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A B S T R A C T   

Biomaterial choice is an essential step during the development tissue engineering and regenerative medicine 
(TERM) applications. The selected biomaterial must present properties allowing the physiological-like recapit
ulation of several processes that lead to the reestablishment of homeostatic tissue or organ function. Biomaterials 
derived from the extracellular matrix (ECM) present many such properties and their use in the field has been 
steadily increasing. Considering this growing importance, it becomes imperative to provide a comprehensive 
overview of ECM biomaterials, encompassing their sourcing, processing, and integration into TERM applications. 
This review compiles the main strategies used to isolate and process ECM-derived biomaterials as well as 
different techniques used for its characterization, namely biochemical and chemical, physical, morphological, 
and biological. Lastly, some of their applications in the TERM field are explored and discussed.   

1. Introduction 

Tissue Engineering and Regenerative Medicine (TERM) is an inter
disciplinary field, that aims at finding solutions to repair or regenerate 
damaged tissues and organs. To achieve such solutions, an ECM surro
gate such as a scaffold is often needed and biomaterials, from natural or 
synthetic origin, are used to obtain said surrogates [1]. The choice be
tween natural and synthetic biomaterials represents a challenge due to 
the different properties of each subset of biomaterials. Scaffolds pro
duced from synthetic materials afford easily tailorable mechanical 
properties at the cost of lower biocompatibility. Contrariwise, and in 
spite of the many recent advancements in the field, natural-based scaf
folds, especially the ones based on ECM-derived proteins such as 
collagen, elastin, and keratin, offer good biocompatibility but present 
limitations in terms of mechanical tunability and stability. An ideal 
biomaterial would combine the best features of synthetic and naturally 

occurring materials knowing that in order to achieve a higher regener
ation/repair potential, the biomaterial should provide a favorable 
microenvironment for cells [2]. Taking this into account, it’s undeniable 
that a particular set of biomaterials has aroused greater interest during 
the last few years: extracellular matrix (ECM)-derived biomaterials. The 
ECM is a complex cell-produced 3D network that embeds cells in tissues 
and organs throughout the body, supporting their function and survival. 
Due to the ECM’s intrinsic cyto and biocompatibility, its use to produce 
biomaterials has exponentially grown, with more than 600 original ar
ticles mentioning it published per year since 2020, according to 
WebOfScience. The typical path to obtain ECM-derived biomaterials 
involves firstly the depletion of potentially immunogenic materials such 
as DNA from the original material through a decellularization step. 
Characterization of decellularized ECM or of its components should 
follow to ensure the preservation of its biological activity. Depending of 
the desired application, the preservation of its original 3D structure may 
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also be evaluated. These steps are in fact an oversimplification of the 
many ways proposed by researchers and engineers to obtain scaffolds 
using ECM-derived biomaterials. Given the growing importance of such 
biomaterials, an overview of the most relevant methodologies employed 
for their obtention becomes crucial. 

In this context, the purpose of this paper is to review the main ap
proaches to produce ECM-derived biomaterials, starting from the 
different sources (organs/tissues or cell culture), to the different decel
lularization processes (physical, chemical or enzymatic), types of char
acterization (biochemical, chemical, physical, morphological and 
biological), and finally, selected applications in the TERM field 
(hydrogels, bioprinting and electrospinning) (Fig. 1). It is important to 
emphasize that while it is possible to employ a fully decellularized 
organ/tissue and engineer it for TERM applications, the primary focus of 
this review is to provide an overview and discussion of examples from 
extracted ECM. 

2. ECM components and the modulation of cellular functions 

The ECM is an organized 3D network produced by cells within the 
different tissues of the body, composed of several macromolecules 
whose final composition varies according to the tissue [3]. This network 
is essential for the cellular components’ survival since it functions not 
only as a physical scaffold but also has a fundamental role in several 
biochemical and biomechanical processes, influencing cellular activities 
and responses (e.g. proliferation, differentiation, migration, and 
apoptosis) required for tissue homeostasis [4]. Although the ECM of 
different tissues is composed of the same key components, each tissue 
has a unique composition and structure that differs according to the 
nature and function of the tissue [5]. Also, the ECM is a highly dynamic 
structure, being constantly changed by several post-translational mod
ifications and remodeled during physiological and pathological condi
tions (e.g., cancer), which is why it is a key factor to consider for TERM 
applications. Although fundamentally composed of water and macro
molecules, the ECM main components are proteins such as 

proteoglycans and fibrous proteins, which are central pieces for the 
support of the cellular constituents of tissues [6]. These proteins can be 
divided into two categories, as either structural (fibrous proteins) or 
non-structural proteins (proteoglycans and glycoproteins), depending 
on their role. Fibrous proteins are made up of polypeptide chains with a 
sheet-like structure and include collagens and elastins [7,8]. On the 
other hand, non-fibrous proteins are composed of glycosaminoglycans 
(GAGs) chains linked to a specific protein core and include fibronectins, 
tenascins, and laminins [9]. Other essential components of the ECM 
include growth factors (GFs), integrins, and a variety of matrix metal
loproteinases (MMPs) (Fig. 2). 

2.1. Collagen 

Collagen is the most abundant fibrous protein in the ECM. In fact, it is 
the most abundant protein within the connective tissues (e.g., tendon 
and skin) of the human body, with around 30 identified subtypes [10]. 
This molecule is involved in several mechanisms such as paracrine 
regulation of the cell behavior, promotion of adhesion, proliferation, 
and differentiation [11,12]. Collagen is involved in such mechanisms by 
aiding in the sequestration of GFs and other signaling molecules 
involved in paracrine regulation, which activates several cascades of 
signaling pathways that promote the above-mentioned processes. 
Mechanotransduction is also regulated by changes in collagen stiffness 
and the direct force applied to the cells, affecting several cell signaling 
pathways [13]. 

The presence of binding domains on other molecules that allow a 
close association with other proteins, allowing water uptake for tissue 
hydration and the absorption of forces applied, therefore influencing cell 
behavior and ECM physical properties [14,15]. These properties depend 
on the tissue and although collagen fibers are usually a heterogeneous 
mix of different types, usually one collagen form predominates. Type I 
collagen is the dominant form found in almost all tissues, such as skin, 
tendons and bone. Type II collagen is found more on cartilage and 
cornea, while type III collagen is widely found in blood vessels’ walls. 

Fig. 1. Overview diagram of the review.  
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Overall, collagen biochemical and biomechanical properties dictate the 
tissue-specific ECM function and healthy phenotype, since it has already 
been reported that alterations/mutations in collagen are implicated in 
various clinical pathologies such as arterial aneurysms, epidermolysis 
bullosa acquisita, osteogenesis imperfecta, as well as tumorigenesis, 
among other diseases [5,16]. 

2.2. Elastin 

Elastin is another major ECM fiber, composed of tropoelastin sub
units that are cross-linked with a layer of fibrillin microfibrils, which 
make up an elastic fiber [17]. This property allows elastin-rich tissues to 
possess elasticity and permits them to recover/recoil when subjected to 
repeated stretch [18,19]. This feature is important in tissues such as the 
lungs and blood vessels [20,21]. In the latter, elastin works closely with 
collagen [22]. In large arteries such as the aorta, elastin is responsible 
for the reversible extensibility during the stress-relaxation cycle, while 
collagen provides the strength and ability to withstand the high pressure 
in these large elastic arteries [23,24]. Indeed, some cardiovascular pa
thologies have been associated with elastin dysregulation in these tis
sues over time, such as calcific aortic valve disease, and congenital 
supravalvular aortic stenosis [23,25]. Due to all this, elastin is widely 
used in tissue engineering as a biomaterial [26]. 

2.3. Fibronectin 

Fibronectin is expressed on the basement membrane of a variety of 
cell types that have essential functions during vertebrates development 
[27]. This protein is composed of two subunits produced in the form of a 
disulfide covalently bonded dimer. These subunits can be broken down 
into 3 different types (type I, II, and III), in which each has different 
structures and some can undergo conformational changes, influencing 
cellular behavior, and therefore being implicated as an extracellular 
mechanoregulator [28]. In vivo, fibronectin is present in two different 
forms: cellular fibronectin, which is secreted by the mesenchymal cells, 
and plasma fibronectin, secreted by the hepatocytes. In the ECM, once 
fibronectin is secreted, it interacts with integrins. This interaction trig
gers a conformational change in fibronectin, starting a process of 
self-association, leading to their assembly into fibrils. The interaction 
between fibronectin and integrins is fundamental for optimal ECM for
mation [29,30], which in turn is needed for cell adhesion and migration, 
influencing a myriad of processes such as the wound healing response to 
injury [6] and vascular morphogenesis [31]. Fibronectin has also been 
implicated in cardiovascular diseases [32,33], and tumor progression 
[34]. 

2.4. Laminins 

The laminin family is composed of multidomain, heterotrimeric 
glycoproteins that are found in basement membranes, crosslinked with 
other ECM components. Each of these trimeric isoforms consist of 3 
chains (α, β, and γ) [35], which exist in genetically distinct forms, 
depending on their cell and tissue specificity [36]. In fact, in complex 
vertebrates, 16 trimeric isoforms have been identified [37]. Laminin 
actively influences cell behavior, since it has an effect on cell adhesion, 
differentiation, and migration, and like fibronectin, also contributes to 
ECM structure [6]. It also supports phenotype stability, and resistance 
against apoptosis by interacting with cell membrane receptors such as 
integrins and dystroglycan. In fact, laminins are the first ECM compo
nent appearing in early embryonic development, and have a crucial role 
in organogenesis [38]. They contribute to the homeostasis of numerous 
tissues such as the blood vessels, kidneys, connective tissues like cornea, 
and are required for tendons proper healing [39]. Furthermore, these 
proteins have been implicated in angiogenesis, contributing to vessel 
growth and maturation [40]. Also, mutations in laminin chains are 
associated with human congenital disorders, such as Pierson syndrome 
(β2 chain mutation) [41], congenital muscular dystrophy (α2 chain 
mutation) [42], and junctional epidermolysis bullosa (α3, β3, and γ2 
chains mutation) [43]. 

2.5. Glycosaminoglycans 

Glycosaminoglycans (GAGs) are a group of linear polysaccharides 
that are composed of repeating units of disaccharides [44]. Typically, 
these disaccharides consist of either N-acetylglucosamine or N-ace
tylgalactosamine linked to a residue of hexauronic or galactose [45]. 
Despite the simplicity of the sugar components, the structural analysis of 
GAGs is challenging due to their intricate modification patterns, 
including epimerization and sulfation [46]. One of the distinguishing 
features of GAGs is their highly negative charge, which is attributed to 
the presence of sulfate and/or carboxylic groups within their structure 
[47]. 

Due to their remarkable structural diversity, GAGs possess the ability 
to interact with a broad spectrum of biological molecules. These in
teractions play crucial roles in various biological processes, including 
cell migration, division, angiogenesis, and collagen fibrillogenesis [48]. 
Additionally, GAGs exhibit therapeutic potential in addressing patho
logic conditions such as thrombosis, neovascularization, cancer, and 
inflammation, making them highly desirable for therapeutic applica
tions [44]. 

There are four main classes of glycosaminoglycans: hyaluronan, 
chondroitin sulfate/dermatan sulfate, heparan sulfate/heparin, and 
keratan sulfate [44]. These GAGs exhibit a wide range of biological 

Fig. 2. Representation of the extracellular matrix content. Created with BioRender.com.  

J. Noro et al.                                                                                                                                                                                                                                     

http://BioRender.com


Bioactive Materials 34 (2024) 494–519

497

functions, some of which are briefly described next. Heparin functions as 
an anticoagulant [49] and plays a role in regulating inflammation [50]. 
Heparan sulfate interacts with cytokines, chemokines, and interleukins, 
contributing to various cellular processes [51,52]. Chondroitin sulfate 
helps prevent inflammation, modulates the immune response, and reg
ulates cell adhesion to the ECM [53,54]. Dermatan sulfate is involved in 
collagen organization [55] and the regulation of cell-matrix interactions 
[56]. Keratan sulfate is responsible for tissue hydration [57], and hya
luronan contributes to stabilizing connective tissue and organizing the 
ECM [58]. 

2.6. Tenascins 

Tenascins are a multifunctional group of ECM glycoproteins, with 
tenascin-C being the first described and best studied. Other tenascin 
family members are tenascin-R, -W, -X, and -Y [59]. Tenascins have a 
characteristic modular structure composed of identical subunits formed 
from variable numbers of repetitive domains, which include heptad 
repeats, a series of fibronectin type III domains, epidermal growth factor 
(EGF)-like repeats, and a C-terminal globular domain [60]. 

Tenascin-C is highly expressed during embryonic development at 
sites of branching morphogenesis, and in the developing organs such as 
kidney, mammary glands, and teeth, while is also present in sites of 
epithelial-mesenchymal interactions, as well as in the developing 
smooth muscle, cartilage, and bone. In the adult life, this tenascin is only 
expressed at high levels in tendons, and in some stem cell niches, while 
only transiently elevated when tissue injury occurs and is later down- 
regulated [61]. One interesting fact about this tenascin is that it 
shares a structural relationship with fibronectin, limiting the 
fibronectin-mediated cell spreading when both proteins are combined 
since tenascin-C differs in adhesive function [62]. In fact, overexpression 
of tenascin-C leads to a series of malfunctions and it has been found 
elevated in rheumatoid arthritis and in several pathological cardiac 
conditions [63,64]. 

Tenascin-R is a more locally focused protein, mainly found in the 
central nervous system (CNS), where it is mainly expressed around 
certain glial cells and perineural networks of the developing and adult 
CNS [65]. 

Tenascin-W has the potential to act as an adhesion modulatory 
protein and has been associated with osteogenesis since it is, during 
development, highly expressed during bone and smooth muscle 
morphogenesis and palate formation, while in the adult it is mainly 
found in certain stem cell niches and in organs such as the kidneys. In 
fact, when present in osteoblasts culture, this tenascin is able to promote 
bone development, angiogenesis, cell adhesion and migration [66]. 
Apart from the above-mentioned cases, tenascin-W is usually missing 
from the ECM of most organs, although being vastly found in many solid 
tumors, which could turn it into a potential tumor marker and target 
[67]. 

Tenascin-X, a less glycosylated form than tenascin-C and –R, is pre
sent in almost all tissues, being highly expressed in the heart, skeletal 
muscle, tendon, and skin [68]. This tenascin is important in the orga
nization and maintenance of the ECM structure and stability, since it 
regulates the formation of collagen fibrils in the matrix. Insufficiency of 
this protein may lead to clinical manifestations similar to Ehlers-Danlos 
syndrome hypermobility type and benign joint hypermobility syndrome 
[69]. Finally, tenascin-Y is the avian equivalent to tenascin-X [70]. 

2.7. Other components 

2.7.1. Integrins 
Integrins are important cell adhesion mediators since they work as a 

link between the cellular cytoskeleton and the ECM [71]. Integrins are 
heterodimeric transmembrane receptors formed through a noncovalent 
association between two transmembrane glycoproteins, the α and β 
subunits. In mammals, 18 different types of α subunits have been 

discovered, as well as 8 different β subunits, which together can form 24 
different combinations, each with different specificity regarding both 
tissue and ECM [72]. Through the interaction of integrins with ECM 
proteins, several signaling cascades are activated, mediating cell 
migration, proliferation, differentiation, and survival [73]. Indeed, 
integrins are able to mediate stable adhesion to basement membranes 
though the interaction with collagens and laminins, mediate matrix 
assembly and motility, while also being able to interact with the immune 
system since they can bind to bacterial polysaccharides and viral coat 
proteins [74,75]. In fact, integrin activation can occur in a bidirectional 
manner, where they can signal information from the inside to the 
outside of the cell and vice-versa, providing a constant flow of infor
mation between intra and extracellular compartments [76]. However, 
this bidirectional signaling is also critical for cancer onset and devel
opment, where several studies have correlated the high expression of 
certain integrins with the progression of several tumors [77,78]. 

