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ARTICLE INFO ABSTRACT

Keywords:
Decellularized extracellular matrix

An ideal biomaterial should create a customized tissue-specific microenvironment that can facilitate and guide
the tissue repair process. Due to its good biocompatibility and similar biochemical properties to native tissues,
decellularized extracellular matrix (dECM) generally yields enhanced regenerative outcomes, with improved
morphological and functional recovery. By utilizing various decellularization techniques and post-processing
protocols, dECM can be flexibly prepared in different states from various sources, with specifically customized
physicochemical properties for different tissues. To initiate a well-orchestrated tissue-regenerative response,
dECM exerts multiple effects at the wound site by activating various overlapping signaling pathways to promote
cell adhesion, proliferation, and differentiation, as well as suppressing inflammation via modulation of various
immune cells, including macrophages, T cells, and mastocytes. Functional tissue repair is likely the main aim
when employing the optimized dECM biomaterials. Here, we review the current applications of different kinds of
dECMs in an attempt to improve the efficiency of tissue regeneration, highlighting key considerations on
developing dECM for specific tissue engineering applications.
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1. Introduction

Over the past few decades, researchers have been dedicated to
delineating the processes and mechanisms involved in tissue repair. It is
well-documented that each tissue type can generate a tissue-specific
microenvironment for its resident cell lineages, which supports their
growth, differentiation and homeostasis; as well as provides complex
structural and biochemical cues essential for their functioning during
the regeneration process [1]. Based on the above paradigm, surgical
treatment and autologous tissue transplantation have long been the
preferred treatment regime for reconstructing defect areas. Despite the
evident advantages of using autologous tissue, there are still several
obstacles restricting its general applications: e.g., donor site morbidity,
insufficient quantity of tissue for grafting and possible unsatisfactory

aesthetic outcomes [2,3]. Due to their tunable mechanical properties
and capacity to provide structural support, artificial synthetic polymers
have often been considered to be an alternative grafting material,
especially for large-scale and load-bearing tissue regeneration. Howev-
er, the lack of bioactivity and biodegradability increased the risks of
failure after implantation. As the key role of extracellular matrix (ECM)
is well recognized during the tissue regeneration process, decellularized
extracellular matrix (dECM)-based graft biomaterials have been devel-
oped through various decellularization techniques, which can compen-
sate for the deficiencies of bioinert synthetic polymers [4].

By utilizing a series of physical, chemical and enzyme-mediated
bioprocessing techniques, the immunogenic cellular component within
the tissue is completely removed, while the bulk of tissue-specific
bioactive molecules and collagen network can be retained within the
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Fig. 1. Advantages and shortcomings of dECM derived from cells, hard and soft tissues.

dECM [5]. Biomaterials inspired by dECM are characterized by the
recapitulation of a conducive microenvironment similar to native target
tissues. These can provide biochemical and structural support to
specialized cell types and promote basic cellular processes including cell
proliferation, migration, and differentiation. Due to the aforementioned
advantages, dECM-based biomaterials have been widely applied in
almost all types of tissue damage, indicating much promise for tissue
regeneration. However, the content and quantity of active ingredients
preserved in dECM vary according to different sources. Recent studies
have focused on the in-depth profiling of dECM proteome, so that subtle
differences can be identified within the dECM proteomic atlas, facili-
tating the design of optimized dECM biomaterials for specific tissue
regeneration applications [6]. There is also a dire need to develop dECM
that can flexibly adapt to the shape and pathological conditions of in-
dividual defects and wound sites. Hence, it was initially intended for
dECM to serve as physical scaffolds for promoting cell adhesion and
ingrowth, while micronized dECM powders, together with reconstituted
dECM within injectable or bio-printable hydrogels were later developed
to fill irregular defects [7-9]. The combination with bioinert polymers is
also a good idea to improve the structural stability and mechanical
properties of dECM. These diverse forms significantly expanded the
clinical applications of dECM-based biomaterials.

In this review, we focused on integrating current knowledge from the
scientific literature to further our understanding of dECM-based bio-
materials for specific tissue regeneration applications. More specifically,
we discussed the preparation and properties of dECM derived from
different sources and their fabrication in various forms. Furthermore,
the underlying mechanisms by which dECMs modulate cellular behav-
iors associated with tissue regeneration were systematically analyzed
from three aspects: inflammatory response, cell adhesion and prolifer-
ation, as well as cell differentiation. Finally, we critically examined
representative applications of dECM according to different sources and
forms in both soft and hard tissue regeneration. This review thus aims to
deepen understanding of dECM-based biomaterials, guiding researchers
to select appropriate sources and application forms of dECM for specific
tissue regeneration needs, to maximize tissue regeneration efficacy.

2. Source-dependent preparation and biological properties of
dECMs

The commonly used dECM for tissue regeneration can be broadly
classified into two types: cell-derived and tissue-derived. The majority of
cell-derived dECM (CDM) are produced by culturing lab-grown cells in
vitro, while tissue-derived dECM (TDM) are generated from homologous

or heterologous animal models. Decellularization is carried out by the
combined use of various chemical, physical and biological methods
[10]. Additionally, it must be noted that relatively short and gentle
protocols and reagents are adequate for producing CDM with simple
composition, as compared to TDM which requires complex processing
techniques. The dECM derived from cells and tissues vary in quantity
and characteristics so that sources of decellularized materials from
different materials can be selected depending on specific experimental
designs and aims [11]. TDM has the advantage of preserving the phys-
ical characteristics of the native tissue, such as structural and mechan-
ical properties. Given that the end products often need to be tuned
extensively for the intended purpose, CDM with high tunability and
consistency should be considered [12]. In any case, the sources selected
and properties required would depend on the final target. CDM and TDM
are two common starting materials, both of which have various ad-
vantages and shortcomings that have to be taken into consideration in
light of the specific aims and context (Fig. 1).

2.1. Cell-derived dECM

During the culture process, cells can secrete ECM proteins to remodel
the surrounding environment, making it more physiologically conducive
for cell proliferation and differentiation as soon as they adhere to the
surface. Upon decellularization, these functional ECM proteins are
reconstituted as CDM. CDM derived from different cell types can have a
similar chemical composition but exhibit differences in protein con-
centration and species attributed to individual cell lineage function.
Stem cells facilitate tissue renewal as well as regeneration by renewing
themselves through division [13]. External changes in the niche can
induce active responses of stem cells, tailoring the ECM output to meet
regenerative demands. Therefore, stem cells are regarded as one of the
most valuable cell types to be used for CDM production and this cell-free
approach is considered as a safer and less problematic alternative
compared to direct transplantation [14,15].

