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Abstract: Tissues and organs are not composed of solely cellular components; instead, they converge
with an extracellular matrix (ECM). The composition and function of the ECM differ depending
on tissue types. The ECM provides a microenvironment that is essential for cellular functionality
and regulation. However, during aging, the ECM undergoes significant changes along with the
cellular components. The ECM constituents are over- or down-expressed, degraded, and deformed
in senescence cells. ECM aging contributes to tissue dysfunction and failure of stem cell maintenance.
Aging is the primary risk factor for prevalent diseases, and ECM aging is directly or indirectly
correlated to it. Hence, rejuvenation strategies are necessitated to treat various age-associated
symptoms. Recent rejuvenation strategies focus on the ECM as the basic biomaterial for regenerative
therapies, such as tissue engineering. Modified and decellularized ECMs can be used to substitute
aged ECMs and cell niches for culturing engineered tissues. Various tissue engineering approaches,
including three-dimensional bioprinting, enable cell delivery and the fabrication of transplantable
engineered tissues by employing ECM-based biomaterials.

Keywords: extracellular matrix; aging; tissue dysfunction; age associated diseases; biomaterial; cell
delivery; tissue engineering; 3D bioprinting; regenerative medicine

1. Introduction

The extracellular matrix (ECM) is an essential non-cellular component of the body that
is present in all tissues and organs [1]. The ECM organizes large fibrillar three-dimensional
(3D) networks composed of glycosaminoglycans (GAGs) and various types of proteins such
as collagen, fibronectin, elastin, and laminin. Among the numerous constituents of the ECM,
fibrous proteins (i.e., collagen and elastin), adhesive glycoproteins (fibronectin and laminin),
and glycosaminoglycans (i.e., hyaluronic acid) are recognized as the main components [2].
Although the compositions differ based on the type of tissue, type I and II collagen are the
primary constituents and are associated with other ECM constituents [3]. The ECM offers
biophysical, biochemical, and biomechanical cues for cellular components. Furthermore, it
provides structural support, functions as an adhesive substrate, presents growth factors
to its receptors, sequesters, stores growth factors, senses, and transduces mechanical
signals [4,5]. Furthermore, the ECM is involved in regulating several cellular functions,
such as survival, adhesion, migration, proliferation, differentiation, and supporting cells
for binding [4,6].

The ECM undergoes changes in the aging cell. The ECM is degraded and deformed,
whereas the expression of ECM components is up or downregulated [7]. As the ECM
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provides a microenvironment for cells, alterations in the ECM may affect cellular function-
alities. Abnormal changes in the ECM contribute to alterations in pathological conditions,
and stem or progenitor cells fail to proceed with normal regeneration [8]. Hence, regener-
ation strategies must be applied to overcome age-associated dysfunctions and disorders.
Currently, ECM-based biomaterials are prominently utilized in regenerative therapies
owing to their high biocompatibility and biomimetic properties. ECM-based biomaterials
can be employed in relatively simple applications (i.e., injectable fillers) to complicate bio-
fabrication methods (i.e., bioink). Owing to the injectability and biomimetic characteristics
of ECM-based materials, more detailed biomimicking engineering is now feasible. Among
the latest biofabrication technologies, 3D bioprinting technology that adopts biomaterials
as bioinks has been highlighted [9].

Herein, we describe the aging and rejuvenation within the framework of ECM. The
functions of the ECM components, changes in the ECM with aging, age-related disorders,
and rejuvenating strategies are introduced in the following sections. The ECM is mentioned
in every section of this article to emphasize its importance in both understanding the
aging process and developing regeneration strategies. We discuss current rejuvenating
approaches using ECM-based biomaterials and biofabrication methods used in the past
five years to facilitate the further development of ECM-based materials such that issues in
the field of tissue engineering can be solved.

2. Changes in ECM Components with Aging

Tissues and organs undergo physical and physiological changes during aging, and
the aging process varies depending on the tissue and its components. Not only cellular
components but also non-cellular components such as ECM [8,10] undergo aging (Table 1).
The ECM undergoes constant regulation through deposition, modification, and degrada-
tion, primarily via matrix metalloproteinases (MMPs) in normal tissues. However, at the
senescence stage, changes occur in both the ECM components and enzymes. The roles and
alterations of some abundant and important ECM components, including collagen, are
partially known; however, not every ECM component has been investigated in terms of
their specific functions and aging process [7].