2.7.2. Growth factors 
The ECM has the unique feature of acting as a reservoir of bioactive 

molecules such as GFs and cytokines. GFs such as the vascular endo
thelial growth factor, fibroblast growth factor, and transforming growth 
factor-β (TGF-β) are linked to the ECM either through heparan or hep
aran sulfate residues and are activated by several processes such as 
wound healing and tissue remodeling, becoming fundamental for the 
correct development and differentiation of many tissues [79]. In fact, 
the ECM contributes to ligand maturation, since TGF-β, for example, is 
stored in the ECM in its latent form, remaining inactive until activated 
by MMPs [80]. In addition, it can also establish concentration gradients, 
with a temporal and spatial regulation of their bioavailability. This oc
curs due to the presence of binding sites for growth factors on ECM 
proteins, allowing a concentration gradient near their cell surface re
ceptors, which is vital in processes such as patterning in developmental 
stages [12,81]. Indeed, this establishes ECM as an organizing complex of 
the cell signaling dynamics. 

2.7.3. Matrix metalloproteinases 
MMPs are an important group of zinc-dependent endopeptidases 

with a central role in ECM remodeling [82]. The ECM is constantly 
changing, its components are always being produced and deposited, 
degraded, or altered. In this process, MMPs are the key group of enzymes 
involved in this process. Dozens of MMPs have been identified, and they 
can be classified in 6 distinct groups (collagenases, gelatinases, stro
melysins, matrilysins, membrane type-MMPs, and other MMPs) 
depending on their substrate specificity and structural features [83]. 
Since MMPs overlap in substrate specificity, they present a high ability 
to breakdown the matrix, and as such, require a tight regulation. This 
mediated proteolysis is regulated at the mRNA level, by their preser
vation at a quiescent state prior to their activation, and, lastly, with the 
presence of specific tissue inhibitors of MMPs to counteract damage to 
the matrix [84,85]. MMPs play an extremely important role as modu
lators of cellular dynamics and interactions, in the response to envi
ronmental changes that promote normal/pathological development 
[86], inflammation [87], and even as targets for anti-cancerous thera
pies [88]. 

3. Isolation and decellularization of ECM 

3.1. From tissue/organs 

As previously mentioned, one of the approaches of the TERM field for 
functional tissue repair is centered on the use of scaffolds made from 
biomaterials. These biomaterials can be categorized as synthetic or as 
naturally occurring if collected from biological sources [89]. Synthetic 
materials are usually composed of manufactured substrates such as 
polymers, metals, and/or chemicals, which allow high production pre
cision, with well-defined material properties, that contributes to 
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minimal batch-to-batch variability, and in turn, an expected tissue/host 
response [90]. However, this type of material can trigger a foreign body 
reaction, being linked with a pro-inflammatory and fibrotic host effect 
[91]. In contrast, natural materials originate from natural occurring 
sources such as animals, plants, algae and microorganisms. ECM-derived 
biomaterials are an example of natural origin biomaterials. These ma
terials can comprise the whole ECM extract or purified ECM components 
such as collagen type I, laminin, fibronectin, or hyaluronic acid. 
ECM-derived biomaterials tend to have a more favorable host immune 
response since they are originated from a natural microenvironment, 
with the caveat of being less easy to control in terms of composition and 
mechanical properties [92,93]. Ideally, the perfect biomaterial would 
combine the precision and control of the synthetic materials 
manufacturing with the biologically favorable properties of 
ECM-derived materials in order to promote beneficial tissue remodeling 
[94]. As such, in the past few decades there has been an increased in
terest in the production of scaffolds based on ECM-derived materials that 
could fill this gap. ECM scaffolds are normally prepared by the decel
lularization of source tissues or organs, either xenogeneic or allogeneic 
in origin, from a great variety of available anatomical sites [95,96]. The 
main goal of the decellularization process is the removal of all cells and 
genetic material present on the native tissue, in order to avoid initiating 
an immune response when applied. Depending on the desired applica
tion, the decellularization process should be carefully selected. If the 
goal is to use directly the ECM as scaffold, the decellularization process 
should preserve the composition and 3D ultrastructure of the native 
ECM. If the purpose is to extract ECM to be used as a raw material, the 
preservation of its 3D structure is not a concern. 

The resulting material can be used as a template that provides 
signaling molecules important for functional tissue repair. Indeed, 
several studies have demonstrated that ECM-derived scaffolds influence 
cell viability and proliferation [97], promote cell differentiation [98], 
and have shown promising results for tissue repair in damaged Achilles 
tendon [99], in skin wound healing [100], and even in spinal cord injury 
[101]. In fact, a recent study has shown that ECM-derived hydrogels 
could be an optimal substitute for Matrigel, when it comes to the culture 
of gastrointestinal organoids [102]. The physical and biochemical 
properties of the ECM scaffold significantly depend on a plethora of 
factors that need to be considered beforehand, such as the tissue source, 

the chosen method of decellularization, and the processing steps taken 
after decellularization (e.g., terminal sterilization, and chemical cross
linking). Accordingly, there are several protocols commonly used for 
tissue decellularization, already described for almost every tissue in the 
body [103]. In general, most approaches use a combination of physical, 
chemical and enzymatic methods (Table 1). Physical or mechanical 
methods (e.g., freeze-thaw cycles, sonication, and high hydrostatic 
pressure (HHP)) are commonly used and involve temperature and 
pressure procedures to disrupt cells and allow the release of cellular 
residues from the tissue of interest [104–106]. Chemical methods are 
based on the use of chemical agents such as surfactants (e.g., Triton 
X-100, sodium dodecyl sulfate (SDS), and 3-((3-cholamidopropyl) 
dimethylammonio)-1-propanesulfonate (CHAPS)), acid/bases (e.g., 
peracetic acid, and sodium hydroxide (NaOH)), and solvents (e.g., 
acetone, and methanol) for the disruption of the lipid cell membrane, 
culminating with cell lysis and removal of cytosolic and genomic ma
terial [107–110]. However, this type of decellularization method tends 
to be more damaging to the ECM native structure and integrity when 
compared to the physical protocols, and need extra washing steps due to 
the inherent cytotoxicity of the reagents used. Finally, enzymes are also 
used in combination with other approaches in order to assist decellu
larization, providing high precision in the elimination of specific mol
ecules. Proteases (e.g., trypsin, pepsin, and dispase) are used to aid 
decellularization, since they are able to break cell-matrix interactions, 
through hydrolysis of amide bonds. Endo and exonucleases (e.g., DNAse, 
and RNAse) are very useful for the elimination of nuclear waste after cell 
lysis induced by other decellularization agents [111–113]. Since the 
presence of genetic material in biologic scaffolds can induce a 
pro-inflammatory response when implanted in vivo, leading to func
tional failure, several criteria have been defined in order to confirm 
decellularization efficiency and reduced immunogenicity of the 
ECM-derived scaffolds. These general guidelines include the following: 
Haematoxylin & Eosin (H&E) and 4′,6-diamidino-2-phenylindole stain
ings to verify cell and nuclei absence, and quantitative measurement of 
the remaining DNA content, which should not surpass 50 ng of double 
stranded DNA per mg of dry weight ECM and 200 base pair in fragment 
length [114]. Additional characterization should be performed in order 
to assess the remaining protein content of the ECM, highlighting the 
structural proteins such as collagen, fibronectin, and laminin, as well as 

Table 1 
Summary of strategies used for tissue/organ decellularization.  

Method Agents and Techniques Mechanism Advantages Disadvantages References 

Physical Freeze-thaw Intracellular ice crystals 
formation causes cellular 
membrane disruption 

Simple and cost effective Rapid freezing changes the ECM 
ultrastructure Incomplete decellularization 

[104,106, 
124] 

Sonication Sound waves aids the 
disruption and removal of 
cell debris 

Complete disruption of the 
cell membrane 

Excessive energy and sonication time can 
damage the ECM structure 

[104,122, 
125] 

High Hydrostatic Pressure (HHP) Creates high pressure in the 
tissue, inducing cell lysis 

Easy to operate and fast Denaturation or alteration of bioactivity/ 
structure Expensive 

[105,126] 

Chemical Surfactants Ionic SDS Disruption of 
the lipid 
membrane 

Effective removal of 
immunogenic components 

Denaturation of ECM proteins Reduction in 
GF and GAGs content 

[104,107,108, 
110,127,128] Non-Ionic CHAPS 

Zwitterionic Triton 
X-100 

Acid/Bases Peracetic 
Acid; NaOH 

Solubilization of cellular 
components and removal of 
cell debris 

Sterilization effect Effective 
removal of nuclear and 
cytoplasmic components 

Reduction in collagen, GF and GAGs content 
Disruption of collagen crosslinks (ECM 
microstructure) Decrease of mechanical 
properties 

[108,129, 
130] 

Solvents Acetone; 
Methanol 

Dehydration, solubilization, 
and removal of lipids 

Effective removal of lipidic 
content 

Collagens damage Precipitation of proteins [96,110,131] 

Enzymatic Trypsin Breakdown of membrane 
peptides on the C-side of Arg 
and Lys 

High specificity 
Effective removal of nuclear 
and cytoplasmic 
components 

Prolonged exposure can disrupt collagen 
and elastin (ECM microstructure) 
Difficult to achieve complete 
decellularization 

[111,127, 
132] 

Pepsin Hydrolysis of amides from 
aromatic aminoacids 

Broad specificity Prolonged exposure can compromise ECM 
structural and biological activity 

[133] 

Endo and 
Exonucleases 

DNAse; 
RNAse 

Degradation of nuclear 
content after cell lysis 

Effective removal of DNA 
and RNA residues 

Needs a previous cell lysis step [112,129]  
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glycosaminoglycans (GAGs), and GFs. Furthermore, if the ECM is to be 
used directly as a scaffold, the mechanical/elastic properties including 
elastic modulus and tensile strength should be assessed and evaluated 
depending on the final application [115]. Fig. 3 depicts a comparison 
between the effect of physical (freeze-thaw) and chemical (SDS and 
Triton) decellularization processes on the mechanical and physico
chemical properties of the isolated ECM [116]. The authors observed 
that all decellularization methods significantly reduced the DNA content 
while preserving all major ECM components (as assessed by colorimetric 
assays, histological analysis, and SDS-PAGE). In terms of biocompati
bility, SDS rendered cytotoxic hydrogels, while all other methods 
afforded good cytocompatibility. The hydrogels produced after 
freeze-thaw decellularization were demonstrated to be the most trans
parent and have the overall best properties. 

Although not the main focus of this review, it is worth noting that 
these decellularization techniques have also been explored in whole 
organs context, by using decellularization by perfusion, which leads to 
the conservation of the organ-derived 3D native ECM with an intact 
vascular tree [117]. This offers a route for the scaffold recellularization 

with site-specific cells and/or stem, and progenitor cells [118]. This 
method has opened new opportunities for the substitution of dam
aged/diseased organs since there are already reports suggesting the ef
ficacy of kidney, liver, and pancreatic islet–derived matrices that sustain 
cellular viability [119–121]. 

In any case, the decellularization process unavoidably affects the 
ECM to some extent, and different decellularization agents have 
different effects on the resulting ECM biomaterials [116]. Depending on 
the protocol used, there could be detrimental effects on the GFs and 
GAGs present on the ECM, as well as damage to collagen and other ECM 
proteins. Therefore, it is of major importance to select the appropriate 
decellularization method, taking into account the several existing vari
ables such as the tissue of interest, and its morphology, as well as the 
concentration, time, and sequence of the selected technique. For this 
reason, the chosen decellularization process needs to be adapted to the 
final aim and application, which requires a balance between the removal 
of the antigenic material (e.g., membrane lipids, cytosolic proteins, and 
nucleic acids), and the maintenance of the ECM integrity and func
tionality. More in-depth overviews of the different strategies to 

Fig. 3. The impact of different decellularization methods (freeze-thaw, SDS and Triton) on ECM-derived hydrogels obtained from porcine corneas; (A), (B), (C) DNA, 
collagen and sGAG content, respectively; (D) transparency; (E) histological examination, stained with haematoxylin and eosin, picrosirius red and Alcian blue; black 
scale bar = 100 μm, white scale bar = 50 μm; (F) biochemical composition via SDS-PAGE, and Western blot against keratocan; (G) transmittance; (H) raw values of 
gelation kinetics via turbidimetric analysis; (I) normalized data of gelation kinetics via turbidimetric analysis; (J) viscosity measurements at increasing shear rates by 
rheology analysis; (K) storage modulus (G′) and loss modulus (G″) by rheology analysis; (L) cryoSEM micrographs at 1000x, scale bar = 10 μm [116]. Copyright 2019, 
Springer Nature. 
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accomplish the decellularization of organs and tissues can be found 
elsewhere [96,122]. 

Fig. 4 demonstrates an example of tissue decellularization and its 
morphological and physicochemical characterization [123]. The au
thors used a detergent-enzymatic treatment to accomplish the decellu
larization of porcine intestine tissue (Fig. 4A), in order to significantly 
reduce the DNA content (Fig. 4B) while minimizing morphological al
terations (Fig. 4F). In comparison with Matrigel, a benchmark extracted 
matrix, the data revealed that a similar signal is obtained concerning the 
amount of collagen I, III and IV (Fig. 4C–E). Regarding mechanical 
properties, the authors observed that the ECM at a concentration of 6 
mg/mL exhibited a similar rheological profile compared with Matrigel 
(Fig. 4G–J). 

3.2. From cell culture 

The ECM isolated from human- or animal-derived decellularized 
tissues is one of the most successful biomaterials in clinics. However, it 
presents some limitations such as its limited availability. Also, the use of 
xenogeneic-derived ECM as an alternative source carries increased risk 
of immunological incompatibility and disease transmission. Cell culture- 
derived ECM (CC-ECM) has the ability to overcome many of the limi
tations imposed by the tissue-derived ECM and possesses characteristics 
that enables it to recapitulate to a great extent the complex biologic 
system of the native tissue. As such, CC-ECM scaffolds have yielded 
significant results in TERM applications [134]. Briefly, in vitro cultures 

allow the continuous production of CC-ECM due to the cells’ expansion 
ability, while maintaining it in pathogen-free conditions. Also, ECM can 
be obtained from autologous cultured cells, which mitigates concerns 
regarding immune responses. Additionally, the secreted ECM can have 
directional differentiation guidance for cells, since different cell source 
environments have specific differentiation patterns. Furthermore, it is 
possible to control the cell culture conditions to achieve some desired 
output in terms of properties of the isolated CC-ECM. This can be per
formed to facilitate ECM deposition by exposing cells to precise stimuli 
such as supplementation with specific factors, exposure to macromo
lecular crowding (MMC), and by adjusting certain culture conditions. 
Media supplementation with factors such as L-ascorbic acid facilitates 
ECM deposition, since ascorbate is a cofactor of lysyl and prolyl hy
droxylase enzymes, which are essential in collagen synthesis [135]. This 
supplementation facilitates ECM deposition, since type I collagen is the 
most abundant ECM component and is directly influenced by this factor, 
increasing the overall production of CC-ECM [136,137]. Another 
method to increase ECM production is by exposing the cells to MMC, 
which consists in introducing macromolecules (e.g., Ficoll, carrageenan, 
hyaluronic acid, and polyvinylpyrrolidone) in the cell culture milieu 
[138]. This MMC effect directs ECM production and organization, 
accelerating the production of ECM-rich supramolecular assemblies by 
imitating the dense extracellular space [139]. Furthermore, it has been 
shown that low serum concentrated media favors ECM deposition (<1 % 
v/v) when compared to high serum concentrated media, even when 
combined with the MMC method [139,140]. This may be due to the fact 

Fig. 4. Extracellular matrix hydrogel isolation and characterization: (A) preparation of ECM from SI mucosa/submucosa; (B) DNA quantification; (C) histological 
sections of fixed ECM gel drops stained with Picrosirius Red, Verhoeff’s and Alcian Blue for collagen, elastin and glycosaminoglycans, respectively, scale bar 200 μm; 
(D) quantification of collagen, elastin and GAG; (E) analysis of the collagen types in ECM gel and Matrigel by staining for collagen I, III, and IV, scale bar 100 μm; (F) 
SEM images, scale bars 1 μm; (G) turbidimetry analysis during gelation; (H) storage and (I) loss modulus by oscillatory rheology; and (J) elastic modulus. Adapted 
with permission from Ref. [123]. Copyright 2019, Springer Nature. 
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that serum has exogenous MMPs in its composition, which degrade the 
produced ECM and influence the natural ECM remodeling cycle. Mod
ulation of oxygen tension, such as hypoxia conditioning, also contributes 
to increased release of major ECM proteins and angiogenic factors as 
shown in dermal fibroblasts and in mesenchymal stem cells [141]. 
Finally, mechanical preconditioning has also been shown to favor 
certain ECM proteins production in adipose-derived stem cells, and in 
vascular smooth muscle cells when exposed to cyclic stretching [142]. 
These findings have important implications when using cells that can 
respond to their mechanical environment in a similar way as the native 
ones, which varies between different tissues and organs. 