The biological composition and function of dECM derived from stem
cells might vary with different stem cell types. To investigate this issue, a
previous study compared the chondrogenic potential of dECM extracted
from synovium-derived stem cells, adipose-derived stem cells and urine-
derived stem cells. The results showed that infrapatellar fat pad-derived
stem cells (IPFSC) achieved the best chondrogenesis outcome when
grown on the dECM scaffold derived from urine-derived stem cells. The
advantageous presence of basement membrane proteins rather than
fibrillar matrix components might be a possible reason why dECM
derived from urine-derived stem cells better facilitated mesenchymal-
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Fig. 2. Two common dECM-based biomaterial types: solid-state and soluble-state. (ECM, extracellular matrix; dECM, decellularized extracellular matrix; 3D, three-
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epithelial transition, leading to enhanced chondrogenesis and improved
regeneration [16]. Another study also noted that adult progenitor cells
isolated from bone marrow (hBMSCs), human adipose (hADSCs) and
articular cartilage (hCDPCs) exhibited individual ECM protein profiles
and displayed different chondrogenic efficiency. dECM scaffold derived
from hADSCs generated a fibrillar-like ECM pattern (high FN & COL1)
and resulted in the quick formation of fibrous fillings, while dECMs
derived from hBMSCs and hCDPCs provided a chondrogenic-inductive
environment enriched with aggrecan and COL3, leading to better
cartilage-like tissue regeneration [17]. As seen from these findings,
carefully selected cell sources to produce dECM may pave the way for
better tissue regeneration outcomes.

2.2. Tissue-derived dECM

In contrast to CDM, TDM refers to biomaterials derived from ho-
mologous or heterologous tissues or organs. It has been reported that
TDM can transmit pathogens and initiate inflammatory or anti-host
immune responses when applied in experimental animal models and
clinical trials [18]. To ensure its biocompatibility and safety, a longer
and more rigorous protocol should be considered during the decellula-
rization process [19]. Tissue sections or pieces are a conventional
starting point to be decellularized. The bigger the tissue pieces, the
longer time it takes for chemical and enzymatic reactions to achieve
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Fig. 3. The notable physicochemical properties of four solid-state dECMs.
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complete decellularization. Cellular/lipid content and density should
also be taken into account when selecting appropriate types of decel-
lularization agents [20,21]. For the simple tissues, such as small in-
testines and gallbladders, they can be processed by a chemical bath,
while solid organs (e.g.: skin, nerves and cardiac valves) often require a
combination of chemical bath and mechanical treatment [22]. When
preparing the dECM derived from hard tissue such as bone, much effort
should be made on optimizing decellularizing solution to penetrate the
tissue [21]. It is recommended to adopt freeze-thaw cycles at the
beginning of the decellularization to enhance the penetration efficiency
of chemical agents as well as reduce disruptions in the tissue ultra-
structure [23]. Besides that, demineralization and lipid removal are also
put on account for the bone tissue. Similar to the adipose tissue, there is
a high fat content of the bone which may slow down the decellulariza-
tion because of its poor wettability. Thus, lipid removal should be car-
ried out prior to the cell removal step by using non-polar solvents such as
acetone and chloroform. Although the decellularization step is relatively
intricate and complex for producing TDM, biomaterials made from TDM
are regarded as reservoirs of tissue-specific bioactive molecules and
complex vascular networks, which could be advantageous for compli-
cated and large-scale tissue regeneration [24,25]. Multiple ECM-cell
interactions can be modulated by subtle microenvironmental cues pro-
vided by the interior architecture retained in TDM (e.g.: morphology of
pores & alignment of collagen fibers) [26]. Upon loading certain initi-
ating materials or specific cells, the resulting refunctionalized TDM
biomaterial is suitable for generating tissue-engineered grafts with
enhanced repair capacity. Currently, several refunctionalized TDMs
have been successfully translated into clinical applications according to
the Food and Drug Administration of the United States, making them a
promising biomaterial for tissue and organ regeneration [27-29].

3. The flexibility of dECMs in various states and their
physicochemical properties

Generally, dECM is prepared according to two main strategies: whole
organ/tissue decellularization and loose tissue decellularization [10].
The three-dimensional structure retained in the former is both an
advantage and also somewhat of a limitation due to conformational
adaptation and potential host response [30]. Therefore, this chapter will
mainly focus on loose tissue decellularization and discuss in detail its
physicochemical properties in both solid-state and soluble-state. Solid
dECM biomaterials can be ground into microparticles or directly applied
as a scaffold without further disrupting the structure, while soluble
dECM with ideal viscosity is favorable for forming injectable hydrogels
or self-assembly bioinks. When compared with soluble dECM, solid
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dECM has the advantage of accessibility and ease of handling. The
mechanical strength and ECM architecture inside solid dECM ensure its
physical integrity and allow for re-cellularization. On the other hand,
soluble dECM can be used to encapsulate and culture cells directly by
providing a 3D microenvironment similar to that in vivo, making it easily
adaptable to defect areas with different shapes. When preparing for the
soluble dECM type, an additional step of solubilization is required to
dissolve dECM into a liquid form. It is crucial to adjust the physiological
pH and temperature during this process. Depending on the different
physical and biochemical properties required, the desired application of
dECM varies with the type forms (Fig. 2).

3.1. Solid-state dECM

After cell removal using physical, chemical and enzymatic methods,
the decellularized matrix is treated by snap freezing and lyophilization
to prepare a dECM scaffold, which can be subsequently ground into a
powder by milling. Variations in different stages of the fabrication
process might impact the biological component, mechanical strength
and microstructure of the final products (Fig. 3) [31]. For example, the
physical and biological integrity may be disturbed during the milling.
However, dECM powder shows its superiority as the optimized “tissue
paper” when introduced to a solvent mixture and being converted into a
kind of injectable gel or bioink [32].

3.1.1. dECM scaffold

There are three strategies for producing a dECM scaffold. As
compared to the other two strategies, cell-derived dECM scaffolds are
looser and have better plasticity, as discussed above [33]. Owing to the
loss of mechanical strength, they are more suitably used to enhance the
regeneration of tissues that are not exposed to mechanical stress, such as
articular cartilage and ligament. Sometimes, in order to obtain adequate
amount of dECM within a limited timeframe, extrinsic factors are
employed to increase the production of cartilage-like ECM, such as
growth factors, dexamethasone, interleukin-8 (IL-8), mechanical stimuli
and hypoxia culture condition [34-39]. As for anterior cruciate ligament
reconstruction, stem cell sheet-derived dECM scaffold was found to
considerably enhance osteogenic induction and angiogenic capacity via
macrophage M2 polarization and MMP/TIMP expression [40].