2.1. Collagen

Collagen is one of the most abundant proteins in the human body. More than 28 dif-
ferent types of collagen exist, and the ratio varies for different tissues. Collagen primarily
provides structural properties and resilience to tissues. Typically, collagen constitutes a
significant portion of the ECM, and in the dermis, collagen is a major component, constitut-
ing up to 75% of the total composition [11]. However, aging cells fail to regulate collagen
synthesis, resulting in changes in the amount and ratio of collagen. Aging modulates
the expression of collagen differently, and several types of collagen in various tissues are
down- or upregulated depending on the circumstances [12–14]. In some cases, collagen is
overexpressed with aging, inducing fibrosis [15]. It has been reported the expression of
collagen IV increased in age-related neural disorders [16]. Meanwhile, the downregulation
of collagen due to degradation has been observed in the senescence path [17]. Addition-
ally, collagens undergo modifications (i.e., mineralization and accumulation of advanced
glycation end-products), and these modifications affect the susceptibility of collagens to
MMP-mediated degradation [18].

2.2. Fibronectin

Fibronectin is an abundant glycoprotein that is essential for ECM assembly. Fibronectin
can bind various ECM molecules such as collagen I and III, gelatin, thrombospondin, and
heparin [19]. Fibronectin typically functions through interactions with the ECM network.
Fibronectin mediates cellular activities by binding to integrin or syndecan receptors on
the cell surface [20]. The gene expression of fibronectin is downregulated with collagen
in senescent hepatic stellate cells [21]. Meanwhile, fibronectin expression increases in
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aortic endothelial cells in vivo with the age of donors [22]. Furthermore, the expression
of fibronectin increases in patients with Alzheimer’s disease [16]. Increased fibronectin
mRNA accumulation has been observed in in vitro cellular senescence [23]. Both the
downregulation and upregulation of fibronectin were indicated in senescent cells.

2.3. Elastin

Elastin is a fibrous self-assembling protein that contributes significantly to the me-
chanical strength, elasticity, firmness, and suppleness of tissues. Elastin facilitates the
appropriate functioning of organs and is present in almost all connective tissues [24]. The
primary age-dependent change in elastin is degradation. The expression levels of elastin-
degrading enzymes (i.e., cathepsins and elastase) increase with aging [25,26]. Age-related
destruction of the elastin fiber structure has been investigated in the skin and artery [25,27].
It was reported that aging affects the structural and mechanical properties of elastic fibers,
resulting in the fragmentation and structural reorganization of elastin [27,28].

2.4. Laminin

Laminin is a large heterotrimeric glycoprotein that is integral to the basement mem-
brane. Laminin is a major component of the basal lamina; it is one of the layers of the
basement membrane and contributes significantly to the lamina’s structure. Laminins aid
mediating processes such as cell differentiation, proliferation, adhesion, migration, and
tissue maintenance based on receptor- and matrix-binding properties [29]. Some laminins
have been reported to be upregulated in some aging tissues, particularly in diabetic base-
ment membranes [30]. A recent study demonstrated that decreased laminin production
is an early indicator of an aging lung [31]. Another recent study reported that the loss
of laminin-α4 results in non-progressive impaired neurotransmissions and premature
morphological alterations typically associated with an aging neuromuscular junction [32].

2.5. Hyaluronic Acid

Hyaluronic acid (HA) is a substantial GAG component that comprises glucuronic acid
and hyaluronan. HA exhibits the unique characteristic of water binding, thereby allowing
it to preserve a large amount of moisture, which is important for tissue hydration [33,34].
HA contributes significantly to the structure and organization of the ECM. However,
during aging, the elasticity, turgidity, and mechanical strength of HA deteriorate [35].
Age-induced deterioration, which is relevant to symptoms of aged skin such as wrinkles,
has been observed in the skin [34]. The decline in both the total mass and polymer size
was investigated in aging skin [36]. Furthermore, the water-binding capacity decreased as
senescence progressed [37]. The level of HA decreased in the lamina propria with age [38].

Table 1. Features of senescence-related extracellular matrix (ECM) components.

Component Functions and Properties
ECM-Aging Related Changes

Expression Features

Collagen

- Provides structural properties
and resilience to tissues [11]

- More than 28 types of collagen
exist [11]

↑
- Fibrosis [15]
- Age-related neural disorders [16]

↓

- Undergo modifications such as
minimization and accumulation of
advanced glycation end-products [18]

- MMP-mediated degradation [18]
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Table 1. Cont.