While tissue-/organ–derived ECM decellularization protocols have 
been widely reviewed and their impact on the ECM evaluated, there are 
few reports overviewing the extraction impact on CC-ECM. The extrac
tion of CC-ECM is usually performed with similar but gentler decellu
larization methods as for ECM derived from whole tissues-/organ. While 
more studies are necessary regarding the decellularization methods 
specific for CC-ECM and their protocol optimization, we anticipate their 
standardization to be a far easier matter than in the case of tissues and 
organs due to the relative simplicity of cell cultures. In one of the few 
studies on this matter, Lu and colleagues have tested seven different 
decellularization protocols to prepare scaffolds derived from the ECM of 
mesenchymal stem cells and only two methods were able to successfully 
remove cellular components, while preserving the ECM structure and 
components, as well as eliciting mild in vivo host responses [143]. 
Notwithstanding the lack of standardization in the extraction methods, 
CC-ECM has been explored in several contexts for TERM. These include 
studies regarding improvement of cellular functions, as well as recrea
tion of cellular niches for the study of physiological (tissue and stem cell 
niches) and pathological (disease models engineering) contexts. Also, 
applications in tissue repair and regeneration were developed in 
numerous settings such as skeletal, cardiovascular, bone, cartilage, 
periodontal, skin, vascular, and peripheral nerve tissue engineering 
[144–150]. Despite these reports, relatively small advances in the use of 
CC-ECM have been made in the last few years, mostly due to scalability 
issues. ECM produced in cell cultures is relatively scarce. In our view, 
efforts must be made to solve this issue since the reward can be signif
icant. Contrariwise to organ and tissue-derived ECM, less ethical issues 
and safety concerns are associated with CC-ECM, which is very impor
tant for the economic viability of future clinical products. Automated 
cell culture systems that could support ECM-producing cells in a 
high-throughput manner can be a way to address the issue of scalability 
[151]. 

4. ECM characterization methods 

As already mentioned, the decellularization process of the material 
of interest (tissue/organ, or cell culture) unavoidably inflicts changes to 
the extracted ECM. For that reason, there is a need to evaluate the 
impact of the processing steps on the compositional and biological 
properties of the final product. To do so, there are several methodo
logical analyses usually performed. Chemical and Biochemical compo
sition, as well as the structural characterization of the extracted ECM can 
be evaluated by colorimetric assays, SDS-PAGE, Western Blot, immu
nohistochemical, proteomic, FTIR and Raman spectroscopy, and circu
lar dichroism. The ECM physical properties can also be performed by 

rheology, while its thermostability evaluated by differential scanning 
calorimetry. Additionally, ultrastructural evaluation (morphology) of 
the resulting material can be performed by several microscopy tech
niques such as scanning and transmission electron microscopy and 
atomic force microscopy. Finally, functional biologic characterization of 
the ECM-derived construct is implemented in in vitro and in vivo exper
iments. These techniques are summarized, together with their main 
advantagess and drawbacks, in Table 3. 

Fig. 5 provides a flowchart to aid researchers working with decel
lularized ECM on the selection of the most adequate characterization 
techniques depending to assess different features. 

4.1. Chemical, biochemical, and structural characterization 

4.1.1. SDS-PAGE and western blot 
To evaluate the composition after the decellularization process, SDS- 

PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) is 
commonly used for comparison of the protein profile within the ECM 
extract. SDS-PAGE is a technique used to separate proteins based on 
their molecular weight by using an electric current within a porous gel. 
This allows the separation of all proteins within a protein mixture such 
as the ECM. In fact, some studies have been performed in order to 
compare differences in the ECM protein profile when using the same 
extraction methods for different ECM origins, or to compare different 
extraction methods for the same ECM source [152,153]. This technique 
also helps in the decision of the best extraction method for the ECM in 
study. To verify the presence of specific proteins of interest and, if 
wanted, to quantify and to compare it between samples, Western blot 
technique can be used [154]. After running an SDS-PAGE, the proteins 
can be electrophoretically transferred onto a nitrocellulose or poly
vinylidene difluoride membrane, and using specific primary and sec
ondary antibodies, detect the proteins of interest by a chemiluminescent 
or chromogenic visualization method. When implementing this tech
nique, researchers need to check for possible artifacts, and the analysis 
must be performed under very controlled laboratory conditions. In our 
opinion, SDS-PAGE is an indispensable technique for the characteriza
tion of extracted ECM, allowing the confirmation of the most abundant 
proteins with a fast and economic protocol. 

4.1.2. Colorimetric assays 
Quantification methods based on dye-labeling techniques are one of 

the most explored approaches for the determination of ECM compo
nents. The quantitative analysis of the major elements, such as collagen 
(total, insoluble or soluble), elastin and GAGs can be obtained, with fast, 
reliable, economic and sensitive procedures [155,156]. Table 2 sum
marizes the most common approaches used, compiling some specifica
tions associated. Currently, many protocols and kits are designed to 
ensure minimum interference by the other matrix components, none
theless, this is still the main disadvantage associated with these 
methods. 

Each dye has a distinct mechanism of action, related to site-specific 
reactions/binding. Collagen quantification is based on the detection of 
hydroxyproline (Fig. 6a), a non-proteinogenic amino acid formed by 
posttranslational action of the enzyme prolylhydroxylase on specific 
proline residues [161]. Elastin quantification uses TPPS dye, a 
water-soluble synthetic porphyrin, that binds to the basic and non-polar 

Table 2 
Most common colorimetric assays available for the quantification of the major ECM components, with some of their respective specifications.  

Component Dye Detection (Absorbance) Action mechanism References 

Collagen Picrosirius Red 570 nm Hydroxyproline detection [155] 
4-(Dimethylamino) benzaldehyde (DMAB) 530–560 nm [156] 

Elastin 5,10,15,20-tetraphenyl-21H,23H-porphine tetra-sulfonate (TPPS) 513 nm Basic and non-polar amino acids [157] 
sGAG 1,9-dimethylmethylene blue (DMMB) 525 nm Sulfated groups [158,159] 

Alcian Blue 600–620 nm [160]  
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amino acids. This assay includes a hydrolysis step with oxalic acid, 
enabling the quantification of tropoelastins, atherogenic elastins, and α- 
and κ-elastins obtained from insoluble elastin [157,162]. Glycosami
noglycans, such as chondroitin sulfate, dermatan sulfate, keratan sulfate 
and heparan sulfate are quantified with a cationic dye through an ionic 
interaction with the negatively charged sulfate groups (Fig. 6b). Hyal
uronic acid is the only exception, due to the absence of this anionic 
group (Fig. 6c) [160,163]. 

Colorimetric assays provide valuable information with fast proced
ures. Their limitations regarding matrix interference, low specificity and 
limits of detections can be overcome by the use of complementing 
techniques, detailed below. Nonetheless, colorimetric assays provide, 
from our point of view, an excellent complement the data obtained from 
SDS-Page and Western Blot. 

4.1.3. Histology 
ECM histological analysis is a qualitative way to assess ECM indi

vidual proteins and to determine their presence and localization. To 
analyze tissue samples through histology, samples normally need to be 
embedded in resin, OCT or paraffin wax, and cut into thin slices prior to 
staining. Stainings such as Haematoxylin and Eosin (H&E) are 
commonly used to assess decellularization efficiency, since haematox
ylin stains nuclei in a blue color, while eosin stains the cytoplasm and 
ECM with a pink color. This allows the detection of nuclei after decel
lularization protocols [166]. Special stainings can be used to further 

characterize the ECM, allowing the detection of specific ECM compo
nents. For the selective detection of collagen networks, PicroSirius Red, 
also known as Sirius Red (Fig. 7D), is commonly used [167]. On the 
other hand, Alcian Blue allows the detection of GAGs and acid mucins. 
Other staining strategies can be observed in Fig. 7. 

For a more fine and specific localization of proteins, techniques such 
as immunohistochemistry (tissue level) or immunocytochemistry (cell 
level) are used. This technique involves the use of antibodies, that form a 
complex with specific antigens, allowing the detection and visualization 
of the ECM components with more resolution [168]. Histological anal
ysis have helped, for instance, in understanding the preservation of ECM 
components in hydrogels when using different decellularization pro
tocols [116]. 

In Fig. 7, different examples of histological staining of tissues (liver, 
kidney, and cartilage) and mesenchymal stem cell (MSC)-derived ECM 
can be observed. As previously mentioned, and depicted in Fig. 7, H&E is 
the standard staining method of choice to assess the success of the 
decellularization. 

Lee et al. resorted to immunohistological staining of liver tissue to 
evaluate the effect of the decellularization process on the main ECM 
components. The authors used alcian blue, anti-fibronectin antibody, 
and Masson’s trichrome staining to observe GAGs, fibronectin, and 
collagen, respectively (Fig. 7A). Comparing native vis-à-vis decellular
ized ECM, all components were well preserved [169]. After production 
and implantation of an ECM-derived hydrogel, Zeng and coworkers used 

Table 3 
Summary of techniques available for ECM characterization, their specific application, and summary of advantages and disadvantages.  

Technique Quantitative Application Advantages Disadvantages 

Colorimetric assays ✓ Quantification of collagen, elastin and 
sGAG  

- Fast; 
-Economic. 

-Matrix-interference; 
-Dye inefficient stoichiometric binding; 
-Lack of specificity. 

Histology ✓ Identification and localization 
assessment of ECM components 

-Compatible with other techniques; 
-Cellular and structural details. 

-Highly laborious protocols. 
-Sample fixation artifacts. 

SDS-PAGE ✓a ECM protein profile assessment -Easy and fast; 
-Sample versatility and compatibility. 

-Limited resolution for large proteins; 
-Protein overlapping. 

Western Blot ✓ Identification of specific ECM 
components 

-Protein specificity and sensitivity; 
-Quantification and detection of post- 
translational modifications. 

-Expensive (antibodies): 
-Time-consuming; 
-Technical variability. 

FTIR/Raman 
microscopy 

✓a Mapping-distribution of ECM- 
components 

-Non-invasive; 
-Non-degrading; 
-Label- and artifact-free. 

-Expensive (equipment); 
-Laborious data analysis. 

Mass spectrometry ✓ Protein identification and quantification -Reliable; 
-Highly sensitive. 

-Time-consuming; 
-Expensive (equipment) 

Circular Dichroism ✓a Protein Secondary structure evaluation -Easy and fast; 
-Economic; 
-Properties evaluation with different 
temperatures 

-Limited structural information; 
-Complex data interpretations; 
-Instrumental limitations (limited buffers 
and sample concentration). 

Differential Scanning 
Calorimetry 

× Determination of thermal properties -Thermal transitions and stability; 
-Sample compatibility (solids, gels, 
liquids, etc) 

-Complex data interpretation; 
-Overlapping transitions; 

Rheology ✓a Measurement of stress, strain, or viscosity -Mechanical properties of the sample; 
-Non-destructive and non-invasive; 

-Complex data interpretation; 
-Instrumentation limitations; 
-Time-consuming. 

Scanning Electron 
Microscopy 

× Surface Morphology 
Porosity 

-High magnification; 
-Cryo-SEM can be used for hydrated 
samples 

-Samples dehydration can alter their 
structure; 
-Imaging restricted to the surface of the 
sample. 

Transmission Electron 
Microscopy 

× Surface Morphology -High magnification and special 
resolution; 
-Imaging of thin specimens. 

-Samples processing limitations; 
-Time-consuming; 
-Expensive. 

Atomic Force 
Microscopy 

× Surface Adhesion, Topology, and 
Morphology 

-Sample versatility; 
-High-resolution imaging; 
-3D imaging of the samples’ surface. 

-Time-consuming; 
-Image artifacts; 
-Expensive (equipment and maintenance). 

In vitro testing ✓a Cytocompatibility and degradation 
profile 

-Cost-effective; 
-Rapid and more ethical screenings 
(comparing to in vivo). 

-Limited extrapolation to living organisms; 
-Limited clinical relevance. 

In vivo testing ✓a Assessment of efficacy and functionality -Physiological relevance; 
-Evaluation of safety, toxicity and 
efficacy. 

-Ethical issues; 
-Animal sacrifice; 
-Regulatory requirements; 
-Expensive and time-consuming.  

a Semi-quantitative analysis. 
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H&E and Safranine O staining of rat knee joint tissue sections to observe 
the distribution of chondrocytes and collagen, respectively. Toluidine 
blue staining was used to observe the overall proteoglycans in cartilage, 
while immunochemistry for Aggrecan, the most abundant proteoglycan 
in cartilage, was applied in the defect area (Fig. 7B) [170]. Antich and 
collaborators used MSC-derived ECM for cartilage tissue engineering. 
The authors resorted to histology to observe the impact of the decellu
larization method on the ECM, using H&E (cellular content), Masson’s 
Tricrome (collagen) and toluidine O (GAGs) (Fig. 7C) [171]. 

4.1.4. FTIR and Raman spectroscopy 
Fourier-transform infrared spectroscopy (FTIR) and Raman spec

troscopy are the most important vibrational spectroscopic techniques 
used for chemical and structural elucidation. They complement each 
other since transitions allowed in FTIR are forbidden in Raman, and 
vice-versa [172]. FTIR measures the vibrational absorption of com
pounds [173], focusing on the asymmetric vibrations of polar groups 
[172]. Raman spectroscopy relies on the inelastic light scattering pro
duced through the interaction between light and molecules (Raman ef
fect), allowing the identification of nonpolar groups [172]. The 

Fig. 5. Flowchart guide to aid on the selection of the most appropriate ECM characterization techniques.  
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Fig. 6. a) Major amino acid components of collagen type I represented by glycine (Gly), proline (Pro) and hydroxyproline (HyPro) [164]; b) chemical structure of 
chondroitin sulfate; c) chemical structure of hyaluronic acid [165]. 