On the other hand, tissue-derived dECM scaffolds are preferred for
providing biomechanical support for load-bearing tissue regeneration
such as bone and fibrocartilage. With the help of preexisting Haversian
canal structures, a dECM scaffold produced from the entire cortical bone
can be designed to accelerate angiogenesis during the regeneration of
large bone defects. As expected with dECM scaffolds, vessel ingrowth
was observed along the Haversian canals, while newly formed bone-like
tissue spread from the inner side to the outer part. The vascularized
decellularized cortical bone scaffold proved to be a valuable bone sub-
stitute for overcoming the size limitations of decellularized allogeneic
bone chips [41]. Inspired by interleaving book shape, native fibro-
cartilage tissue was sectioned into a book shape before decellularization.
Then, adipose-derived stromal cell sheets were sandwiched by the
book-shaped fibrocartilage dECM scaffold, which might be favorable for
loading transplanted cells, promoting cell infiltration and ECM deposi-
tion. The interleaving book-shaped design displayed satisfactory per-
formances in cell attachment, proliferation and chondrogenic
inducibility in vitro, and these findings were replicated in vivo with
abundant ECM deposition and good interface integration [42].

Another processing strategy has been developed to further enhance
the mechanical properties and enable control over the physical prop-
erties of dECM scaffolds. It is helpful to improve the regeneration effi-
cacy of tissues associated with extracellular stiffness. In this case, cells
were first distributed onto a scaffold template that is mainly composed
of absorbable polymers and allowed to deposit ECM. Upon decellulari-
zation, cell-derived dECM functioned as a bioactive surface coating on
the 3D scaffold. The characterization of ECMs obtained from different
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seeded cell types on the hybrid scaffolds displayed overlapping but
distinct compositions. As one study indicated, polycarbonate fiber mats
coated by dECM from chondrocytes could promote the chondrogenic
differentiation of human mesenchymal stem cells, while osteogenic
differentiation was activated in the fiber mats coated by dECM from co-
culture of osteoblasts and chondrocytes [43]. Polycaprolactone could
also be incorporated as fibrous scaffolds through electrospinning. A
fibrocartilage-mimetic scaffold was constructed with a combination of
polycaprolactone, albumin and chondrocyte-derived dECM. The poly-
meric template structure provided mechanical strength and stiffness,
while dECM and albumin were found to increase osteoblast prolifera-
tion, differentiation and mineral deposition [44].

3.1.2. dECM microparticles

Although dECM scaffolds could build a 3D platform offering
biomechanical signals, tunable dECM powders provided versatility in a
way that could either be applied as fillers or converted into gel or ink.
When resuspending these powders into synthetic or natural gels,
powdered suspensions might also better maintain ECM biophysical
properties than soluble dECM that is completely dissolved as a solution
[45]. However, special attention should be given to the size and con-
centration of the powder. As compared to micro-dECM powders ranging
between 100 and 1000 pm, ultrafine dECM powders (ranging between 1
and 50 pm) enabled relatively faster biodegradability and displayed a
reasonable residence time of 7 days on the ocular surface after sub-
conjunctival injection. Despite in vivo results demonstrating an equally
promising regeneration efficiency of two powder sizes during corneal
wound healing, the smaller size was potentially more desirable for
uniform size distribution and immune recognition for drug delivery
[46]. In another study that used decellularized bone matrix particles
(DCBs) with a size of 40 pm, a 3D-printed hybrid scaffold was fabricated
for bone tissue engineering. Polycaprolactone provided mechanical
support, while DCBs were selected due to their osteo-inductivity and
osteo-conductivity. According to the result of Alizarin Red Staining, the
intensity of the red stain increased as the concentration of DCBs was
increased, whereas the print quality dramatically dropped as the con-
centration increased to 85 %. Hence, the balance between printability
and bioactivity should also be considered [47].

3.2. Soluble-state dECM

It is difficult for solid scaffolds to recapitulate natural ECM-cell in-
teractions within native ECM, which is in a fluid state. To overcome this
deficiency, dECM powder was further solubilized by enzymatic diges-
tion or more recently by ultrasonic cavitation to form a soluble-state
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dECM. The ideal solution might allow cells to proliferate and spread in a
fluid environment similar to that of the original tissue [48]. This notable
property makes soluble-state dECM a promising candidate for cell
transplantation  including MSCs and hepatocyte  [49,50].
Co-transplantation of cells with dECM hydrogel not only improved the
survival and retention rate of engrafted cells, but also displayed thera-
peutic effects [51]. When compared with dECM powder resuspended in
gels, solubilized dECM with high concentration still maintained stable
viscosity, making it easy to spray. Soluble dECM is also versatile from
the processing perspective. Injectable and 3D printable dECM hydrogel
can readily be implanted within irregularly-shaped defects in a mini-
mally invasive manner (Fig. 4). Several factors for meeting application
requirements are thus highlighted as follows.

3.2.1. Injectable dECM hydrogel

Further solubilization could result in the complete disruption of the
inner structure and mechanical properties of dECM. The self-assembly of
collagen might only provide physical crosslinking with weak mechanical
strength and rapid degradation. Hence, dECM hydrogels are often
functionalized with additional chemical and biological crosslinking. For
example, dECM hydrogel derived from bone was linked with methac-
rylate groups to form a photo-cross-linkable hydrogel, which elastic
modulus was increased with an increase in light exposure time. When
crosslinked for 15 s, the elastic modulus of this methacrylated bone-
derived dECM hydrogel started at 0.9 kPa and increased gradually to
1.3 kPa and 1.5 kPa at 30 s and 45 s, respectively. The rheological
assessment evaluated by Real-time in situ photorheometry revealed a
lower gradual slope in methacrylated dECM hydrogel as compared to
commercial GelMA. It was demonstrated that methacrylated dECM
hydrogel was inherently a soft material and suitable for tissue regener-
ation when lower stiffness was needed [52]. By optimizing the meth-
acrylate concentration and photo-initiator concentration, the
mechanical properties of methacrylated dECM could also be tailored
[53]. However, the potential toxicity of chemical cross-linking agents
might accumulate with increasing concentration and impair the
biocompatibility of dECM-based biomaterials. Since dECM is enriched
with collagen, genipin, extracted from a traditional Chinese medicine -
Eucommia ulmoides, can biologically crosslink collagen-based dECM
hydrogels by binding with the free amine groups of lysine or