Component Functions and Properties
ECM-Aging Related Changes

Expression Features

Fibronectin

- Binds to ECM molecules [19]
- Interactions with the ECM

network [20]
- Mediates cellular activities by

binding with receptors [20]

↑
- In aortic endothelial cells [22]
- In patients with Alzheimer’s

disease [16]

↓ - In senescent hepatic stellate cells [21]

Elastin

- Provides mechanical strength,
elasticity, firmness, and
suppleness to tissues [24]

- Exists in almost all connective
tissues [24]

↓

- Destruction of elastin fiber
structure [25,27]

- Fragmentation and structural
reorganization of elastin [27,28]

Laminin

- Major component of the basal
lamina [29]

- Aid mediating processes based on
receptor- and matrix-binding
properties [29]

↑ - In diabetic basement membrane [30]

↓

- In an aging lung [31]
- Non-progressive impaired

neurotransmissions and premature
morphological alterations [32]

Hyaluronic acid

- Water binding characteristics for
tissue hydration [33]

- Provides structure and
organizations of the ECM [35]

↓

- Decline in the total mass and polymer
size in aging skin [36]

- Decrease in the water-binding
capacity [37]

3. Influence of Age-Related Changes of ECM on Tissues

Changes in the ECM during aging not only result in cellular senescence but also affect
tissue dysfunction. Aging is characterized by reduced tissue function and regenerative
capacity [39]. During cellular senescence, the ECM and ECM-related components undergo
abnormal regulation and remodeling. The mechanisms underlying these abnormalities
and cell behavior have not yet been elucidated at the molecular level; however, it is
certain that such defect changes in the ECM dynamics affect cell and tissue functions [40].
Age-related changes in the ECM mediate cell proliferation, differentiation, inflammation,
and apoptosis. Furthermore, it affects the recruitment, differentiation, and functional
integration of stem- and tissue-specific progenitor cells [8]. As the strict regulation of ECM
synthesis and remodeling is directly associated with healthy tissue conditions, alterations
in ECM remodeling can affect the course and progression of several other pathological
conditions, including fibrosis, disorders, and cancers [2]. A recent study revealed that the
ECM compositions of young, adult, and aged tissues are different and that the ECM age
significantly affects the proliferative ability, maturity, and stress response of cells. Aging
cues, which accelerate the aging process, are presented from aged ECM on an in vitro test
platform [41]. The major alterations in tissues related to the ECM during aging, which
are described in detail in the subsections below, are mass loss, moisture loss, fibrosis, and
dysfunction.

3.1. Mass Loss

The regenerative function of most tissues declines with age, and mass loss occurs in
various tissues. Although the correlation between ECM alteration and tissue loss is yet to
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be elucidated, it is certain that the ECM comprises tissues and may likely contribute to de-
viations. As the ECM promotes cell proliferation and adhesion, structural and biochemical
changes in the ECM may affect cell maintenance [42]. The number of proliferating cells
and the number of newly synthesized ECMs typically decrease during aging, resulting in
mass loss. In particular, certain muscle tissues indicate a considerable decline associated
with aging, resulting in interference with physical activities. Additionally, brain tissues
decline gradually with aging, and this tendency is consistent with the decline in cognitive
performance among the elderly [43]. ECM alterations induce neural cell death, and the
decline of neurons may result in ECM degradation caused by the proteolytic activity of
MMPs [44]. Dermal collagen fibrils undergo gradual loss and fragmentation. Alterations
and reduced production of collagen at the dermal site impair the structural integrity and
induce thin skin, rendering the skin more vulnerable with increased age [45,46].

3.2. Moisture Loss

Connective tissues, such as ligaments and tendons, are innately stiffened with aging.
This is the result of age-related water content loss and ECM turnover. During aging, the
mechanical properties and solubility of collagen diminish, thereby increasing mechanical
stiffness; consequently, joint motion decreases and pain increases [47]. Proteoglycans,
one of the major components of the ECM, maintain the hydration of tissues and the
viscoelasticity of the disk to support mechanical loads. Nucleus pulposus, the core of
the disk, receives water molecules through the effect of chondroitin sulfate proteoglycans.
However, as the disk ages, the composition of the ECM shifts from proteoglycan-rich to
fibrotic collagen-rich. Consequently, the water-binding ability degenerates, and the disc
becomes stiffer [48]. Nevertheless, distinct from water content matter, the ECM constitutes
90% of the dry weight of the cartilage; hence, pathological changes in the ECM are regarded
as key for understanding cartilage disorders [49]. Additionally, skin aging is associated
with moisture loss. HA, which is abundant in the skin, loses its capacity to retain water
with aging; eventually, the skin becomes dry and lusterless [37].