Fig. 7. Histological staining of different ECM components from different sources: (A) Comparison between native and decellularized ECM liver, to observe the 
histological morphology (H&E), and distribution of GAGs (alcian blue), fibronectin (immunohistochemistry) and collagen (Masson’s trichrome). Adapted with 
permission from Ref. [169]. Copyright 2017, American Chemical Society. (B) Cartilage tissue construct, depicting the histological morphology (H&E), collagen in 
green (Safranine O), proteoglycans (Toluidine Blue), and a specific proteoglycan, Aggrecan (immunohistochemistry). Adapted with permission from Ref. [170]. 
Copyright 2022, Springer Nature. (C) Comparison between pre-decellularization and post-decellularization of an MSC-derived ECM, to observe the histological 
morphology (H&E), collagen (Masson’s Tricrome), and GAGs (Toluidine O). Adapted with permission from Ref. [171]. Copyright 2021, John Wiley & Sons. (D) 
Decellularized kidney tissue illustrating the histological morphology (H&E) and collagen (Sirius Red). Adapted with permission from Ref. [167]. Copyright 2015, 
Verduci International. 
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combination of a microscope with a vibrational spectroscope (FTIR or 
Raman imaging) offers valuable insights regarding composition within 
microscopic points. The multiple microscopic objectives available en
ables the acquisition of maps, providing information on the spatial 
distributions of ECM components across a sample. Chrabaszcz et al., 
used FTIR spectroscopy imaging (FTIR-I) to observe changes in ECM 
proteins of the lungs. The authors observed not only the different types 
of proteins but also their degree of degradation due to breast cancer 
metastasis in a mice model [174]. In a different work, FTIR-I was used 
for the characterization of cartilage-to-bone transition in terms of 
collagen, proteoglycan and mineral distribution [175]. A similar strat
egy was implemented by Spalazzi et al., across the ligament-to-bone 
insertion [176]. Apart from providing valuable information, FTIR-I ex
hibits several limitations compared to Raman microscopy (RM), such as 
relatively low resolution and incompatibility with ECM aqueous samples 
[173]. RM has drawn a lot of attention in recent years in the field of ECM 
characterization. It offers unique insights into the composition and 
structure at a molecular level of tissues and cells with an outstanding 
degree of biomolecular specificity. Furthermore, RM can mitigate 
several limitations associated with histological and immunohistochem
ical evaluations [173]. Microstructural fluctuations regarding orienta
tion, inclusions, composition, or stress are also accessible by RM [172]. 
Albro and coworkers used this technique in combination with a multi
variate curve resolution (MCR) for the quantitative analysis of ECM 
constituents (GAG, collagen, and water) of native and engineered 
cartilage tissue [177]. Littmann et al. employed RM for the 
semi-quantitative analysis of GAG, collagen, and lipid content of human 
mesenchymal stem cell ECM [178]. Bergholt and coworkers used RM for 
the elucidation of articular cartilage and tissue-engineered constructs 

components-organization (Fig. 8), highlighting the potential of RM for 
the analysis of complex samples [179]. 

The use of this technique for characterization and diagnostics pur
poses through ECM analysis has grown exponentially in recent years, 
revealing itself by its use in in vitro, ex vivo and in vivo samples [173]. 
Furthermore, since RM relies on the individual component spectrum, 
and histology in dyes, we may conclude that RM offers a greater degree 
of flexibility. As a single equipment, it has the capability to provide the 
distribution analysis of multiple proteins and other molecules, which is 
not easily achievable through histology alone. 

4.1.5. Mass spectrometry 
Mass spectrometry is by far the most complete technique regarding 

ECM characterization. It allows the identification and quantification of 
all proteins in a sample with a remarkable degree of reproducibility and 
sensitivity. The wide range of ECM applications has driven a massive 
number of reports on this subject [180]. A detailed proteomic analysis of 
ECM can reveal relevant and tumorigenesis-promoting proteins, playing 
a crucial role in therapeutics and preventive medicine [181]. As previ
ously stated, ECM proteins (collagens, glycoproteins, proteoglycans, 
enzymes, etc.) represents the main ECM constituents, leading to a 
matrisome composed of over 100 proteins [182]. Envisioning a deeper 
and more complete understanding of ECM functionality, several reports 
on proteomic protocols for that purpose have been recently published 
[183–188]. 

The extraction of the ECM, using previously described strategies, is 
the first step, and different parts can be submitted for analysis (pellet, 
supernatant, or crude). An accurate decellularization step is essential for 
the detection and identification of lower-abundance proteins [183]. 

Fig. 8. Comparison of biochemical distributions in tissue-engineered constructs measured by Raman spectroscopy and Histological analysis. (A) Distribution images 
of ECM components collagen, GAG, and H2O, obtained using Raman spectroscopic imaging and MCR analysis for each incubation time (i.e., 14, 28, and 42 days). (B) 
Representative H&E, Alcian blue, and Picrosirius red stained histological slides for each incubation time. Adapted with permission from Ref. [179]. Copyright 2016, 
American Chemical Society. 
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Thereafter, disulfide bond reduction is performed, preceded or not, by 
protein separation (ex: 1D or 2D Electrophoresis). Cysteine alkylation is 
usually performed immediately to prevent further oxidation. The final 
step evolves enzymatic (trypsin, Lys-C, etc.) or chemical (CnBr) diges
tion into peptides. An additional step with PNGase F can be followed, for 
the hydrolysis of N-linked oligosaccharides from glycoproteins. The 
samples are then analyzed by mass spectrometry followed by a database 
search (Fig. 9). Each protein is digested into unique peptide sequences, 
enabling an accurate identification. A precise description of the post
translational modifications is crucial within this step [188]. Other 
components of ECM, such as the disaccharide content, from glycos
aminoglycans, can be identified by LC-MS/MS [189]. 

4.1.5.1. Mass spectrometry imaging (MSI). Mass spectrometry provides 
detailed proteomic information. However, the link between the -omics 
and morphology is lost during sample preparation. MSI has emerged to 
mitigate this issue, affording valuable information regarding the quan
tity and distribution of peptides, proteins, lipids and metabolites across a 
biological sample [190]. Previously, we described the application of 
vibrational spectroscopic techniques coupled to a microscope for a 
similar purpose. However, MS tools are more sensitive, enabling the 
detection of specific proteins within a spatial region. Apart from the 
significant investment and advances in this field, to date, there is no 
enzymatic technology that allows the elucidation of all ECM constitu
ents at once [191]. Angel and coworkers, used matrix-assisted laser 
desorption/ionization imaging mass spectrometry (MALDI-IMS) for the 
spatial localization of elastin and collagens sequences on formalin-fixed 
paraffin embedded tissues [192]. The authors digested the proteins with 
enzymes (elastin and collagenases), enabling their spatial detection. The 
findings unraveled the use of MALDI-IMS for diagnostics, prognostics 
and therapeutics. In a recent work, chondroitin sulfate, N-glycans and 
other GAGs and peptides were successfully quantified and detected 
across a tissue section with MALDI-IMS, by the application of chon
droitinase ABC, elastase, PNGase F and collagenase type III as the 
enzymatic cocktail [191]. To address the limitations regarding sensi
tivity, Piehowski and coworkers, developed a microfluidic platform that 
extensively increased the proteomic coverage of small samples. The 
authors were able to quantify and observe the distribution of >2000 
proteins in a 100 μm tissue section [193]. While these findings 
demonstrate the potential of MSI for ECM characterization, continuous 
efforts to improve the sensitivity of this technology must be employed. 

4.1.6. Circular dichroism 
Circular Dichroism (CD) is a light absorption spectroscopy method 

that allows the study of proteins’ secondary structure, their interactions 
with other molecules, folding, stability, and ligand binding properties 
[194]. This method is based on the difference of (left- and right-handed) 
circularly polarized light absorption by optically active molecules to 
determine their molecular configurations [195]. It also allows to 
monitor the effect of an environmental change (e.g., pH, temperature) 
on the secondary structure of the molecule of interest without having to 
resort to more expensive techniques. In the case of ECM proteins, CD is 
able to characterize and quantify the secondary structure content in the 
far-UV wavelength (260 - 180 nm). It is possible to classify the structural 
protein content in terms of α-helix, β-sheet, and random coil [196]. The 
CD can also detect the aromatic residues (e.g., tryptophan, tyrosine, and 
phenylalanine) signal in the near-UV wavelength (260–300 nm), which 
can give information regarding the protein tertiary structure. Further
more, due to the possibility to perform temperature ramps, gelation 
studies can be accomplished, where the effect of temperature on the 
secondary structure of the ECM proteins can be perceived [197]. 

In the ECM context, as previously mentioned, collagen is the most 
predominant protein in its composition, and it presents a distinctive 
triple helix conformation. This structure exhibits distinct CD transitions, 
typically presenting a positive peak at 222 nm, and a negative peak 
around 197 nm, which is characteristic of the triple helical structural 
conformation of collagen [196]. In fact, Drzewiecki and colleagues have 
demonstrated that this technique can be used to evaluate proteins sec
ondary structure as well as to monitor collagen fibrillogenesis [198]. 
This technique was also employed to assess the impact of the treatment 
with HHP for corneal decellularization on the collagen triple helical 
structure by Hashimoto and coworkers [199]. One limitation associated 
to CD is the limit of the High Tension voltage, which differ depending of 
the instruments. This restricts the type of buffers that can be used, and 
the range of protein concentrations, due to their high ability to absorb 
light [197]. 

4.2. Physical characterization 

4.2.1. Differential scanning calorimetry 
Differential Scanning Calorimetry (DSC) is a thermoanalytical 

method used to measure the stability of a biomolecule such as proteins 
in its native form. DSC measures the heat exchange associated with 

Fig. 9. Most common strategies reported for the identification of ECM proteins.  
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transitions induced by temperature change, which are correlated with 
the protein thermal denaturation or “thermal melting”. In the case of 
proteins, DSC can be used as an indicator for ligand binding, to assess 
thermodynamic stability and its folding mechanism [200]. Basic DSC 
measurements are performed by inducing constant temperature increase 
both in an empty reference cell or that contains the solvent, and a sample 
cell that includes the sample of interest (anhydrous or in the same 
buffer), and monitoring the temperature difference between the cells. 
The temperature increase induces processes in the sample cell, that re
quires more energy to bring the sample to the same temperature as the 
reference cell. This results in a thermal gradient that is converted into 
power, which controls the device in order to return the temperature 
difference between the cells to 0 ◦C. DSC devices measure this heat 
uptake from the sample cell, which gives information regarding protein 
stability [200]. The higher the thermal transition temperature of a 
protein, the more stable it is. In fact, Sun and Leung used this technique 
to assess human dermis ECM degradation and instability after gamma 
irradiation [201]. Liu and collaborators used DSC as a complementary 
technique to evaluate the optimum conditions for the preparation of 
acellular dermal matrix [202]. DSC also allows the determination of the 
thermal transition temperatures of samples in solutions, solids, and in 
suspensions. 

4.2.2. Rheology 
Rheology is the study of the flow and deformation of materials under 

applied stresses or forces. It focuses on understanding how materials 
respond to different types of mechanical forces and how their physical 
properties affect their flow behavior [203]. One of the most important 
properties that rheology assesses is the viscoelastic character. Elasticity 
is the ability of the material to recover its original shape after defor
mation, while viscosity is the ability to flow and dissipate energy. The 
ECM exhibits both elastic and viscous characteristics, attributed to the 
presence of proteins like collagen and elastin, which can undergo 
deformation and relaxation. Another important rheological property of 
ECM that needs to be assessed is stiffness or rigidity, which affects the 
cellular behavior and tissue function. Stiffness is determined by the 
composition of the ECM and the organization of its components, e.g. 
collagen imparts a stiffer behavior, while a higher proportion of pro
teoglycans can impart greater compressibility and flexibility [204]. 
Furthermore, to assess if the ECM acquires gel-like properties at 37 ◦C, 
its storage modulus (G′) needs to be higher than the loss modulus (G″) 
[123]. 

The rheological properties of ECM influence cell behavior, including, 
migration, differentiation, adhesion and proliferation. Cells can sense 
and respond to the mechanical cues provided by the ECM, modulating 
their functions accordingly. Therefore, understanding the rheological 
properties of ECM and ECM-derived scaffolds is crucial and plays an 
important role in the TE process since different native tissues have 
different rheological properties and, thus, different TERM applications 
will require different rheological properties [205]. These can be 
measured using different instruments and techniques such as a rota
tional or oscillatory rheometer or by dynamic mechanical analysis, 
measuring their response to stress, strain, or viscosity [206]. 

Antich and coworkers used rheological measurements to evaluate 
the injectability and gelling abilities of mesenchymal stem cells derived 
ECM. Their data revealed that the hydrogels produced revealed a 
thixotropic behavior [171]. 

Giobbe et al. compared the rheological and mechanical profiles of 
decellularized ECM from porcine small intestine mucosa/submucosa 
with Matrigel. Their findings show that a 6 mg/mL of dECM, a similar 
rheological profile in terms of storage and loss modulus to that of 
Matrigel was obtained [123]. 

4.3. Morphological characterization 

The ultrastructure of the ECM and of ECM-derived scaffolds is also a 

determinant of their performance within living systems. Therefore, 
high-resolution information on the ECM ultrastructure and its interac
tion with the surrounding microenvironment is very important. As such, 
several imaging techniques have been used to study the morphological 
and topological characteristics of the ECM and of ECM-derived scaffolds, 
which includes scanning and transmission electron microscopy (SEM 
and TEM), and atomic force microscopy (AFM). 

4.3.1. SEM 
SEM is a powerful tool that can create 3D images by scanning the 

surface of a sample through a focused beam of electrons. It provides a 
high-resolution image within a nanometer scale, where its magnification 
can reach up to 2 × 105 times [207]. Detailed information regarding the 
surface topography, morphology and composition of the sample can be 
achieved. Sample preparation typically consists on an array of protocols 
with the aim of samples’ structure stabilization, dehydration and 
coating to ensure samples adequate conductivity. Samples dehydration 
is required since the water content of the sample can interfere with the 
vacuum inside the equipment and influence the final analysis. This 
dehydration requirement can alter the samples morphology and struc
ture. However, it is possible to use cryo-SEM to study hydrated samples 
[116,208]. This method allows to maintain the water content inside the 
sample. Essentially, the samples are frozen under high pressure, avoid
ing evaporation of the water molecules. However, ice crystal formation 
is a setback from this technique. Penolazzi and colleagues used SEM to 
verify the maintenance of the ECM fibrillar structure after the decellu
larization of human Wharton’s Jelly matrix (Fig. 10) [209]. 

4.3.2. TEM 
Although SEM is the most common electron microscopy technique 

used, it can only be used to visualize the surface of the sample in 
question. TEM, on the other hand, is a technique that allows the detailed 
visualization of structures in the interior of the sample, at an even higher 
resolution than SEM. This is done through an electron beam that is 
transmitted through a thin sample slice. With these properties in mind, 
TEM can be used to investigate, for e.g., the interaction between nano
particles with subcellular structures. The interaction between cells and 
the ECM can be visualized by TEM, allowing a more advanced visuali
zation of the ECM patterning, even on a specific protein (e.g., collagen) 
arrangements level [210,211]. However, this technique is not used as 
often as SEM or AFM, since it requires the complex processing into thin 
slices (<100 nm) of the biological samples. This can limit the visuali
zation of the samples structure and the sample processing is time 
consuming and it doesn’t allow dynamic studies due to samples fixation 
and resin embedding. 

4.3.3. AFM 
AFM is a technique used for the characterization of the mechanical 

properties of soft matter such as ECM or ECM-derived scaffolds. It allows 
the assessment of Young’s elastic modulus (E), which defines the sam
ples resistance to distortion. AFM can assess E and other mechanical 
properties at a nanometer and micrometer scale, which is relevant for 
the mechanical interactions that occur between the ECM and cells. This 
technique is based on the use of a nanometer/micrometer sized tip at the 
end of a flexible cantilever that acts as a force sensor [212]. The 
movement and distortion of the cantilever results from the local 
tip-sample force interactions, where the computation of the local sample 
deformation allows to assess the local value of E, allowing to trace a 
surface profile of the sample. In fact, Zhou et al. mapped the surface 
profile and elastic modulus from bovine cortical bone and its sur
rounding matrix, showing the collagen fibril bundles, different degrees 
of mineralization and fibril orientations [213]. One important advan
tage of this technique is the possibility to examine samples in liquid 
within physiologically relevant temperatures, making AFM suitable for 
live biological applications. 
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4.4. Biological characterization 

4.4.1. In vitro and in vivo testing 
The ultimate characterization of ECM and ECM-derived scaffolds is 

to assess its functionality, biocompatibility and regenerative potential 
when interacting with biological systems. To do so, in vitro and/or in vivo 
testing needs to be performed. 