hydroxylysine [54]. Due to its low cytotoxicity and
mechanical-enhancing properties, genipin has attracted attention in
bioengineering research. Genipin cross-linked dECM hydrogels display
different elastic modulus and resistance according to enzymatic hydro-
lysis, positively associated with genipin concentration. One nucleus
pulposus-derived dECM hydrogel crosslinked by genipin with a con-
centration range of 0.02%-0.04 % demonstrated improved stability and
mechanical properties, which was comparable to human nucleus pul-
posus (about 11 kPa). Scanning electron microscopy further confirmed
the decreased mesh area with increasing genipin concentration [55].
Nevertheless, crosslinked dECM hydrogels are still too soft and brittle to
be applied as tissue adhesives. For this reason, genipin-terminated 4
arm-poly (ethylene glycol) (GeniPEG) was developed as a novel
genipin-based gelator, by which the resulting hydrogel could be cross-
linked within a few seconds in response to pH changes. When compared
to free genipin crosslinking, dECM-GeniPEG hydrogel exhibited greater
tissue adhesive strength while still retaining satisfactory biocompati-
bility and biodegradability. It has promising applications as an
organ-specific tissue adhesive for preventing post-operative complica-
tions [56].

3.2.2. Bioprintable dECM hydrogels

When compared to purely injectable dECM hydrogels, spatially-
stable hydrogels could be bioprinted through 3D bioprinting technol-
ogy and allow for more precise control over the deposited dECM bio-
materials and cell positioning [57]. By embedding cells within the
hydrogels, the resulting dECM-based bioinks should not only be cyto-
compatibility but also processable for manufacturing cell-laden 3D
constructs. During this process, the biochemical and viscoelastic prop-
erties of dECM bioinks are given special attention. In this section, we will
mainly introduce one of the most commonly utilized 3D bioprinting
methods for dECM-based tissue regeneration. Extrusion-based 3D bio-
printing enables specific bioinks with shear thinning properties to be
stacked layer by layer at a relatively slow printing speed (700
mm/s '~10 pm/s’l) to ensure good vertical structure fidelity [58].
Notably, the viscosity of desirable bioinks should decrease under shear
strains so that the extruded shear force acting on cells would be
decreased and possible clogging could be prevented, thereby leading to
a high cell viability after bioprinting. However, the very low viscosity of
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dECM-derived bioinks generally resulted in weak moldability. Incor-
poration with other shear-thinning biomaterials has been proposed to
address this issue. In one study, to be extruded through the needle with
an inner diameter of 260 pm, 10 % (w/v) GelMA mixed with 5 mg/mL
dECM derived from dental follicle tissue was prepared as the final
concentration to achieve suitable shear thinning properties, degradation
and shape fidelity [59]. Additionally, a double network
crosslinked-bioink was developed using a mixed solution of methacry-
lated hyaluronic acid (MeHA) and dECM produced form porcine hyaline
cartilages, which could be crosslinked under visible light and 37 °C,
respectively. It was confirmed that the addition of 10 mg/mL dECM
improved the mechanical property and cell viability [60]. The above
studies demonstrate the feasibility and importance of the combination of
dECM solution with relatively high-viscosity biomaterials. The resulting
bioprintable dECM-derived bioinks yielded high efficiency of cell de-
livery and improved regenerative potential.

4. The sequence of events and underlying molecular
mechanisms associated with the dECM-mediated regeneration
process

Previous studies have indicated single or multiple ECM molecules as
key factors within the tissue microenvironment that provides
biochemical and physical cues regulating the differentiation process,
lineage fate and other cell-tissue interactions. Indeed, ECM is composed
of a diverse array of matrix proteins including the core matrisome
(glycoproteins, collagen and proteoglycans) and matrisome-associated
proteins (regulators, secreted factors and ECM-affiliated proteins).
Assembled ECM can trigger and orchestrate multiple intracellular
signaling cascades, in a way that would stimulate corresponding cellular
responses and regulate cellular behavior. Comprehensive investigations
on what cells would do on dECM will shed light on developing decel-
lularized materials that match the defect microenvironment. In this
section, we examine the salient role of dECM biomaterials in regulating
complex cellular behaviors and phenotypes implicated in the inflam-
matory response, cell adhesion, proliferation and differentiation (Fig. 5).
Prior to the explanation of specific mechanisms, general regulation
mechanisms of cell functions by dECM should also be noted. It has been
well reviewed that standard ECM receptors such as integrins and DDR
tyrosine kinase receptors are signal transduction receptors in close
contact with cell adhesion and migration [61]. For example,
DDR1-SHP2-STATs signaling has been discovered to mediate
collagen-induced cell migration and epithelial-branching morphogen-
esis [62,63]. ECM-integrin also transduce signals into cells to regulate
cell adhesion and proliferation by binding with laminins, GFOGER-like
sequences in collagen and the tripeptide motif Arg-Gly-Asp in ECM
proteins [64]. Besides that, ECM proteins can bind soluble growth fac-
tors and regulate their activation and presentation to cells, thereby
multivalent growth factor signals such as Wnt-GSK3 signaling are inte-
grated to indirectly mediate cell activities [65]. As mentioned, VEGF
binds to fibronectin III domains in promoting cell proliferation [66],
while collagen II, the major collagen of cartilage, binds TGF-p1 and
BMP-2 to enhance chondrogenesis. Cells perceive their extracellular
microenvironment not only through biochemical cues but also through
some physical and mechanical signals. YAP/TAZ are identified as sen-
sors of mechanical cues instructed by ECM stiffness and cell geometry to
induce the differentiation of mesenchymal stem cells and survival of
endothelial cells [67]. Another important mechanosensitive cation
channels such as Piezol can sense the blood vessels stiffness, and
convert it into chemical signals [68]. Additionally, Piezol and Cca?t
influx have been reported to sense stiff matrix and enhance inflamma-
tory activation in macrophages by mediating F-actin formation [69].
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4.1. Regulatory effects of dECM on immune-related cells that suppress
inflammation

