsaw, Indiana), TissueMend® (Fetal bovine skin, TEI
Biosciences, Boston, Massachusetts), Permacol® (Porcine dermis,
Tissue Science Laboratories, Covington, Georgia), MatriStem®
(Wound Care Matrix, ACell, Inc.), MatriStem® powder (ACell, Inc,
Columbia, Maryland), DuoDerm® (ConvaTec, Skillman, New Jer-
sey), NeoForm™ (human dermis, California, USA), Strattice™
(porcine dermis, Allergan plc [NYSE: AGN, Dublin, Ireland]), Graft-
Jacket™ (Human dermi, Wright Medical Technology, Arlington,
Tennessee) Restore™ (porcine small intestine [DePuy Orthopedics,
Inc., Indiana, USA]), Prima™ Plus (porcine heart valve, Edwards Life
Sciences LLC, California,USA), AlloSkin™ AC (human dermis, Allo-
Source, Centennial, CO, USA), MatriStem® (mucosa of urinary
bladder, ACell, Columbia, USA), Biodesign® (small intestine, COOK
MEDICAL INC., Bloomington, IN, USA), Lyoplant® (pericardium,
Aesculap, Inc., Center Valley, PA, USA) [126e132].

6. Prospects of dECM hydrogels

dECM hydrogels have beenwidely used as a conventional tissue
engineering method; moreover, dECM hydrogels can significantly
promote the repair of various damaged tissues and cell culture
in vitro. However, the source of tissue dECM, gelation conditions,
and various protein concentrations of a hydrogel may influence the
structure of dECM hydrogels. For example, restructuring of recently
formed sources may be higher than that of the sources formed
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some time ago. Viscosity and gel dynamics of a dECM pregel play an
important role in its injectability and retention at a specific site to
assess successful application in minimally invasive surgery. The
therapeutic effects of dECM hydrogels in vivomainly depend on the
biological and mechanical properties of dECM hydrogels. The bio-
logical properties of dECM may be determined by the biological
materials and animal tissue sources. However, the preparation of
dECM hydrogels by adjusting pH, salt or ion concentration, and
temperature of the dECM solution can promote gelation only to a
certain extent and cannot significantly improve the mechanical
properties of dECM hydrogels. Therefore, new functional groups are
crosslinked by physical and chemical methods to improve the
mechanical properties of dECM hydrogels and promote the repair
of the damaged tissues. The application of new crosslinking
methods promoted the development of synthetic hydrogels. dECM
hydrogel products with bettermechanical and biological properties
will continue to emerge to provide more options for clinical tissue
repair. Future attempts should focus on the use of dECM hydrogels
as a drug delivery vehicle to promote in situ repair of the damaged
tissues. Complexity of natural ECM indicates that application of one
or more biological components is not enough to achieve the char-
acteristics of natural ECM; thus, dECM hydrogels from various tis-
sue sources can be used as biological inks in 3D bioprinting to
advance tissue engineering in a new direction.
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