Assessing the biodegradability behavior of ECM-derived materials 
upon contact with physiological media can provide predictive infor
mation regarding their lifetime in a biological environment. Assays to 
test this may be performed using enzymes, such as collagen or lysozyme, 
or only enzyme-free physiological media, and changes in the materials’ 
mass or structural integrity over time are monitored [216]. 

In vitro assays can also provide important information regarding the 
viability, morphology, proliferation and differentiation of cells in 
different substrates, which can give substantial cues regarding the 
functionality of ECM and ECM-derived scaffolds [217,218]. Cultured 
cells can be seeded onto the ECM-derived materials, and techniques such 
as MTT or MTS assay, Live/Dead staining or cell counting can assess the 
basic cellular response in terms of, respectively, metabolic activity, 
viability and proliferation during the interaction with the ECM materials 
[219]. The choice of cells to be seeded into the ECM scaffold depends on 
the envisaged application. Most researchers use stem cells, such as 
human mesenchymal stem cells (hMSCs) or human induced pluripotent 
stem cells (hiPSCs), due to their ability to differentiate into other cell 
types. hMSCs are already used in many biomedical applications owing to 
their safety and hypoimmunogenicity, while hiPSCs allow the possibility 
for autologous transplantation [220]. 

While in vitro testing provides valuable preliminary data, it cannot 
fully mimic the complex environment in a living organism. In vivo 
testing is a necessary step that provides a more comprehensive under
standing of the interaction between ECM-derived materials and the 
tissues of a living host. Such assays provide vital information such as the 
in vivo biocompatibility of the ECM-derived materials in terms of the 
host immune response, target tissue regeneration and overall integration 

within the host tissues. In vivo assays in this context typically entail the 
implantation studies in animal models. First, an accurate choice of the 
animal model must be carefully deliberated, considering the specific 
research objectives and the targeted tissue or organ, and strictly 
following ethical considerations and regulatory guidelines. After im
plantation, histological analysis of sections of tissues excised from the 
area near the implanted biomaterial is performed. This analysis provides 
an overall picture of the host immune response the ECM-derived 
biomaterial so as to determine its biocompatibility and integration 
with the host’s tissue. The assessment of its regeneration potential and 
functionality is further performed through the observation of new tissue 
formation, angiogenesis and morphology by resorting to other already 
described techniques such as immunohistochemistry [221–223]. 

It is important to state that the in vitro and in vivo experiments to be 
conducted are highly dependent on the type of TERM application. In our 
opinion, in vitro assays such as biodegradability, and the evaluation of 
cells’ viability, metabolic activity, and proliferation are crucial and must 
be performed independently of the final application. 

If further characterizations are pondered/needed, specific experi
ments are available, depending on the application. For instance, calcium 
mineralization, assessed by staining with Alizarin Red S is usually per
formed for bone applications. Immunocytochemistry (ICC) or immu
nohistochemistry (IHC) for specific osteogenic markers such as 
osteopontin and osteocalcin can be made. Commonly, qPCR is also 
performed, to measure the gene expression levels of osteogenic genes 
such as alkaline phosphatase (ALP), bone morphogenetic protein-2 
(BMP-2), osteocalcin (OC), and osteopontin (OPN) [224,225]. 
Regarding cardiac applications, IHC or ICC analysis for markers such as 
α-sarcomeric actin and cardiac troponin I is the most standard approach. 
Other analysis, such as Ca2+ imaging and the analysis of the vasculari
zation capability can complement the characterization [220,226]. For 
adipose tissue, gene expression levels of lipoprotein lipase (LPL), 
peroxisome proliferator-activated receptor gamma (PPARγ) and 
CCAAT/enhancer binding protein alpha (C/EBPα) can be evaluated 
[227]. The quantification of lipidic deposits in the constructs may be 

Fig. 10. SEM images of (A) fresh human Wharton’s jelly, and (B) decellularized Wharton’s jelly matrix, scale bar 5 μm. Adapted with permission from Ref. [209]. 
Copyright 2020, Frontiers. TEM images of (A) fresh human lenticules, and (B) decellularized lenticules. Scale bars: 1 μm. Adapted with permission from Ref. [214]. 
Copyright 2022, Elsevier. AFM images of decellularized mouse lung, (A) Bright-field optical image of a decellularized lung section showing the wall of a vessel 
probed with AFM; (B) Topography and (C) deflection AFM images, scale bar = 50 μm. Adapted with permission from Ref. [215]. Copyright 2017, John Wiley 
and Sons. 
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performed by staining with dyes such as Oil Red O [228]. 
These and other characterization protocols applied for specific TERM 

applications are compiled in Table 4. 

5. TERM applications of ECM-derived components 

ECM-derived biomaterials for TERM applications have been pro
gressively more explored either as isolated ECM components or inte
grated with other biomaterials. In general, several key considerations 
are important when designing a scaffold for TERM: biocompatibility, 
biodegradability, mechanical properties, scaffold architecture, and 
manufacturing technology. ECM-derived biomaterials automatically 
meet the first two requirements because they are cell produced. How
ever, to engineer scaffolds with appropriate mechanical properties is one 
of the biggest challenges when using ECM-derived biomaterials. Usually, 
using crosslinking agents (e.g., glutaraldehyde, genipin, trans
glutaminase) or combining the ECM components with other materials 
addresses that challenge [216]. One of those examples, is the combi
nation of ECM-derived proteins with ceramic composites, using the 
tape-casting process to produce thin films [237]. 

The architecture of the created scaffolds is important since it should 
have an appropriate pore size and structure to allow cell penetration and 
migration in the scaffold and allow the diffusion of nutrients and waste 
products in and out of it. Cells interaction with the material surface is 
also critical since cell processes such as migration requires ligand 
binding. In the case of ECM-derived products, they naturally possess 
these ligands in the form of RGD (Arg-Gly-Asp), or other cell adhesion 
motifs sequences, inherently present in ECM proteins [238,239]. Finally, 
the manufacturing technology should be cost effective and able to be 
scaled-up, with the final product possessing good manufacturing prac
tices (GMP) standards in order to become commercially available. In our 
opinion, this is the major drawback associated with ECM-derived bio
materials. Problems associated with the non-standardization of their 
isolation and extraction, and the time spent in their characterization is 
an overall time-consuming and expensive process, hampering their 
production and commercialization in the future. Furthermore, 
batch-to-batch variability is also one of the major concerns. Yet, the 
remarkable development in ECM biomaterials over the last years shows 
that these problems can be easily overcome by the scientific community. 
The use of ECM-derived materials in TERM has progressively developed 
from simpler 2D models using cell culture plates coated with ECM 
components to more advanced 3D ECM-mimicking models. Decellular
ized tissues/organs can be engineered in order to recapitulate the 
composition, structure, dynamics, and inherent cues of the ECM. In this 
section, we will overview commonly used scaffolds engineered from 
ECM-derived biomaterials using different techniques, namely hydrogels, 
bioprinted scaffolds, and electrospun scaffolds. 

5.1. Hydrogels 

Among the several ECM-scaffold types studied for TERM applica
tions, hydrogels are by far the most investigated. A hydrogel is defined 
as a highly hydrated 3D network that maintains structural integrity due 
to chemical or physical reticulation between polymer/protein chains 
[240]. This 3D highly hydrated structure allows hydrogels to retain 
significant amounts of water, biological molecules, among others. 
Hydrogels can be classified according to their source, ionic charge, 
polymerization method, physical characteristics, or cross-linkers, which 
affects the choice of the biomaterial for a certain application [241]. 

ECM-derived hydrogels have a great potential for TERM applications 
since ECM solutions can self-assemble into a hydrogel upon incubation 
at physiological temperature (37 ◦C) or injection in vivo. These hydrogels 
present other advantageous properties such as improved biocompati
bility, biological recognition, and biodegradability without presenting 
toxicity. Also, similarly to native ECM, ECM-derived hydrogels are 
capable of presenting high flexibility and elasticity, which allows 

nutrient diffusion and provides the necessary support for embedded 
cells, facilitating the complex processes important for tissue formation, 
repair and regeneration [242]. ECM-derived hydrogels can be produced 
from the ECM of any tissue of the body or from cell culture, following the 
already described process of decellularization and further processing to 
generate, for e.g., an injectable material. The production of injectable 
hydrogels is advantageous since their implantation is less invasive and 
may conform to more irregular shapes than implanted scaffolds [243]. 
The processing of the ECM derived from decellularized material can be 
performed by two main approaches. The first approach involves the 
grinding of the ECM into a fine powder and its suspension in liquid for 
further injection [244]. The second approach is based on pepsin solu
bilization as described by Freytes et al. [245]. The ECM is suspended in 
an acid solution of pepsin and enzymatically digested. Following 
digestion, the pH of the solutions is neutralized to the physiological level 
to match in vivo conditions and to inactivate the pepsin enzyme. The 
ECM hydrogels’ biochemical, topological, and viscoelastic characteris
tics are influenced by the tissue of origin and decellularization technique 
[246]. ECM hydrogels can be used as substrates to promote the culture 
and maturation of cell lines, primary cells, and stem or progenitor cells 
[118,247]. They can be utilized in 2D cultures as coatings for tissue 
culture plastic, and as 3D gels for 3D cell culture [248]. Regarding the 
latter, ECM-derived hydrogels from decellularized porcine small intes
tine mucosa/submucosa have been shown to provide support for cell 
growth, viability, and endoderm-derived human organoid expansion in 
culture [123]. Kim and colleagues demonstrated that using ECM 
hydrogels from decellularized gastrointestinal tissues showed compa
rable and even superior results in producing suitable 3D organoid cul
ture for tissue regeneration, drug development, and for the modeling of 
gastrointestinal diseases, when compared to the current gold standard 
Matrigel [102]. Moreover, ECM hydrogels have been used for the study 
of several preclinical applications, such as traumatic brain injury [249], 
cardiovascular dysfunctions [250], endometrial pathologies [251], 
cartilage defect treatment [252], and corneal regeneration [253]. 

Other avenues for ECM hydrogels production and processing may be 
implemented. For instance, through their freeze-drying, sponges or films 
can be produced. Wang and collaborators used decellularized porcine 
skin to produce ECM-hydrogels. By changing the concentration of PBS, 
the authors were able to produce different ECM scaffolds, such as he
mostatic sponges or anticoagulation films, showing regulable coagu
lant/anticoagulant properties, without resourcing to any crosslinking 
strategy or other biomaterials [254]. ECM sponges are also commonly 
used for skin repair and regeneration [122]. Seo et al. have combined 
collagen with ECM secreted by human skin fibroblasts to produce 
sponges. Their data reveals the potential of such scaffolds for wound 
dressing applications [255]. 

Importantly, to facilitate the clinical use of these scaffolds, their 
characterization should be thorough, suitable source tissues must be 
chosen for particular therapeutic applications, and processing and 
sterilizing techniques must be improved. Finally, the application po
tential of ECM-derived hydrogels is increased by their compatibility 
with a number of production techniques such as 3D bioprinting and 
electrospinning. 

5.2. 3D bioprinted scaffolds 

ECM-derived hydrogels have been used in a variety of applications 
and configurations, as described in the previous section, and, more 
recently, as bioinks for 3D bioprinting. 3D bioprinting is a multipurpose 
technique that effectively creates tissue constructs with precise and 
complex structures by using computer-designed models and bioinks 
[256]. This technique uses a layer-by-layer precise positioning of the 
biological components present in the bioinks, allowing the control of 
multiple scaffold characteristics such as architecture, composition, pore 
size, and surface chemistry [257]. Depending on the working principle, 
3D bioprinting is divided into several categories, although the extrusion, 
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Table 4 
Compilation of specific characterization techniques and assays performed for different TERM applications of ECM-derived scaffolds.  

TERM 
application 

ECM source Scaffold 
produced 

In vitro assays In vivo assays Other characterization 
techniques 

Reference 

Gastric, hepatic, 
pancreatic and 
SI 

Porcine intestine tissue Hydrogel DNA concentration 
Live/Dead 

CAM assay 
Subcutaneous grafting into 
NSG mice 

Colorimetric assays 
Histology 
Turbidity 
Rheology 
SEM 
Proteomic 

[123] 

Cornea Porcine cornea Electrospun Col I (IHC) 
Quantitative PCR (ALDH3A1, Col I, 
Smooth Muscle Actin and GAPDH) 
Cell migration 

N/P FTIR 
Mechanical testing 
Contact angle 
SEM 

[229] 

Bone Porcine bone Bioprinting Live/Dead 
MTT assay 
Alcaline phosphatase activity 
Alizarin Red S Staining 
Osteopontin expression 
RT-PCR (ALP, BMP-2, OCN, OPN) 

N/P Rheology 
Compression test 
FTIR 

[224] 

hTMSCs from inferior 
turbinate tissue 

Bioprinting DNA concentration 
Osteogenic differentiation capability 
by RT-PCR (ALP, OC, OPN) 
Micro-CT 

Implantation into calvaria 
defects of Sprague Dawley® 
rats 

Colorimetric assays 
SEM 

[225] 

Cardiac Heart tissue of Korean 
domestic pig 

Bioprinting Vascularization capability 
(extrusion) 
RT-PCR 
VEGF quantification (ELISA) 
α-sarcomeric actin and cardiac 
troponin I (IHC) 

Subcutaneous implantation 
into Balb/c nude mice 
Echocardiography (Ejection 
fraction and fractional 
shortening) 

N/P [226] 

Porcine Electrospun Alamar Blue (cell viability) cTn1, 
α-sarcomeric actin, and connexin-43 
(IHC) 
Ca2+ imaging 
Immunogenicity studies (secreted 
NO) 
RT-PCR (TNF-α and IL-1β) 
Total RNA 

Subcutaneous implantation 
into C57 black mice 

SEM 
Tensile strength 
Contact angle 
FTIR 
TGA 
Proteomic 
Histology 

[220] 

Vascular Banked porcine smooth 
muscle cells 

Direct use SMC α-actin, vimentin, CD31, 
CD144, and vWF (IHC) 
Western Blot 

Implantation into carotid 
artery of porcine 

Mechanical testing of the 
vessels 

[230] 

Dermal fibroblasts or 
saphenous vein 
fibroblasts 

Direct use SM α-actin, calponin (IHC) N/P Histology 
Tensile strength 
Estimated burst pressure 
Contractile capability 

[231] 

Skin Porcine dermis Hydrogel DNA concentration 
Live/Dead 
Biodegradation 
Angiography (Micro-CT) 
Multicolor Flow Cytometry 

Hydrogels dressings into 
Sprague-Dawley rats 

Histology 
SEM 
Rheology 
Proteomics 
Western Blot 

[232] 

Porcine dermis Direct use DNA concentration 
VEGF, FGF, TGF-β quantification 
(ELISA) 
Live/Dead 

N/P Histology 
Immunofluorescent 
staining of proteins 
SEM 
Tensile strength 
Suture retention test 

[233] 

Cartilage Mesenchymal stem 
cells 

Hydrogel Live/Dead 
Cell proliferation 
Gene expression analysis 
Col I and II, Aggrecan (IHC) 

Subcutaneous injection into 
CD1 (ICR) mice 

Rheology 
Histology 
Colorimetric assay 
Proteomics 
SEM 

[171] 

Goat ears Direct use DNA concentration 
TGF-β and TGF-β1 (ELISA) 
Biodegradation 
MTT assay 
Cell differentiation 
Immune response (IL-2, IL-4 and INF- 
γ) 
Micro-CT 