Upon implantation, immune responses regulated by a variety of
immune cells profoundly impact the outcome of dECM regeneration,
contributing to either inflammatory or regenerative tissue remodeling
events. The cellular behaviors of macrophages, T cells and mast cells are
the most widely investigated targets. Among these, macrophages have
received considerable attention in dECM-based regeneration events, as
these cells are implicated in the entire immune system with context-
dependent phenotypes due to their specific functional plasticity [70].
Indeed, the alteration of macrophage phenotype, also named polariza-
tion, plays a crucial role in tissue remodeling at different stages.
Generally, early macrophages accumulating at the inflammation site
might be polarized towards an M1 phenotype to phagocytose antigens,
degrade the dECM and activate tissue-resident fibroblasts.
Pro-regenerative M2 macrophages are involved in the recruitment of
stem cells and angiogenesis by secreting anti-inflammatory cytokines.
Therefore, the majority of present dECM-based studies aim to achieve
favorable regulation of the immune system by manipulating the tran-
sition from the M1 to the M2 phenotype. It has been widely reported that
dECM-based biomaterials could be effective in increasing M2 macro-
phage polarization while decreasing the ratio of M1/M2 during the early
stage of injury, which was partially responsible for improved neuronal
outgrowth, chondrogenic differentiation and osteoinductivity [71-73].
By optimizing the freeze-thaw cycles, the micromechanical properties of
dECM could be enhanced, which has been found to positively promote
M2 macrophage polarization via the mechanotransduction pathways
[74]. Nevertheless, M1 macrophage polarization is still essential for
initiating vascularization through pro-inflammatory signaling as well as
degrading grafts by matrix metalloproteinases (MMPs). Premature M1
to M2 phenotype transition did not always lead to better tissue regen-
eration [75]. Hence, exploring underlying mechanisms by which dECM
can dynamically modulate this balance will be the focus of future
investigations.

When it comes to T cells, dECM has been reported to activate the
proliferative activity of sensitized T-cells and participate in the transi-
tion to the Th2 phenotype, which is mainly associated with the pro-
regenerative process [76]. Furthermore, different dECM protein ultra-
structure and degrees of cross-linking had effects on regulating T-helper
cells in the immune response [77]. As for effects on mast cells, few
studies have been done owing to the lack of representative in vivo con-
ditions. A previous study employed dECM hydrogel derived from
porcine dermis as a 3D platform to study mast cell biology. As compared
to collagen type I, human mast cells displayed upregulated metabolic
activity, cell viability, and expression of IgE receptors (associated with
the maturation of mast cells) upon the culture of dECM hydrogel [78]. In
some cases, fibroblasts have also been implicated in the regulation of
immune responses by interacting with dECM. When dECM obtained
from WI-38 human lung fibroblasts was incorporated within the
collagen-based bioactive scaffolds, the mRNA expression levels of
TIMP2 and proinflammatory MMPs in dermal fibroblasts were down-
regulated, while the expression level of MMP3, known to be a remod-
eling MMP, was increased [79].

4.2. dECM enhancement of cell attachment and proliferation

Providing an inductive environment for cell adhesion and prolifer-
ation is the most essential prerequisite for biomaterials. Owing to the
various signaling pathways involved, this section only focuses on the
three most studied cell types: cells implicated in nerve regeneration,
stem cells and highly differentiated cardiomyocytes. It has been re-
ported that dECM derived from hBMSCs might facilitate initial cell
adhesion and guidance through activation of the P13K-Akt signaling
pathway during nerve regeneration. Pathway enrichment analysis also
revealed several upregulated hub genes that play key roles in the
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Fig. 6. Application of cell-derived dECM in tissue engineering. (A) hTERT-immortalized human mesenchymal line with constitutive expression of human BMP-2
transgene (MB cells) was dynamically seeded, differentiated to the chondrogenic lineage and subsequently induced to apoptosis and lyophilized to produce
dECM. (B) After 6-week implantation into the rat mandibular defect, much more new bone formation in both the inner and outer regions could be observed with the
above dECM. (C) Quantitative assessment of osteointegration and new bone volume formation. Reproduced with permission [90]. Copyright 2021, Wiley. (D)
Bioactive glass-Poly(lactide-co-glycolide) (BG-PLG) composite scaffolds were coated with mesenchymal stem cells (MSC)-secreted extracellular matrix (ECM). (E)
ECM coating enhanced MSC metabolic activity and (F) increased cell-secreted osteocalcin. Reproduced with permission [92]. Copyright 2016, ACS.

regulation of axonal guidance and cell attachment, such as gastrulation
brain homeobox 2 (Gbx2), Tenascin R (Tnr) and ATPase Na+/K+
transporting subunit alpha 3 (Atpla3) [80]. As for stem cells, there
exists a stable balance between the quiescent and proliferative state in
physiologic conditions. Once triggered by the inflammation-induced
oxidative stress, premature senescence will be induced in stem cells,
thereby compromising their regenerative potential. A previous study
utilized the protective effects of dECM to resist the cellular senescence
caused by Hz0». The findings revealed that collagen type I, rather than
fibronectin in the dECM, partially led to the mitigation of premature
senescence via the SIRT1-dependent signaling pathway. A superior
osteogenic differentiation potential was also identified even with a se-
nescent stem cell phenotype [81]. As for cardiac tissue regeneration,
lack of self-repair capacity within the aging myocardium has long been
an intractable challenge. Interestingly, cross-transplantation of fetal
heart-derived dECM could otherwise drive cardiomyocytes toward a
proliferative phenotype [82]. To explore the underlying mechanism,
dECM hydrogel derived from fetal and adult porcine hearts were
injected respectively into low-regenerative capacity hearts with
myocardial infarction. It was found that fetal dECM could stimulate cell

cycle activity in cardiomyocytes by increasing nuclear YAP localization
[83]. In an in vivo myocardial infarct model, another possible association
with decreased expression of CLCA2, a member in the family of
calcium-dependent chloride channel regulators, was further discovered
upon injecting dECM derived from fetal porcine hearts [84]. By inves-
tigating the anti-fibrotic effects of fetal dECM, they also clarified the
function of CAPG, a cytoskeletal-related signaling protein, which might
mediate decreased fibroblast activation resulting from the fetal dECM
treatment [85].