3.3. Fibrosis

Fibrosis is the excess of fibrous tissues, and sclerosis is the stiffening of tissues. Both
pathological states are typically caused by the deposition of connective tissues with abun-
dant collagen and glycosaminoglycans. They are indicators of aging and are related to ECM
alterations. Aging promotes the structural remodeling of the ECM, resulting in fibrosis and
tissue function deterioration. Fibrosis is primarily caused by increased concentrations of
collagen fibers, which results in the development of fibrotic conditions. Collagen deposition
in the heart contributes to cardiac fibrosis, which eventually decreases cardiac function [50].
Additionally, vascular stiffening is correlated with fibrosis. Arterial stiffening is primarily
caused by the alteration of ECM components during aging [51]. As we age, elastin fibers
become weaker, and stiff collagen fibers are burdensome. Unlike elastin, the concentra-
tion of collagen increases with age; this causes fibrosis, which increases arterial stiffness
significantly and induces cardiovascular diseases [52]. Hepatic fibrosis is recognized as
ECM dyshomeostasis, which is caused by ECM aging. Fibrillar ECMs such as collagens
accumulate in the liver and can progress to cirrhosis or worse [53]. Idiopathic pulmonary
fibrosis, an age-related lung disorder, occurs primarily in the elderly population. Lung
fibrosis occurring in the elderly is characterized by increased type I and III collagen, elastin,
and fibronectin [54].

3.4. Tissue Dysfunctions

Many disorders and tissue dysfunctions are assumed to be associated with aging.
They occur because of epigenetic changes, protein deformation, and many other factors.
Apart from mass loss and fibrosis, several disorders, including diabetes and Alzheimer’s
disease, are associated with aging [55]. A recent study showed that elastin in the brain
might induce pathological changes in Alzheimer’s disease, and elastin is known to be
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fragmented and released with aging [56]. Significant ECM changes, including increased
expression of collagen IV and fibronectin, are presumed to affect disease progression
in patients with Alzheimer’s disease [16]. The glycemic condition caused by diabetes
and aging can affect the ECM constituents and result in complications [57]. Although
not many studies of age-related diseases investigated the direct relationship with ECM
aging, some studies have reported that ECM aging and age-related tissue dysfunctions
are indirectly linked. The pathogenesis of diabetic kidney disease is characterized by
increased ECM accumulation, which causes glomerular thickening and tubulointerstitial
fibrosis. Furthermore, the increased levels of MMPs are correlated with the development
and progression of diabetic nephropathy [58]. The glycation of proteins that leads to
the formation of advanced glycation end-products (AGEs) is also known to be mainly
related to aging [59]. The modification of proteins (e.g., collagen and fibronectin) by AGEs
may contribute to an alteration in their structure and function, indicating the consequent
progression of several diseases, such as diabetic nephropathy, retinopathy, atherosclerosis,
arthritis, cardiovascular diseases, and neurodegenerative diseases [60].

4. Utilization of ECM for Regeneration Strategies

The senescence of the ECM affects tissue dysfunction and tissue regeneration failure.
To rejuvenate aged tissues and restore their functions, regenerative strategies are indis-
pensable. Tissue engineering, which focuses on restoring, maintaining, and improving
the damaged tissues, is a possible treatment. Tissue engineering is an interdisciplinary
field in which cells and matrices are applied. The cell source can be varied from primary
lineages to stem cells (SCs), and synthetic polymers or the ECM can be employed as a
matrix [61]. Synthetic polymers such as polycaprolactone (PCL), polylactic acid (PLA),
and polyvinyl alcohol (PVA) have been typically used in early studies. However, owing
to the hydrophobicity and non-natural residues of most synthetic polymers, naturally
occurring biomaterials such as ECM-based materials and some hybrid biomaterials have
been extensively investigated for biomedical applications [62]. Furthermore, numerous
recent 3D tissue engineering strategies have been actively researched to treat age-related
tissue dysfunctions by employing ECM-based materials [63–65]. In this section, the types of
ECM-based materials and their applications as tissue engineering strategies are introduced
for the regeneration of age-dependent tissue dysfunctions.