Subcutaneous insertion into 
New Zealand white rabbits 

Histology 
SEM 
Colorimetric assays 
Swelling properties 
Indentation testing 

[234] 

Muscle Porcine rectus 
abdominis 

Direct use Integrity test (dye infusion) 
Vascular corrosion casting 
DNA concentration 
Cell migration 
Myogenic differentiation 
Metabolic activity (Alamar Blue) 

Sprague-Dawley rats SEM 
Tensile strength 
Colorimetric assays 
Histology 

[235] 

(continued on next page) 
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droplet, and laser-assisted bioprinting techniques are the most 
frequently described [258]. Extrusion-based 3D bioprinting, also known 
as direct ink writing, is based on applying pressure, either by pneu
matical or by mechanical force, in order to push out the bioink through a 
printhead, depositing it as continuous filaments on a building substrate 
[259]. During the process, there is a set up controlling the overflow of 
bioink deposition, which is an important issue when working with 
highly viscous solutions. Such 3D bioprinters can have multiple nozzles 
and print heads, which allows the deposition of multiple bioinks and the 
creation of multi-tissue constructs [260]. Among its advantages are low 
printing costs, simplicity of use, ability to support high cellular densities, 
and ability to use various biomaterials as bioinks [261]. However, cell 
viability may be impacted when the print pressure and shear force in
crease. Furthermore, printing resolution is relatively low. Droplet-based 
3D bioprinting, also known as inkjet bioprinting, works by the release of 
bioink droplets from the printhead through the generation of thermal or 
piezoelectric forces [262]. The demand for bioprinters based on this 
technique has grown as a result of their reasonable cost, compatibility 
with living materials, and rapid bioink droplet deposition with good 
printing resolution [260]. The structures that can be bioprinted and the 
bioink’s cell density are constrained by the requirement for low viscosity 
bioinks. The unpredictability of droplet size and nozzle blockage are 
further drawbacks. Finally, laser-assisted bioprinting was initially 
developed for metal patterning for computer chip fabrication. It consists 
in the printing of biological patterns to substrates using a laser as an 
energy source. The process involves the use of a pulsed laser source that 
initiates the release of bioink droplets present in a ribbon coated with 
the biological materials deposited on a metal film [263]. The bioink 
droplets are ejected onto a receiving substrate that contains a 
biopolymer or cell culture medium to sustain cellular adhesion and 
growth. This technique has a good resolution, but it has a high pro
duction cost. Also, cell death brought on by thermal damage in 
laser-assisted bioprinting is one of the key worries. 

The choice of the bioinks’ composition is important in 3D bio
printing, since they include not only biomaterials but living cells and 
growth factors as well. Therefore, the components must be nontoxic and 
printing temperature must be lower than physiological temperatures in 
comparison to other conventional materials [264]. The bioinks con
taining decellularized ECM are known to have better regeneration 
capability than those containing other natural polymers, since they 
retain many of the previously described tissue-specific native features 
such as differentiation markers and proteins, promoting cell differenti
ation and proliferation. Given these advantages and the explosive in
terest in 3D bioprinting, it is not surprising the existence of commercial 
ECM bioinks such as Bone deCelluid™, Skin deCelluid™, and Cartilage 

deCelluid™ that are being considered for clinical use [265–267]. 
Indeed, decellularized ECM has been used as a bioink for several 
biomedical applications. For the purpose of understanding the crosstalk 
between mesenchymal stem cells and ECM in respiratory illnesses, 
Almendros and colleagues created a realistic 3D model by using 
cell-laden hydrogels based on lung-derived ECM as the bioink [268]. 
Chae and coworkers described a cell-based TE approach to produce 
cell-laden tissue constructs by using 3D extrusion bioprinting with 
mesenchymal stem cells and tissue-specific bioinks for tendon/ligament 
applications [269]. In cardiac TE, Das and collaborators have demon
strated the importance of the matrix and the culture microenvironment 
in the interactions between cells and materials when trying to establish 
an extrusion-based 3D-printed cardiac tissue model. In fact, car
diomyocytes presented enhanced maturation when printed in an ECM 
bioink, when compared with a collagen bioink [270]. Similarly, progress 
in this field has been observed for several other tissue types, such as liver 
[271], adipose [272], skin [267], bone [273], muscle [274], and kidney 
[275]. 

Notwithstanding these major recent developments, there are some 
limitations that persist, and improvements that need to be considered 
regarding this technique. Despite substantial research, it is still difficult 
to obtain mechanically strong tissue structures. This is mainly due to the 
poor mechanical, structural, and gelation properties of the bioinks 
produced exclusively using decellularized ECM. So, to mitigate these 
problems, the typical approach is to combine other biomaterials with the 
decellularized ECM or provide extra crosslinking agents. Other key 
challenges for advancing 3D bioprinting technologies include increasing 
structural resolution, preserving cell viability, and cutting down on 
manufacturing time. However, ECM-derived bioinks and 3D bioprinting 
still remain as promising tools to engineer tissues for TERM application. 

5.3. Electrospinning 

In recent years, the electrospinning technique has been used to 
produce ECM-derived scaffolds with oriented multifilament nanofibers 
that are structurally similar to the nanofibrous framework of the ECM in 
the native environment. Electrospinning is a manufacturing method that 
applies electric voltage (10–40 kV) to a metallic needle carrying a so
lution, such as solubilized ECM, creating a 3D fibrous network with fi
bers that ranges in size from nanometers to micrometers [276]. The 
fibers are dropped onto a collector, where they are piled to create a 
scaffold with the appropriate shape and architecture to help induce 
cell-specific functions such as adhesion and migration. These scaffolds 
offer nano-scale fiber structures with interlinked pores to resemble the 
native ECM, demonstrating excellent potential to create functional 

Table 4 (continued ) 

TERM 
application 

ECM source Scaffold 
produced 

In vitro assays In vivo assays Other characterization 
techniques 

Reference 

Skeletal muscle from 
New Zealand White 
Rabbits 

Hydrogel DNA concentration 
Live/Dead 
Cell proliferation and differentiation 
Myosin heavy chain (IHC) 

Surgical defect in the TA 
muscle of New Zealand White 
Rabbits 

SEM 
Histology 
Colorimetric assays 
Rheology 

[236] 

Adipose tissue Adipose tissue Bioprinting Live/Dead 
Macrophage infiltration (M1 and 
M2) 
Angiogenesis 
RT-PCR (LPL, PPARγ, GAPDH, C/ 
EBPα) 

Implantation into SD rats Compression test 
SEM 
Histology 

[227] 

Human adipose tissue 
and porcine heart 
tissue 

Bioprinting RT-PCR (LPL, PPARγ, GAPDH, C/ 
EBPα) vWF and α-SMA vessel 
densities (IHC) 
Col IV and LPL (immunofluorescence 
staining) 
Apoptosis of seeded cells 
Quantification of accumulative lipids 
(Oil Red O dye) 

Subcutaneous implantation 
into immune-deficient nude 
mice 

SEM 
Colorimetric assays 
Microarrays 
Histology 

[228] 

N/P: Not performed. 
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tissues [277]. However, several conditions need to be optimized to 
create ECM architecturally analogous configurations. The structure and 
diameter of the manufactured fibers are controlled by factors such as the 
viscosity of the solution, surface tension, and the molecular weight [278, 
279]. Additionally, environmental factors such as temperature and hu
midity also influence the fibers morphology [280]. Thus, controlling the 
abovementioned factors is essential for creating appropriate fibers. This 
technique is highly versatile, rapid, efficient and relatively inexpensive, 
since it only depends on a high voltage supply, a collector plate and a 
syringe as spinneret for the electrospinning setup [281]. As previously 
mentioned, decellularized ECM can be used with electrospinning tech
nologies to create ECM-like scaffolds for TERM applications such as 
wound healing [282], peripheral nerve [283], cartilage [284], liver 
[285], neural [286], and bone regeneration [145]. Ancillary methods 
that improve the performance of electrospun scaffolds, like surface 
functionalization and emulsion-based electrospinning, have also been 
reported [287–291]. Fig. 11 depicts examples of the three TERM ap
plications here described for ECM. 

6. Final remarks 

An overview of the use of ECM-derived biomaterials in the TERM 
field, from the isolation to the application stage, with significant 
emphasis on the characterization part, is herein presented. Several 
challenges remain for the full realization of the clinical potential of these 
materials. 

Decellularization techniques, a key step to obtain ECM-derived bio
materials, are complex and challenging. Achieving complete cell 
removal while preserving ECM desired properties is the object of intense 
research. Most works report the use of more than one decellularization 
method in order to achieve the most satisfactory results. But the amal
gamation of different complex methods results in significant batch-batch 
variability. And this variability is compounded by small changes in the 
protocols between different laboratories, hindering scientific progress 
and the clinical potential of these materials. Therefore, the standardi
zation of decellularization protocols is something desirable, if not 
required, for the widespread clinical application of ECM-based bio
materials. While still an elusive goal, automated systems such as the one 
proposed by the Freytes lab will most likely be key tools for researchers 
in the field [296]. This system allows a fast, effective and reproducible 
decellularization process that was proven to yield biocompatible 
hydrogels starting from various different tissue sources. 

An essential part of the effort to validate the decellularization pro
tocols is the choice of adequate characterization techniques. And while 
there is in fact a large set of techniques available, a complete charac
terization of the ECM is very time and resource intensive. Moreover, 
most techniques require a pre-processing of the sample, in which 
important information may be lost or modified prior to analysis. 
Improving sample preparation protocols and equipment sensitivity are 
requirements to improve the characterization of isolated ECM. We 
believe that a wide set of characterization techniques is currently 
indispensable for researchers working in decellularized ECM-derived 

Fig. 11. Images of ECM-derived applications of hydrogels (A) based on dermal ECM, (B) porcine urinary bladder matrix, scale bar = 1 cm. Adapted with permission 
from Ref. [292]. Copyright 2012, Elsevier; (C) human pancreatic parenchym dECM. Adapted with permission from Ref. [119]. Copyright 2018, Springer Nature. 3D 
bioprinted scaffolds (D) dECM 3D printed curved cornea. Adapted with permission from Ref. [293]. Copyright 2021, John Wiley and Sons; (E) 3D bioprinted 
construct using cell-laden cartilage-derived methacrylate ECM bioink. Adapted with permission from Ref. [294]. Copyright 2021, Elsevier; (F) 3D printed hydrogel 
composed of methacrylate dECM and methacrylate PCL. Adapted with permission from Ref. [295]. Copyright 2020, Elsevier. electrospinning (G) SEM micrographs 
of electrospun blends of dECM:PCL (70:30), and (H) electrospun blends of dECM:PCL (50:50). Adapted with permission from Ref. [275]. Copyright 2019, Elsevier. 
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biomaterials for TERM (Fig. 5). However, the standardization of decel
lularization protocols will most likely allow to reduce the character
ization burden, making its full definition contingent on the desired final 
application of the materials. In fact, when envisaging TERM applica
tions, different challenges arise. The application specificities will 
determine key features of the ECM-derived product such as the type of 
scaffold, the processing technique, mechanical properties, degradabil
ity, biocompatibility and cytocompatibility, just to name a few. And the 
tuning of these features can depend on the extraction and decellulari
zation processes. Therefore, the application requirements must be pre
cisely determined so that the upstream processes are adjusted 
accordingly. But, once again, standardized protocols are the only way to 
efficiently implement this back-and-forth process where reproducibility 
is key. 

One common feature of ECM-based biomaterials that may be 
considered limiting in the context of TERM applications is the relatively 
weak mechanical properties of derived scaffolds. This is a limitation 
usually managed after extraction and decellularization, resorting to 
chemical crosslinkers that endow the final construct with improved 
mechanical properties. The required additional processing steps can be 
detrimental to the biocompatibility of the final scaffold since they usu
ally involve chemical modifications that impact properties of the bio
materials other than the mechanical. Reagents such as glutaraldehyde 
have excellent crosslinking efficiency but have been shown to induce 
cytotoxic effects in vitro and in vivo [297]. Therefore, the search for 
crosslinkers that are efficient without impacting the biocompatibility of 
the biomaterial is and will be an essential topic for the widespread 
application of ECM-derived biomaterials in TERM applications. The use 
of natural compounds derived from plants such as genipin or poliphe
nols as crosslinkers has shown to be promising in that regard [216,297] 
and therefore we believe that other natural compounds derived from 
earth or sea organisms [297,298] may be part of the solution for the 
crosslinking problem. 

While all the issues described above are important hurdles, ongoing 
research suggests they will be solved by the community in the short to 
medium term. New challenges will arise with more comprehensive 
preclinical and clinical testing of products based on ECM-derived bio
materials. Immunogenicity issues will for sure be among those chal
lenges [299]. We foresee that a closer interaction between clinicians and 
material scientists and biomedical engineers will be key to overcome 
them, as already acknowledged in the biomaterial field in general. 
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F. Plow, J.L. Degen, Leukocyte engagement of fibrin(ogen) via the integrin 

J. Noro et al.                                                                                                                                                                                                                                     

https://doi.org/10.1172/JCI117057
https://doi.org/10.1016/j.biomaterials.2007.06.025
https://doi.org/10.1016/j.biomaterials.2007.06.025
https://doi.org/10.1242/dev.119.4.1079
https://doi.org/10.1242/dev.119.4.1079
https://doi.org/10.1016/j.matbio.2005.06.008
https://doi.org/10.1016/j.matbio.2005.06.008
https://doi.org/10.1016/S0070-2153(06)75001-3
https://doi.org/10.1016/S0070-2153(06)75001-3
https://doi.org/10.1016/0092-8674(95)90184-1
https://doi.org/10.1016/0092-8674(95)90184-1
https://doi.org/10.1007/s10456-009-9136-6
https://doi.org/10.1161/CIRCULATIONAHA.118.034609
https://doi.org/10.1161/CIRCULATIONAHA.118.034609
https://doi.org/10.1007/s00395-013-0375-8
https://doi.org/10.1016/j.bbagen.2013.03.033
https://doi.org/10.1016/j.bbagen.2013.03.033
https://doi.org/10.1016/j.matbio.2005.05.006
https://doi.org/10.1016/j.matbio.2005.05.006
https://doi.org/10.1146/annurev-cellbio-101011-155750
https://doi.org/10.1146/annurev-cellbio-101011-155750
https://doi.org/10.1101/cshperspect.a004911
https://doi.org/10.1101/cshperspect.a004911
https://doi.org/10.1016/S1534-5807(03)00128-X
https://doi.org/10.1089/wound.2014.0533
https://doi.org/10.1016/j.yexcr.2014.05.012
https://doi.org/10.1093/hmg/ddh284
https://doi.org/10.1038/ng1095-216
https://doi.org/10.1007/s00439-004-1210-y
https://doi.org/10.1007/s00439-004-1210-y
https://doi.org/10.1016/B978-0-12-373600-0.00003-2
https://doi.org/10.1016/B978-0-12-373600-0.00003-2
https://doi.org/10.1016/B978-008045382-8.00132-5
https://doi.org/10.1016/B978-044451967-2/00043-X
https://doi.org/10.1016/B978-044451967-2/00043-X
https://doi.org/10.1016/B0-12-370879-6/00150-2
https://doi.org/10.1016/B0-12-370879-6/00150-2
https://doi.org/10.1016/B978-0-08-055294-1.00075-1
https://doi.org/10.1016/B978-0-08-055294-1.00075-1
https://doi.org/10.1021/cr010213m
https://doi.org/10.1021/cr010213m
https://doi.org/10.1136/thx.52.10.924
https://doi.org/10.1093/emboj/cdf638
https://doi.org/10.1093/emboj/cdf638
https://doi.org/10.1074/jbc.M105486200
https://doi.org/10.1016/j.chembiol.2004.11.020
https://doi.org/10.1074/jbc.M106479200
https://doi.org/10.1146/annurev.biochem.72.121801.161747
https://doi.org/10.1146/annurev.biochem.72.121801.161747
https://doi.org/10.1164/rccm.200205-449PP
https://doi.org/10.1164/rccm.200205-449PP
https://doi.org/10.1165/rcmb.2005-0256OC
https://doi.org/10.1046/j.1365-2796.1997.00173.x
https://doi.org/10.1046/j.1365-2796.1997.00173.x
https://doi.org/10.1186/1471-2148-6-60
https://doi.org/10.1186/1471-2148-6-60
https://doi.org/10.1016/j.biocel.2003.12.002
https://doi.org/10.1016/j.biocel.2003.12.002
https://doi.org/10.1016/j.matbio.2014.01.007
https://doi.org/10.1016/j.matbio.2014.01.007
http://refhub.elsevier.com/S2452-199X(24)00004-5/sref62
http://refhub.elsevier.com/S2452-199X(24)00004-5/sref62
http://refhub.elsevier.com/S2452-199X(24)00004-5/sref62
https://doi.org/10.1186/ar4105
https://doi.org/10.1111/j.1365-2559.2011.03977.x
https://doi.org/10.1155/2016/5214961
https://doi.org/10.3389/fcell.2019.00053
https://doi.org/10.3389/fcell.2019.00053
https://doi.org/10.1016/j.biocel.2010.06.004
https://doi.org/10.4161/19336918.2014.994893
https://doi.org/10.4161/19336918.2014.994893
https://doi.org/10.1016/j.mehy.2013.06.005
https://doi.org/10.1083/jcb.134.6.1499
https://doi.org/10.1083/jcb.134.6.1499
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1152/physrev.00036.2018
https://doi.org/10.1038/nature02976
https://doi.org/10.1146/annurev.cb.11.110195.003001
https://doi.org/10.1146/annurev.cb.11.110195.003001
https://doi.org/10.1242/jcs.019117
https://doi.org/10.1242/jcs.019117


Bioactive Materials 34 (2024) 494–519

515

receptor αMβ2/Mac-1 is critical for host inflammatory response in vivo, J. Clin. 
Invest. 113 (2004) 1596, https://doi.org/10.1172/JCI20741. 