4.3. dECM enhances cell differentiation

Several studies have evaluated the effects of dECM on stem cell
differentiation and lineage fate while attempting to clarify the under-
lying mechanisms. Some well-known signaling pathways have been
suggested to play a role in dECM-induced stem-cell differentiation to-
wards chondrogenesis, such as the glycogen synthase kinase-3 beta
(GSK3p), Wnt and MAPK signaling pathways [86]. Other intracellular
signaling pathways, including the pERK/ERK and pFAK/FAK signaling
axes, pYAP/YAP and beta-catenin signaling pathways, were involved in
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the tri-lineage differentiation (adipogenic, osteogenic, and chondro-
genic) when using dECM derived from immortalized adipose-derived
mesenchymal stem cells [87]. To further explore the exact dECM
component that potentially induces stem cell differentiation, one study
compared the osteogenic differentiation ability of two dECMs composed
of different COL4A2 contents. Both in vitro and in vivo findings showed
greater proliferation and osteogenic differentiation of periodontal liga-
ment stem cells (PDLSCs) in dECM enriched with COL4A2, whereas
decreasing expression of COL4A2 in dECM by siRNA contributed to the
opposite results. At the end of this study, COL4A2 was identified as a key
factor in influencing PDLSCs differentiation towards osteogenic lineage
via the negative regulation of the canonical Wnt/p-catenin pathway

[88]. However, the matrix microenvironment could sometimes influ-
ence but could not solely determine the tissue-specific stem cell differ-
entiation preference. For example, human adipose-derived MSCs
(ADSCs) and synovium-derived MSCs (SDSCs) were cultured separately
on the same dECM scaffold but responded in opposite ways with respect
to chondrogenic and osteogenic differentiation, which may be attributed
to tissue specificity. ADSCs originate from adipose tissues, while SDSCs
are adult stem cells pre-disposed to chondrogenesis. Even after culturing
on a modified dECM that significantly improved the chondrogenic po-
tential of SDSCs, there was no significant enhancement of chondrogenic
differentiation using ADSCs. Besides that, the dynamic fluctuation of
TWIST1 expression was explored in SDSCs during their expansion and
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differentiation phase, providing hints for further investigations of the
underlying mechanisms [89].

In summary, previous studies focused on characterizing the effects of
dECM on cellular behaviors have been reviewed from the aforemen-
tioned three aspects. Despite such efforts, the multitude of signaling
pathways implicated in dECM-based regeneration have not been rigor-
ously validated and widely recognized. Despite that, understanding the
feedback mechanisms on the inflammatory response, cell attachment,
proliferation and differentiation, can be useful for selecting a custom-
ized dECM for specific tissue engineering applications. Since dECM is
not a single molecule but a mixture of protein compositions, subsequent
experiments should be carried out using various approaches to
comprehensively elucidate the complex network of molecular in-
teractions between its various components and cellular activities.

5. Application of dECMs in tissue regeneration

CDM and TDM can be molded and shaped into various forms as
mentioned above. The following sub-sections focus on recent applica-
tions of CDM and TDM in tissue regeneration with both solid states (e.g.,
scaffold and microparticles) and soluble states (e.g., hydrogel and 3D
bioprinting).

5.1. CDM for cartilage, skeletal muscle and bone tissue regeneration

Mesenchymal stem cells (MSCs) appear to be the preferred cell
source for producing CDM. To date, there are increasing publications on
MSC preconditioning and combination with different polymeric mate-
rials for the synthesis of a tailor-made ECM. The differentiation-inducing
properties of dECM-based biomaterials have been widely studied. For
example, a human mesenchymal cell line was lentivirally transduced to
constitutively express BMP-2 and then employed to produce the
customized CDM scaffold enriched with BMP-2. Based on their results,
the resulting construct could enhance chondrogenesis, forming a
morphogen-enriched ECM to activate chondrogenic regenerative pro-
cesses (Fig. 6A). Its osteoinductive property was also confirmed using rat
mandibular defects in vivo, which was better than synthetic delivery of
BMP-2 or even live tissue grafts (Fig. 6B-C) [90]. In another study, CDM
was acquired from adipose-derived mesenchymal stem cells and a
porous nanocomposite was engineered by combining with Se@SiO,. A
continuous and gradual release of selenium effectively diminished ROS
production and boosted mitochondrial function. Benefiting from the
concurrent application of SeNPs and dECM-coating, myogenic differ-
entiation was increased during skeletal muscle tissue engineering [91].
Similar dECM-based composites can also be fabricated by adding
bioactive glass and poly(lactide-co-glycolide). Enhanced cell metabolic
activity and osteogenic differentiation were achieved as compared to the
CDM alone (Fig. 6D-F) [92]. The weight of evidence from these reports
concludes that CDM derived from stem cells can be conveniently
modified or fabricated as a versatile biomaterial depending on different
regenerative purposes. Further studies still need to be carried out in an
attempt to refine the selection of cell sources and manufacturing pro-
cesses for achieving specific therapeutic effects.

5.2. TDM for soft and hard tissue regeneration

5.2.1. dECMs derived from cardiac tissue, skin and skeletal muscle
Limited self-regenerative capacity represents a formidable challenge
during cardiac tissue repair. By contrast, specific dECM biomaterials
derived from cardiac tissues possess pro-regenerative properties that can
direct the differentiation of various stem cells into cardiomyocytes or
stimulate cardiomyocyte cell cycle activity. Differentiation towards the
adipogenic, endothelial and chondrogenic lineages was also reported
using decellularized cardiac tissue. Besides that, the preservation of
vasculature trees within native heart tissues provides the dECM with a
tremendous potential in angiogenesis, making it favorable for
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fabricating vascularized constructs in cardiovascular tissue regeneration
[93,94]. A myocardial dECM hydrogel laden with adipose-derived stem
cells was developed to improve regenerative capacity after myocardial
infarction. Stem cells loaded into 2.0 % dECM hydrogel not only
exhibited an even distribution with high viability but also displayed
enhanced angiogenic potential, suggesting promising regenerative ca-
pabilities. The myocardial infarction rat model further demonstrated the
synergistic effects of this cell-laden dECM hydrogel in reducing fibrosis
and infarct size, achieving enhanced recovery of cardiac function [95].
However, lacking structural and mechanical similarity to the native
tissue limited the application of dECM hydrogel. To overcome the above
problem, soluble dECM is reconstituted as a bioactive bioink that can
deposit cells layer-by-layer to reproduce the intricate structure of the
tissue through 3D bioprinting. One dECM-based bioink laden with pri-
mary cardiomyocytes was sequentially printed using an extrusion-based
3D bioprinter (Fig. 7A). The quantitative evaluation revealed enhanced
cardiomyocyte differentiation within the bioprinted construct (Fig. 7B)
[96]. 3D bioprinting makes it possible to customize dECM-based con-
structs with specific shapes and locations. Compared to soluble dECM,
dECM microparticles not only retained similar enhancing effects on
cardiomyocyte activity, vessel density and cardiac function, but a slower
degradation rate also made it suitable to be employed as macromolec-
ular loading [97]. Sometimes, the shortcomings of dECM itself can also
be improved when it is used in combination with other biomaterials and
therefore, is better suited for extended applications. For example, it was
reported that a biohybrid scaffold could be fabricated by integrating
dECM-derived from pericardium with poly(propylene fumarate) (PPF)
and translated as a small-diameter vascular graft. Due to the additional
introduction of PPF, this dECM-based scaffold showed a reduced
degradation and swelling rate, which was comparable to that of tissue
regeneration, indicating a stable platform for re-endothelialization and
tissue growth [98].