4.1. Types of ECM-Based Materials for Biomedical Applications

As aged ECMs adversely affect cellular regulations and appear in fewer numbers,
replacing them with ECM-based materials is an option. ECM is a typical biomaterial
that can be used for in situ tissue regeneration. This biomaterial can interact with the
microenvironment and induce in situ tissue regeneration [66]. Additionally, ECM-based
materials are used as an injectable soft tissue filler for filling up the volume lost from ECM
degradation during aging. Many commercial filler products based on ECM components
can be used in clinical applications [67]. At the dermal site, in particular, the number of
ECM components decreases on the outside. Aging features such as wrinkles and loss
of skin elasticity can be rejuvenated through antiaging approaches, including dermal
filling [68]. Soft tissue fillers based on ECM constituents have been reported to affect tissue
regeneration [69,70]. ECM-based materials can be processed from native tissues to products
through isolation, decellularization, and purification (Figure 1) [71]. Native collagen,
fibronectin, elastin, and the like are commercially available. They are typically isolated
from specific ECM-enriched tissues, such as collagen from the dermis and fibronectin from
the plasma. Purified ECM components are used for various applications, from biomedical
to cosmetics, and have demonstrated potential for therapeutic use [72–76].

Collagen is frequently used as a basic biomaterial because it is present in high amounts
in the ECM. In some cases, the ECM is modified to enhance its unique characteristics or
to eliminate its harmful effects, and atelocollagen is one of the most popular modified
ECMs [76]. By removing telopeptide from collagen to form atelocollagen, the chance of an
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immune reaction is reduced. Protocols to produce atelocollagen with high purity at a faster
speed have been developed in some studies [77]. In other studies, atelocollagen was used to
treat tendons and periodontal tissues [78,79]. Additionally, some examples of improvement
in collagen functions have been reported, including the enhancement in the ability of
collagen to promote cell proliferation and anti-thrombogenic activity via conjugation with
chondroitin sulfate. Although collagen is known to induce thrombosis, chondroitin-sulfate-
modified collagen may weaken the induction [80]. Apart from modification, a novel
scaffold can be achieved by obtaining an anisotropic structure or inducing the orientation
of collagen fibers. The aligned structure of collagen provides insights into neural and
vascular endothelial cells [81,82].

Figure 1. Methods for manufacturing modified ECMs. Atelocollagen is manufactured by removing
telopeptides from collagen. Decellularized ECM (dECM) is manufactured by eliminating cellular
components from native tissues. Finally, hyaluronic acid (HA) is produced using several methods.
Bacteria such as Streptococci are representative bacterium that produce HA. Additionally, HA can be
manufactured using enzymes, the umbilical cord, or bovine synovial fluid [83].
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HA is an injectable hydrogel that is vital to hydration and the space-filling capac-
ity [37]. However, HA exhibits relatively weak mechanical properties, and it dissolves and
degrades rapidly. Hence, HA has been modified using numerous methods for biomedical
applications, such as controlling the molecular size or viscoelasticity [37,84]. Recently,
novel methods for modifying HA-based hydrogels to achieve enhanced stiffness and
control degradability while sustaining injectability have been reported. The combina-
tion of dynamic covalent crosslinking with thermoresponsive engineered proteins en-
hanced mechanical stiffness, and the crosslinking of monoaldehyde-modified HA with
carbohydrazide-modified gelatin decelerated the degradation [85,86]. Skin rejuvenation
and joint treatment are representative applications of HA that involve the injectability of
HA [87,88]. HA is introduced in joints via either an injectable hydrogel or solid scaffold
form to relieve inflammation and repair the cartilage [89]. Enhancing the water-binding
capability of HA is another example of a modification that may aid tissue hydration. A
modified interpenetrating polymer network that entraps HA and water, thereby aiding
moisturization, has been reported [90].

To apply a multicomponent matrix for the microenvironment, the decellularized
ECM (dECM) is typically employed for biomedical applications. The dECM is created by
eliminating cellular components from the native tissue. Tissue-specific ECMs are important
for the development and functioning of normal tissues, and the dECM is a representative
example [91]. Through decellularization, only bioactive ECM components that do not harm
the immune system remain and have a similar ratio of ECM components as the native
tissues [92]. A decellularizing protocol was developed to maintain the delicate structure
and composition of the native tissue. Hence, the dECM was compared to the native
tissue using proteomics and protein staining imaging [93]. Furthermore, the dECM can be
classified based on the source of the original tissues. Using only specific tissues as the source
of the dECM, tissue-specific compositions can be provided [91,94,95]. The dECM-based
hydrogel can be applied as a bioink for 3D bioprinting, injectable hydrogels, cell delivery,
and translational medicine [96]. However, dECM lacks mechanical strength and stability.
Post-decellularization processes (e.g., hybridization of dECM with a crosslinking agent)
have been developed to enhance the mechanical properties of dECM [97]. A recent study
introduced the light-activated dECM, which can be polymerized via a dityrosine-based
crosslinking system, to improve the inferior mechanical properties of the dECM [98]. In the
case of cartilage tissue, resistance to compressive forces is required. Synthetic polymers are
often hybridized with dECM using crosslinking agents to satisfy the physical properties
of cartilage tissues. The hybridization of dECM with cell-encapsulated microparticles or
platelet-rich plasma (PRP) is regarded as a post-decellularization process [97].