[76] M. Kim, C.V. Carman, T.A. Springer, Bidirectional transmembrane signaling by 
cytoplasmic domain separation in integrins, Science (1979) 301, https://doi.org/ 
10.1126/science.1084174, 2003) 1720. 

[77] J.S. Desgrosellier, D.A. Cheresh, Integrins in cancer: biological implications and 
therapeutic opportunities, Nat. Rev. Cancer 10 (2010) 9, https://doi.org/ 
10.1038/nrc2748. 

[78] K.R. Levental, H. Yu, L. Kass, J.N. Lakins, M. Egeblad, J.T. Erler, S.F.T. Fong, 
K. Csiszar, A. Giaccia, W. Weninger, M. Yamauchi, D.L. Gasser, V.M. Weaver, 
Matrix crosslinking forces tumor progression by enhancing integrin signaling, 
Cell 139 (2009) 891, https://doi.org/10.1016/j.cell.2009.10.027. 

[79] A. Suzuki, A. Iwama, H. Miyashita, H. Nakauchi, H. Taniguchi, Role for growth 
factors and extracellular matrix in controlling differentiation of prospectively 
isolated hepatic stem cells, Development 130 (2003) 2513, https://doi.org/ 
10.1242/dev.00459. 

[80] Q. Chen, P. Sivakumar, C. Barley, D.M. Peters, R.R. Gomes, M.C. Farach-Carson, 
L. S, Dallas, potential role for heparan sulfate proteoglycans in regulation of 
transforming growth factor-β (TGF-β) by modulating assembly of latent TGF- 
β-binding protein-1, J. Biol. Chem. 282 (2007) 26418, https://doi.org/10.1074/ 
jbc.M703341200. 

[81] M. Nagel, E. Tahinci, K. Symes, R. Winklbauer, Guidance of mesoderm cell 
migration in the Xenopus gastrula requires PDGF signaling, Development 131 
(2004) 2727, https://doi.org/10.1242/dev.01141. 

[82] W. Bassiouni, M.A.M. Ali, R. Schulz, Multifunctional intracellular matrix 
metalloproteinases: implications in disease, FEBS J. 288 (2021) 7162, https://doi. 
org/10.1111/febs.15701. 

[83] H. Nagase, R. Visse, G. Murphy, Structure and function of matrix 
metalloproteinases and TIMPs, Cardiovasc. Res. 69 (2006) 562, https://doi.org/ 
10.1016/j.cardiores.2005.12.002. 

[84] G.A. Cabral-Pacheco, I. Garza-Veloz, C. Castruita-De la Rosa, J.M. Ramirez- 
Acuña, B.A. Perez-Romero, J.F. Guerrero-Rodriguez, N. Martinez-Avila, M. 
L. Martinez-Fierro, The roles of matrix metalloproteinases and their inhibitors in 
human diseases, Int. J. Mol. Sci. 21 (2020) 9739, https://doi.org/10.3390/ 
ijms21249739. 

[85] J.M. Wells, A. Gaggar, J.E. Blalock, MMP generated matrikines, Matrix Biol. 
44–46 (2015) 122, https://doi.org/10.1016/j.matbio.2015.01.016. 

[86] R.P. Iyer, N.L. Patterson, G.B. Fields, M.L. Lindsey, The history of matrix 
metalloproteinases: milestones, myths, and misperceptions, Am. J. Physiol. Heart 
Circ. Physiol. 303 (2012) H919, https://doi.org/10.1152/ajpheart.00577.2012. 

[87] J. Hu, P.E. Van den Steen, Q.-X.A. Sang, G. Opdenakker, Matrix metalloproteinase 
inhibitors as therapy for inflammatory and vascular diseases, Nat. Rev. Drug 
Discov. 6 (2007) 480, https://doi.org/10.1038/nrd2308. 
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M. Burkacki, W. Wolański, Evaluation of the impact of decellularization and 
sterilization on tensile strength transgenic porcinedermal dressings, Acta Bioeng. 
Biomech. 21 (2019) 87. 

[112] S. Rahman, M. Griffin, A. Naik, M. Szarko, P.E.M. Butler, Optimising the 
decellularization of human elastic cartilage with trypsin for future use in ear 
reconstruction, Sci. Rep. 8 (2018) 3097, https://doi.org/10.1038/s41598-018- 
20592-x. 

[113] A. Neishabouri, A. Soltani Khaboushan, F. Daghigh, A.-M. Kajbafzadeh, M. Majidi 
Zolbin, Decellularization in tissue engineering and regenerative medicine: 
evaluation, modification, and application methods, Front. Bioeng. Biotechnol. 10 
(2022), https://doi.org/10.3389/fbioe.2022.805299. 

[114] P.M. Crapo, T.W. Gilbert, S.F. Badylak, An overview of tissue and whole organ 
decellularization processes, Biomaterials 32 (2011) 3233, https://doi.org/ 
10.1016/j.biomaterials.2011.01.057. 

[115] B. Gzik-Zroska, K. Joszko, W. Wolański, S. Suchoń, M. Burkacki, M. Ples, 
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A. Pellicer, H. Ferrero, I. Cervelló, A natural xenogeneic endometrial extracellular 
matrix hydrogel toward improving current human in vitro models and future in 
vivo applications, Front. Bioeng. Biotechnol. 9 (2021), https://doi.org/10.3389/ 
fbioe.2021.639688. 

[252] T.-H. Yu, T.-T. Yeh, C.-Y. Su, N.-Y. Yu, I.-C. Chen, H.-W. Fang, Preparation and 
characterization of extracellular matrix hydrogels derived from acellular cartilage 
tissue, J. Funct. Biomater. 13 (2022) 279, https://doi.org/10.3390/jfb13040279. 

[253] Q. Zhou, V.H. Guaiquil, M. Wong, A. Escobar, E. Ivakhnitskaia, G. Yazdanpanah, 
H. Jing, M. Sun, J. Sarkar, Y. Luo, M.I. Rosenblatt, Hydrogels derived from 
acellular porcine corneal stroma enhance corneal wound healing, Acta Biomater. 
134 (2021) 177, https://doi.org/10.1016/j.actbio.2021.08.011. 

[254] F. Wang, R. Zhang, N. Gao, C. Chang, Z. Wang, Y. Zhou, C. Zhang, J. Ma, Y. Jin, 
P. Wei, J. Mei, Coagulation/anticoagulation-regulable and tough extracellular 
matrix hydrogels, Compos. B Eng. 239 (2022) 109938, https://doi.org/10.1016/ 
j.compositesb.2022.109938. 

[255] Y. Seo, K. Song, Y. Kim, J. Park, Wound healing effect of acellular artificial dermis 
containing extracellular matrix secreted by human skin fibroblasts, Artif. Organs 
31 (2007) 509, https://doi.org/10.1111/j.1525-1594.2007.00417.x. 

[256] A. Arslan-Yildiz, R. El Assal, P. Chen, S. Guven, F. Inci, U. Demirci, Towards 
artificial tissue models: past, present, and future of 3D bioprinting, Biofabrication 
8 (2016) 014103, https://doi.org/10.1088/1758-5090/8/1/014103. 

[257] I. Matai, G. Kaur, A. Seyedsalehi, A. McClinton, C.T. Laurencin, Progress in 3D 
bioprinting technology for tissue/organ regenerative engineering, Biomaterials 
226 (2020) 119536, https://doi.org/10.1016/j.biomaterials.2019.119536. 

J. Noro et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.eml.2020.101031
https://doi.org/10.1016/j.eml.2020.101031
https://doi.org/10.1016/j.actbio.2022.07.035
https://doi.org/10.1002/jcp.25420
https://doi.org/10.1038/s41598-019-47059-x
https://doi.org/10.1038/nrm1858
https://doi.org/10.1155/2016/6397820
https://doi.org/10.1016/j.matt.2022.09.020
https://doi.org/10.1016/j.matt.2022.09.020
https://doi.org/10.1002/adfm.201700427
https://doi.org/10.1021/acsbiomaterials.7b00601
https://doi.org/10.1371/journal.pone.0145080
https://doi.org/10.1371/journal.pone.0145080
https://doi.org/10.1039/c3ib40023a
https://doi.org/10.1016/j.carbpol.2020.116914
https://doi.org/10.1016/j.biomaterials.2014.10.012
https://doi.org/10.1016/j.biomaterials.2014.10.012
https://doi.org/10.1016/j.biomaterials.2016.10.026
https://doi.org/10.1016/j.biomaterials.2016.10.026
https://doi.org/10.3390/ijms22062886
https://doi.org/10.3390/ijms22062886
https://doi.org/10.3390/ijms222212560
https://doi.org/10.1016/j.msec.2019.110415
https://doi.org/10.1073/pnas.1019506108
https://doi.org/10.1016/j.biomaterials.2012.09.015
https://doi.org/10.1016/j.biomaterials.2012.09.015
https://doi.org/10.1016/j.mtbio.2023.100725
https://doi.org/10.1016/j.biomaterials.2010.05.019
https://doi.org/10.1016/j.biomaterials.2010.05.019
https://doi.org/10.1039/D1TB00314C
https://doi.org/10.1016/j.biomaterials.2016.02.040
https://doi.org/10.1016/j.ymeth.2019.06.027
https://doi.org/10.1016/j.ymeth.2019.06.027
https://doi.org/10.3389/fbioe.2016.00052
https://doi.org/10.1016/j.biomaterials.2011.02.029
https://doi.org/10.1016/j.biomaterials.2011.02.029
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1016/j.msec.2015.07.053
https://doi.org/10.2217/nnm.10.12
https://doi.org/10.2217/nnm.10.12
https://doi.org/10.1016/j.actbio.2018.04.003
https://doi.org/10.1016/j.actbio.2018.04.003
https://doi.org/10.1016/j.jconrel.2009.05.034
https://doi.org/10.1016/j.jconrel.2009.05.034
https://doi.org/10.1016/j.biomaterials.2007.12.014
https://doi.org/10.1016/j.biomaterials.2007.12.014
https://doi.org/10.3390/ijms222111624
https://doi.org/10.3390/ijms222111624
https://doi.org/10.1016/j.actbio.2017.04.014
https://doi.org/10.1002/term.2594
https://doi.org/10.1002/term.2594
https://doi.org/10.1177/0963689717714090
https://doi.org/10.1016/j.jacbts.2019.07.012
https://doi.org/10.1016/j.jacbts.2019.07.012
https://doi.org/10.3389/fbioe.2021.639688
https://doi.org/10.3389/fbioe.2021.639688
https://doi.org/10.3390/jfb13040279
https://doi.org/10.1016/j.actbio.2021.08.011
https://doi.org/10.1016/j.compositesb.2022.109938
https://doi.org/10.1016/j.compositesb.2022.109938
https://doi.org/10.1111/j.1525-1594.2007.00417.x
https://doi.org/10.1088/1758-5090/8/1/014103
https://doi.org/10.1016/j.biomaterials.2019.119536


Bioactive Materials 34 (2024) 494–519

519

[258] S. Vanaei, M.S. Parizi, S. Vanaei, F. Salemizadehparizi, H.R. Vanaei, An overview 
on materials and techniques in 3D bioprinting toward biomedical application, 
Engineered Regeneration 2 (2021) 1, https://doi.org/10.1016/j. 
engreg.2020.12.001. 

[259] G. Turnbull, J. Clarke, F. Picard, W. Zhang, P. Riches, B. Li, W. Shu, 3D 
biofabrication for soft tissue and cartilage engineering, Med. Eng. Phys. 82 (2020) 
13, https://doi.org/10.1016/j.medengphy.2020.06.003. 

[260] C.-Y. Zhang, C.-P. Fu, X.-Y. Li, X.-C. Lu, L.-G. Hu, R.K. Kankala, S.-B. Wang, A.- 
Z. Chen, Three-Dimensional bioprinting of decellularized extracellular matrix- 
based bioinks for tissue engineering, Molecules 27 (2022) 3442, https://doi.org/ 
10.3390/molecules27113442. 

[261] A. Munaz, R.K. Vadivelu, J. St John, M. Barton, H. Kamble, N.-T. Nguyen, Three- 
dimensional printing of biological matters, J. Sci.: Advanced Materials and 
Devices 1 (2016) 1, https://doi.org/10.1016/j.jsamd.2016.04.001. 

[262] H. Gudapati, M. Dey, I. Ozbolat, A comprehensive review on droplet-based 
bioprinting: past, present and future, Biomaterials 102 (2016) 20, https://doi. 
org/10.1016/j.biomaterials.2016.06.012. 

[263] S. Baiguera, C. Del Gaudio, P. Di Nardo, V. Manzari, F. Carotenuto, L. Teodori, 3D 
printing decellularized extracellular matrix to design biomimetic scaffolds for 
skeletal muscle tissue engineering, BioMed Res. Int. 2020 (2020) 1, https://doi. 
org/10.1155/2020/2689701. 

[264] P.S. Gungor-Ozkerim, I. Inci, Y.S. Zhang, A. Khademhosseini, M.R. Dokmeci, 
Bioinks for 3D bioprinting: an overview, Biomater. Sci. 6 (2018) 915, https://doi. 
org/10.1039/C7BM00765E. 

[265] F. Pati, J. Jang, D.-H. Ha, S. Won Kim, J.-W. Rhie, J.-H. Shim, D.-H. Kim, D.- 
W. Cho, Printing three-dimensional tissue analogues with decellularized 
extracellular matrix bioink, Nat. Commun. 5 (2014) 3935, https://doi.org/ 
10.1038/ncomms4935. 