Different from cardiac tissues, skin tissues have relatively high self-
healing capacity under normal conditions without external stimuli.
However, healing on their own becomes less effective in the case of
extensive burns or diabetic wounds caused by chronic diseases.
Although several skin substitutes have successfully been translated into
clinical applications, these are more likely to concentrate on the stan-
dard of care [99]. Therefore, dECMs derived from skin (sdECMs) have
been fabricated in various forms, such as an injectable hydrogel or a
scaffold, for advanced applications in wound healing. It is generally
accepted that the addition of growth factors into biomaterials can be a
realistic strategy to improve and expedite diabetic wound healing. For
example, additional incorporation with sacchachitin nanofibers (SCNFs)
and platelet-rich plasma (PRP) showed better wound healing efficiency
in diabetic rats as compared to dECM alone. SCNFs added into the
hydrogel formulation exerted a chemotactic effect on inflammatory
cells, while the inclusion of PRP, containing copious amounts of growth
factors, further accelerated diabetic wound healing by facilitating
angiogenesis and epithelialization [100]. Another antimicrobial study
loaded usnic acid into the sdECM, which demonstrated an enhanced
anti-biofilm property when treating infected wounds [101]. Addition-
ally, 3D bioprinting technology is helpful for constructing multi-layered
biomimetic structures to enhance skin regeneration. In one study,
acellular dermal matrix (ADM) was used as a bioink to produce a
full-thickness skin construct where three types of cells (human
epidermal cells, fibroblasts and umbilical vein vascular endothelial
cells) were, respectively loaded into 20 % GelMA, 1.5 % ADM and 10 %
GelMA to simulate the stratified structure of the natural skin. This
artificial 3D construct was shown to maintain cell viability and support
epidermis reconstruction by in vitro testing. When implanted in vivo, the
scaffold not only stimulated dermal ECM secretion but also promoted
angiogenesis, accelerating re-epithelization and therefore enhancing
wound healing quality [102]. Utilizing a similar strategy, gingival fi-
broblasts were encapsulated within ADM to form a promising graft
substitute for keratinized gingiva augmentation and clinical periodontal
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tissue regeneration [103]. In summary, the aforementioned studies
highlight sdECM as an ideal biomaterial for providing structural support
and a conducive microenvironment enriched with growth factors, which
supports the repopulation of a variety of cell types.

Similar to cardiac muscle, anisotropic skeletal muscle is mainly made
up of highly oriented and densely-packed myofibers, which structure
and arrangement may guide myogenic cell differentiation and influence
contractile muscle function. After decellularization, the naturally
aligned pattern of ECM is primarily preserved in dECM derived from
skeletal muscle (mdECM), which has a significant impact on guiding
myogenic cell differentiation. C2C12 myoblast cells encapsulated in
mdECM scaffolds displayed increased cell proliferation and myogenic
differentiation in vitro. After being implanted into rabbit tibialis anterior
muscle defects, such mdECM-based structure achieved a greater number
of newly-formed myofibers when compared with the collagen group
after 1 and 2 months [104]. Primary structural alignment inside the
mdECM can be further optimized by topographical contribution using
electrospinning. A topographically aligned micro-/nanostructure can be
fabricated with a high degree of control over alignment/anisotropy and
diameter. Appropriate degrees of cross-linking and fiber alignment were
confirmed to increase cell adhesion, early growth and myofiber forma-
tion [105]. The elastomeric chip was noted as another method for
creating anisotropically-aligned mdECM nanofibrils, which showed high
therapeutic efficacy on both volumetric muscle loss and muscular dys-
trophy (Fig. 7C). In vivo implantation of this aligned cell-laden construct
resulted in promoted myofiber formation, restored dystrophin
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expression and de novo formation of muscle tissues (Fig. 7D-E) [106].
Together, these studies underscore the significant impacts of mdECM
alignment on cell behavior and function during skeletal muscle tissue
regeneration.

5.2.2. dECM derived from bone and elasmoid scales

Demineralized bone matrix (DBM) has long been utilized as a bone
graft substitute to overcome the limited availability of autografts as well
as to avoid potential disease transmission and immunogenic responses
associated with allografts. Nevertheless, three commercially available
DBM materials have been reported to induce stronger inflammatory
responses than synthetic hydroxyapatite compounds within a murine air
pouch biocompatibility model [107]. It remained unclear whether
DBMs themselves or the carrier provoked the inflammatory reactions.
For this reason, an additional decellularization step was employed on
DBMs. As compared to DBM, the proliferation of mouse primary calva-
rial cells was enhanced when cultured with dECM derived from bovine
bone (bdECM). However, trypsin treatment during decellularization
reduced the mechanical properties of bdECM, of which the storage
modulus (~150 Pa at 6 mg/mL) was significantly lower than that of
bone (8-11 GPa) [108]. Adequate strength and proper architecture are
key factors to be considered especially in force-bearing tissue regener-
ation. Hence, bdECM was milled into a uniform micron-sized powder
and its addition into the hydrogel can elevate elastic modulus to about
1000 Pa, which enabled BMSCs differentiation towards the chondro-
genic lineage, followed by endochondral ossification over time
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Table 1
The brief summary of dECM properties and their target application.
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origin Application form fabrication process THE target Application
Cell- Cell-derived dECM scaffold Relatively short and gentle protocols and reagents, such as: Tissues that are not exposed to mechanical stress
derived Hybrid dECM scaffold (Cell-derived dECM @ Physical treatments: freeze-thaw cycles, immersion and @ Load-bearing tissues such as bone and
functions as a bioactive surface coating on the agitation, supercritical fluids; fibrocartilage
scaffold template) @ Chemical treatments: hyper/hypotonic solutions, non- @ Tissues with anisotropic physiological
ionic and zwitterionic detergents, acids and base; properties
@ Enzymatic treatments (optional): nuclease, trypsin.
Tissue- Tissue-derived dECM scaffold The longer and more rigorous protocol, such as: @ Complicated and large-scale tissue
derived @ Physical treatments: freeze-thaw cycles, perfusion, su- regeneration

percritical fluids;
@ Chemical treatments: hyper/hypotonic solutions, ionic

@ Load-bearing tissue regeneration such as
bone and fibrocartilage

and non-ionic detergents, acids and base;
@ Enzymatic treatments: nuclease, trypsin, dispase, EDTA/

EGTA;

@ Lipid removal (especially for adipose and bone): lipase.

dECM microparticle
lyophilization

Injectable dECM hydrogel

Bioprintable dECM hydrogel

printability

Additional milling followed by snap freezing and ()

Further solubilization by enzymatic digestion, such as [ )
hydrochloric acid-pepsin digestion, or more recently by
ultrasonic cavitation

Further solubilization by enzymatic digestion. The [ )
viscoelastic properties are given special attention for its

Irregularly-shaped defects in a minimally

invasive manner

@ Tissues withstand moderate mechanical
force, such as tendons and ligaments

@ The size and concentration of microparticles

should match the specific regeneration

demands

Irregularly-shaped defects in a minimally

invasive manner

@ Soft tissues that do not require mechanical

stress, such as adipose and mucosal tissues

Irregularly-shaped defects in a minimally

invasive manner

@ High efficiency of cell delivery

@ A wider range of tissues with varying

mechanical properties

(Fig. 8A-C) [109]. Besides that, bdECM was able to be modified by
methacryloyl (MA-bdECM). Upon the addition of 0.5 % MA-bdECM into
alginate, a chemically and physically dual-crosslinkable bioink was
developed to fabricate a cell-laden mesh structure, of which storage
modulus reached about 3000 Pa. The improved mechanical properties
were responsible for its good performance in enhancing osteogenic
differentiation [110]. To further design a biomimetic scaffold, re-
searchers used raw materials (PCL/PLGA/HA = 1:1:4) coated with
bdECM to produce a bone tissue-engineering zone that exhibited a
Young’s modulus close to 2.5 GPa to support osteogenic differentiation
[111]. Considering the similar biological components between bone and
dentin, bdECM was also utilized as a biochemical cue to simulate den-
tal-specific microenvironments for dental tissue engineering. Human
dental pulp stem cells embedded in the bdECM-based construct main-
tained their viability, growth and were induced to osteo/odontogenic
differentiation [112]. Another interesting application of bdECM was
seen in periodontal ligament (PDL) reconstruction. Mouse mandible
bone containing periodontal ligament was decellularized to serve as a
tooth-supporting tissue. In vivo study using the subrenal capsule in rats
demonstrated its potential in reconstructing PDL tissue by controlling
host cell migration [113].

Elasmoid scales are part of the dermal skeleton that covers the body
of teleost fish. The highly ordered collagen arrangement and similar
biochemical compositions to bone tissue make it possible to use elas-
moid scales in bone tissue regeneration. The addition of dECM derived
from fish scale (fdECM) improved the mechanical properties and
osteoinductivity of chitosan-based scaffolds (Fig. 8D-E) [114]. Never-
theless, more substantial research studies and further efforts are
required before such methods become more widely used and accepted in
orthopedic therapy.

6. Conclusion and outlook

Owing to their good biocompatibility and low immunogenicity,
dECM-based biomaterials continue to be the most promising substrata in
the field of regenerative medicine. With further more intensive research,
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there will hopefully be greater clarity on the physiobiological properties
of dECM biomaterials with respect to their sources and application
forms. Some key cellular processes were also found to be positively
regulated during dECM-based tissue engineering that can enhance tissue
healing. Based on the aforementioned developments, this review thus
sheds much light on the key considerations in designing customized
dECM tailored for specific tissue engineering applications.

The sources of dECM should be selected as required. For example,
dECM can be produced from matrix secreted by cells for better tunability
and consistency, or from tissues for complex biochemical and mechan-
ical cues. Although dECM derived from cells is mainly deposited by stem
cells, stem cells from different sources differ from each other, which
might dictate their differentiation bias when applied to regulate cell
fate. Further studies should be carried out to explore subtle differences
in their proteomic profiles. As for dECM derived from tissues, re-
searchers should pay much attention to tissue sources and complete
decellularization to reduce possible disease transmission risks and anti-
host immune responses. There may be a kind of dECM suitable for a
certain type of tissue regeneration. For example, the acellular dermal
matrix can be used for either the wound healing or the periodontal tissue
regeneration. Nevertheless, tissue-specific dECM displays its prominent
superiority especially for the tissue regeneration with specific compo-
sition and function. It has been recently reported that uterus-derived
decellularized ECM demonstrated a significantly improved endome-
trial regenerative effect as compared to using the non-reproductive
organ derived dECMs (kidney- and stomach-dECM) [115]. To date,
minimum requirements have been proposed to control the remaining
nuclear material, dsDNA content and DNA fragment size for achieving
adequate decellularization. However, these would not be suitable for all
tissues and some important cellular components, such as the levels of
residual mitochondria, MHC-1 proteins, phospholipids, etc., also need to
be taken into account. It is recommended that standardized quality
control of dECM according to the ECM source should be established to
reduce the risk of any immune response and disease transmission after
implantation.

Currently, there is no consensus on which application form of dECM
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is better. Depending on the physical and biochemical properties
required, different dECM forms are developed. The prevailing view is
that dECM transferred into particles has good portability, while dECM
hydrogel stands out for its injectability and minimally invasive delivery
mode. Thanks to the development of tissue engineering, the strategy of
combining 3D bioprinting with dECM has significantly enhanced the
physicochemical properties of dECM-based biomaterials, showing great
potential in tissue regeneration. Other surface modification techniques
can also be combined with dECM to provide biological cues. Hence,
integrating various fabrication technologies would confer versatility to
application forms of dECM-based composite biomaterials, thus
expanding their range of clinical applications (Table 1).

Although the effects of dECM on cellular behavior and functions
have been extensively investigated, a deeper understanding of the un-
derlying mechanisms has not yet been achieved. For example, functional
dECM biomaterials are known to be involved in inhibiting inflammation
via the modulation of mast cells, macrophages and T cells. Some tran-
sitional signaling pathways are implicated in dECM-induced cell adhe-
sion, proliferation and differentiation, including ERK phosphorylation
and pYAP/YAP signaling. Nevertheless, identifying the exact dECM
component that promotes tissue regeneration and its underlying cellular
and molecular mechanisms is still challenging but meaningful for
further advancing the field of dECM-based regenerative medicine. In
conclusion, selecting an appropriate dECM in a context-dependent
manner and elucidating the detailed mechanisms of dECM-cell interac-
tion can facilitate optimizing the regenerative outcome.
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