[266] G. Ahn, K.-H. Min, C. Kim, J.-S. Lee, D. Kang, J.-Y. Won, D.-W. Cho, J.-Y. Kim, 
S. Jin, W.-S. Yun, J.-H. Shim, Precise stacking of decellularized extracellular 
matrix based 3D cell-laden constructs by a 3D cell printing system equipped with 
heating modules, Sci. Rep. 7 (2017) 8624, https://doi.org/10.1038/s41598-017- 
09201-5. 

[267] B.S. Kim, Y.W. Kwon, J.-S. Kong, G.T. Park, G. Gao, W. Han, M.-B. Kim, H. Lee, J. 
H. Kim, D.-W. Cho, 3D cell printing of in vitro stabilized skin model and in vivo 
pre-vascularized skin patch using tissue-specific extracellular matrix bioink: a 
step towards advanced skin tissue engineering, Biomaterials 168 (2018) 38, 
https://doi.org/10.1016/j.biomaterials.2018.03.040. 

[268] I. Almendros, J. Otero, B. Falcones, E. Marhuenda, D. Navajas, R. Farre, Lung 
extracellular matrix hydrogel for 3D bioprinting of lung mesenchymal stem cells, 
in: Mechanisms of Lung Injury and Repair, European Respiratory Society, 2019, 
p. PA3859, https://doi.org/10.1183/13993003.congress-2019.PA3859. 

[269] S. Chae, Y.-J. Choi, D.-W. Cho, Mechanically and biologically promoted cell-laden 
constructs generated using tissue-specific bioinks for tendon/ligament tissue 
engineering applications, Biofabrication 14 (2022) 025013, https://doi.org/ 
10.1088/1758-5090/ac4fb6. 

[270] S. Das, S.-W. Kim, Y.-J. Choi, S. Lee, S.-H. Lee, J.-S. Kong, H.-J. Park, D.-W. Cho, 
J. Jang, Decellularized extracellular matrix bioinks and the external stimuli to 
enhance cardiac tissue development in vitro, Acta Biomater. 95 (2019) 188, 
https://doi.org/10.1016/j.actbio.2019.04.026. 

[271] V. Khati, H. Ramachandraiah, F. Pati, H.A. Svahn, G. Gaudenzi, A. Russom, 3D 
bioprinting of multi-material decellularized liver matrix hydrogel at physiological 
temperatures, Biosensors 12 (2022) 521, https://doi.org/10.3390/bios12070521. 

[272] F. Pati, D.-H. Ha, J. Jang, H.H. Han, J.-W. Rhie, D.-W. Cho, Biomimetic 3D tissue 
printing for soft tissue regeneration, Biomaterials 62 (2015) 164, https://doi.org/ 
10.1016/j.biomaterials.2015.05.043. 

[273] J. Kim, G. Ahn, C. Kim, J. Lee, I. Lee, S. An, W. Yun, S. Kim, J. Shim, Synergistic 
effects of beta tri-calcium phosphate and porcine-derived decellularized bone 
extracellular matrix in 3D-printed polycaprolactone scaffold on bone 
regeneration, Macromol. Biosci. 18 (2018), https://doi.org/10.1002/ 
mabi.201800025. 

[274] Y.-J. Choi, T.G. Kim, J. Jeong, H.-G. Yi, J.W. Park, W. Hwang, D.-W. Cho, 3D cell 
printing of functional skeletal muscle constructs using skeletal muscle-derived 
bioink, Adv. Healthcare Mater. 5 (2016) 2636, https://doi.org/10.1002/ 
adhm.201600483. 

[275] R. Sobreiro-Almeida, D.R. Fonseca, N.M. Neves, Extracellular matrix electrospun 
membranes for mimicking natural renal filtration barriers, Mater. Sci. Eng. C 103 
(2019) 109866, https://doi.org/10.1016/j.msec.2019.109866. 

[276] J. Xue, T. Wu, Y. Dai, Y. Xia, Electrospinning and electrospun nanofibers: 
methods, materials, and applications, Chem. Rev. 119 (2019) 5298, https://doi. 
org/10.1021/acs.chemrev.8b00593. 

[277] W. Teo, W. He, S. Ramakrishna, Electrospun scaffold tailored for tissue-specific 
extracellular matrix, Biotechnol. J. 1 (2006) 918, https://doi.org/10.1002/ 
biot.200600044. 

[278] A. Koski, K. Yim, S. Shivkumar, Effect of molecular weight on fibrous PVA 
produced by electrospinning, Mater. Lett. 58 (2004) 493, https://doi.org/ 
10.1016/S0167-577X(03)00532-9. 

[279] A.K. Haghi, M. Akbari, Trends in electrospinning of natural nanofibers, Phys. 
Status Solidi 204 (2007) 1830, https://doi.org/10.1002/pssa.200675301. 

[280] S. De Vrieze, T. Van Camp, A. Nelvig, B. Hagström, P. Westbroek, K. De Clerck, 
The effect of temperature and humidity on electrospinning, J. Mater. Sci. 44 
(2009) 1357, https://doi.org/10.1007/s10853-008-3010-6. 

[281] J. Xue, J. Xie, W. Liu, Y. Xia, Electrospun nanofibers: new concepts, materials, and 
applications, Acc. Chem. Res. 50 (2017) 1976, https://doi.org/10.1021/acs. 
accounts.7b00218. 

[282] S.N. Kalva, R. Augustine, A. Al Mamun, Y.B. Dalvi, N. Vijay, A. Hasan, Active 
agents loaded extracellular matrix mimetic electrospun membranes for wound 
healing applications, J. Drug Deliv. Sci. Technol. 63 (2021) 102500, https://doi. 
org/10.1016/j.jddst.2021.102500. 

[283] R. Deng, Z. Luo, Z. Rao, Z. Lin, S. Chen, J. Zhou, Q. Zhu, X. Liu, Y. Bai, D. Quan, 
Decellularized extracellular matrix containing electrospun fibers for nerve 
regeneration: a comparison between core–shell structured and preblended 
composites, Advanced Fiber Materials 4 (2022) 503, https://doi.org/10.1007/ 
s42765-021-00124-5. 

[284] W. Chen, Y. Xu, Y. Li, L. Jia, X. Mo, G. Jiang, G. Zhou, 3D printing electrospinning 
fiber-reinforced decellularized extracellular matrix for cartilage regeneration, 
Chem. Eng. J. 382 (2020) 122986, https://doi.org/10.1016/j.cej.2019.122986. 

[285] R. Grant, J. Hallett, S. Forbes, D. Hay, A. Callanan, Blended electrospinning with 
human liver extracellular matrix for engineering new hepatic microenvironments, 
Sci. Rep. 9 (2019) 6293, https://doi.org/10.1038/s41598-019-42627-7. 

[286] S. Chen, Z. Du, J. Zou, S. Qiu, Z. Rao, S. Liu, X. Sun, Y. Xu, Q. Zhu, X. Liu, H.- 
Q. Mao, Y. Bai, D. Quan, Promoting neurite growth and schwann cell migration 
by the harnessing decellularized nerve matrix onto nanofibrous guidance, ACS 
Appl. Mater. Interfaces 11 (2019) 17167, https://doi.org/10.1021/ 
acsami.9b01066. 

[287] X. Liu, J.M. Holzwarth, P.X. Ma, Functionalized synthetic biodegradable polymer 
scaffolds for tissue engineering, Macromol. Biosci. 12 (2012) 911, https://doi. 
org/10.1002/mabi.201100466. 

[288] N. Nikmaram, S. Roohinejad, S. Hashemi, M. Koubaa, F.J. Barba, 
A. Abbaspourrad, R. Greiner, Emulsion-based systems for fabrication of 
electrospun nanofibers: food, pharmaceutical and biomedical applications, RSC 
Adv. 7 (2017) 28951, https://doi.org/10.1039/C7RA00179G. 

[289] E. Biazar, M. Kamalvand, F. Avani, Recent advances in surface modification of 
biopolymeric nanofibrous scaffolds, International Journal of Polymeric Materials 
and Polymeric Biomaterials 71 (2022) 493, https://doi.org/10.1080/ 
00914037.2020.1857383. 

[290] B. Niemczyk-Soczynska, A. Gradys, P. Sajkiewicz, Hydrophilic surface 
functionalization of electrospun nanofibrous scaffolds in tissue engineering, 
Polymers 12 (2020) 2636, https://doi.org/10.3390/polym12112636. 

[291] A.K. Elyaderani, M. del C. De Lama-Odría, L.J. del Valle, J. Puiggalí, 
Multifunctional scaffolds based on emulsion and coaxial electrospinning 
incorporation of hydroxyapatite for bone tissue regeneration, Int. J. Mol. Sci. 23 
(2022) 15016, https://doi.org/10.3390/ijms232315016. 

[292] M.T. Wolf, K.A. Daly, E.P. Brennan-Pierce, S.A. Johnson, C.A. Carruthers, 
A. D’Amore, S.P. Nagarkar, S.S. Velankar, S.F. Badylak, A hydrogel derived from 
decellularized dermal extracellular matrix, Biomaterials 33 (2012) 7028, https:// 
doi.org/10.1016/j.biomaterials.2012.06.051. 

[293] H. Kim, B. Kang, X. Cui, S. Lee, K. Lee, D. Cho, W. Hwang, T.B.F. Woodfield, K. 
S. Lim, J. Jang, Light-activated decellularized extracellular matrix-based bioinks 
for volumetric tissue analogs at the centimeter scale, Adv. Funct. Mater. 31 
(2021), https://doi.org/10.1002/adfm.202011252. 

[294] D.O. Visscher, H. Lee, P.P.M. van Zuijlen, M.N. Helder, A. Atala, J.J. Yoo, S.J. Lee, 
A photo-crosslinkable cartilage-derived extracellular matrix bioink for auricular 
cartilage tissue engineering, Acta Biomater. 121 (2021) 193, https://doi.org/ 
10.1016/j.actbio.2020.11.029. 

[295] L. Elomaa, E. Keshi, I.M. Sauer, M. Weinhart, Development of GelMA/PCL and 
dECM/PCL resins for 3D printing of acellular in vitro tissue scaffolds by 
stereolithography, Mater. Sci. Eng. C 112 (2020) 110958, https://doi.org/ 
10.1016/j.msec.2020.110958. 

[296] A. Biehl, A.M. Gracioso Martins, Z.G. Davis, D. Sze, L. Collins, C. Mora-Navarro, 
M.B. Fisher, D.O. Freytes, Towards a standardized multi-tissue decellularization 
protocol for the derivation of extracellular matrix materials, Biomater. Sci. 11 
(2023) 641, https://doi.org/10.1039/D2BM01012G. 

[297] S. Qiao, T. Peijie, J. Nan, Crosslinking strategies of decellularized extracellular 
matrix in tissue regeneration, J. Biomed. Mater. Res. (2023), https://doi.org/ 
10.1002/jbm.a.37650. 

[298] M. Sugumaran, J.J. Evans, Catecholamine derivatives as novel crosslinkers for the 
synthesis of versatile biopolymers, J. Funct. Biomater. 14 (2023) 449, https://doi. 
org/10.3390/jfb14090449. 

[299] M. Kasravi, A. Ahmadi, A. Babajani, R. Mazloomnejad, M.R. Hatamnejad, 
S. Shariatzadeh, S. Bahrami, H. Niknejad, Immunogenicity of decellularized 
extracellular matrix scaffolds: a bottleneck in tissue engineering and regenerative 
medicine, Biomater. Res. 27 (2023) 10, https://doi.org/10.1186/s40824-023- 
00348-z. 

J. Noro et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.engreg.2020.12.001
https://doi.org/10.1016/j.engreg.2020.12.001
https://doi.org/10.1016/j.medengphy.2020.06.003
https://doi.org/10.3390/molecules27113442
https://doi.org/10.3390/molecules27113442
https://doi.org/10.1016/j.jsamd.2016.04.001
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1155/2020/2689701
https://doi.org/10.1155/2020/2689701
https://doi.org/10.1039/C7BM00765E
https://doi.org/10.1039/C7BM00765E
https://doi.org/10.1038/ncomms4935
https://doi.org/10.1038/ncomms4935
https://doi.org/10.1038/s41598-017-09201-5
https://doi.org/10.1038/s41598-017-09201-5
https://doi.org/10.1016/j.biomaterials.2018.03.040
https://doi.org/10.1183/13993003.congress-2019.PA3859
https://doi.org/10.1088/1758-5090/ac4fb6
https://doi.org/10.1088/1758-5090/ac4fb6
https://doi.org/10.1016/j.actbio.2019.04.026
https://doi.org/10.3390/bios12070521
https://doi.org/10.1016/j.biomaterials.2015.05.043
https://doi.org/10.1016/j.biomaterials.2015.05.043
https://doi.org/10.1002/mabi.201800025
https://doi.org/10.1002/mabi.201800025
https://doi.org/10.1002/adhm.201600483
https://doi.org/10.1002/adhm.201600483
https://doi.org/10.1016/j.msec.2019.109866
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1021/acs.chemrev.8b00593
https://doi.org/10.1002/biot.200600044
https://doi.org/10.1002/biot.200600044
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1002/pssa.200675301
https://doi.org/10.1007/s10853-008-3010-6
https://doi.org/10.1021/acs.accounts.7b00218
https://doi.org/10.1021/acs.accounts.7b00218
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1007/s42765-021-00124-5
https://doi.org/10.1007/s42765-021-00124-5
https://doi.org/10.1016/j.cej.2019.122986
https://doi.org/10.1038/s41598-019-42627-7
https://doi.org/10.1021/acsami.9b01066
https://doi.org/10.1021/acsami.9b01066
https://doi.org/10.1002/mabi.201100466
https://doi.org/10.1002/mabi.201100466
https://doi.org/10.1039/C7RA00179G
https://doi.org/10.1080/00914037.2020.1857383
https://doi.org/10.1080/00914037.2020.1857383
https://doi.org/10.3390/polym12112636
https://doi.org/10.3390/ijms232315016
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1002/adfm.202011252
https://doi.org/10.1016/j.actbio.2020.11.029
https://doi.org/10.1016/j.actbio.2020.11.029
https://doi.org/10.1016/j.msec.2020.110958
https://doi.org/10.1016/j.msec.2020.110958
https://doi.org/10.1039/D2BM01012G
https://doi.org/10.1002/jbm.a.37650
https://doi.org/10.1002/jbm.a.37650
https://doi.org/10.3390/jfb14090449
https://doi.org/10.3390/jfb14090449
https://doi.org/10.1186/s40824-023-00348-z
https://doi.org/10.1186/s40824-023-00348-z

	Extracellular matrix-derived materials for tissue engineering and regenerative medicine: A journey from isolation to charac ...
	1 Introduction
	2 ECM components and the modulation of cellular functions
	2.1 Collagen
	2.2 Elastin
	2.3 Fibronectin
	2.4 Laminins
	2.5 Glycosaminoglycans
	2.6 Tenascins
	2.7 Other components
	2.7.1 Integrins
	2.7.2 Growth factors
	2.7.3 Matrix metalloproteinases


	3 Isolation and decellularization of ECM
	3.1 From tissue/organs
	3.2 From cell culture

	4 ECM characterization methods
	4.1 Chemical, biochemical, and structural characterization
	4.1.1 SDS-PAGE and western blot
	4.1.2 Colorimetric assays
	4.1.3 Histology
	4.1.4 FTIR and Raman spectroscopy
	4.1.5 Mass spectrometry
	4.1.5.1 Mass spectrometry imaging (MSI)

	4.1.6 Circular dichroism

	4.2 Physical characterization
	4.2.1 Differential scanning calorimetry
	4.2.2 Rheology

	4.3 Morphological characterization
	4.3.1 SEM
	4.3.2 TEM
	4.3.3 AFM

	4.4 Biological characterization
	4.4.1 In vitro and in vivo testing


	5 TERM applications of ECM-derived components
	5.1 Hydrogels
	5.2 3D bioprinted scaffolds
	5.3 Electrospinning

	6 Final remarks
	Ethic approval
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