4.2. ECM-Based Materials as Cell Delivery Carriers

Because the surrounding of an aged ECM is damaged, replacing only the ECM might
not be sufficient to regenerate the aged tissues. Hence, cell delivery may be required
for successful tissue regeneration. However, there are limitations to cell delivery; thus,
tissue engineering techniques are being studied to supplement the insufficient capacity
of past cell delivery systems [99]. Tissue engineering is a complex process that involves
recellularizing the ECM matrix. Recellularization requires a specific environment that
provides biochemical and biomechanical conditions similar to those of a specific organ [97].
Similarly, niches that provide a microenvironment for the delivered cells are essential
to design effective cell carriers [64]. For instance, type V collagen has been shown to
induce the formation of human islet organoids and the generation of endocrine cells by
profiling extracellular proteins in the pancreatic ECM. Type V collagen is an indispensable
factor in the recapitulation of niches for pancreatic cells [100]. Essential factors regulating
cell functions, cell survival, and cell retention must be considered when deciding the
materials for cell delivery [101]. Many studies have revealed that ECM-based biomaterials
showed improved results in cell delivery and successfully regenerated defective tissues.
Therapeutic cell delivery restored the functions of organs such as the heart, nerve, joint,
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thyroid, and the like using cells and ECM-based biomaterials [102–105]. The cell-delivering
material replenishes the volume first; subsequently, the delivered cells secrete matrix
components, thereby restoring the regeneration capacity [106]. Generally, progenitor cells,
such as embryonic SCs, induced pluripotent SCs, and mesenchymal stem cells (MSCs),
are combined with ECM-based biomaterials for cell therapeutics [107]. MSCs showed
improved potency when expanded on the dECM [108]. Moreover, ECM-based hydrogels
may enable human organoids to be delivered in vivo for clinical purposes [109]. Although
current clinical trials based on SCs are still at an early stage, several studies have revealed
that SC-based approaches are potential treatments for degenerative diseases, such as
Parkinson’s disease and osteoarthritis [110,111].

Cardiovascular diseases are the leading cause of death and are of high risk in the
elderly. To prevent fatal diseases, cell delivery for the cardiac disease has been actively
investigated to restore tissue function and cardiac regeneration [112]. The application of
ECM-based biomaterials has resulted in successful cardio cell delivery [113]. A recent study
validated that the combination of dual SCs and ECM-enhanced cell retention, engraftment,
and maturation. The result of cell delivery showed significantly higher gene expression,
indicating better integration with the host myocardium [114]. MSCs were delivered in
patch form to improve cell adhesion and effectively enhance cardiac remodeling [115]. The
development of a heart decellularization method for retaining ECM-derived biochemical
cues and promoting angiogenesis has been attempted [116].

Understanding neural-specific ECMs is crucial for the treatment of neurodegenerative
diseases because the neural extracellular matrix is known to differ from the normal ECM
in other organs. The neural ECM has a low fibrous protein content and high glycoprotein
and carbohydrate contents. One of the key carbohydrate components in the brain ECM
is chondroitin sulfate proteoglycans. It is found that chondroitin sulfate GAG matrices
promote neural stem cell maintenance and efficacy [117]. Proteomic analysis showed
sufficient chondroitin sulfate proteoglycans in decellularized nerve tissues, indicating its
suitability for cell therapy applications. Moreover, a recent study established the genipin
and EDC crosslinking of dECM to enhance stability [118]. Therefore, some studies have
optimized the neural microenvironment using the dECM. dECM made from brain tissue
accelerated the neural network formation in vitro [119]. The use of laminin enriched ECM
hydrogel enhanced the retention rate of the delivered cells. Because of the importance of
laminin in the neural ECM, laminin-derived peptides have been applied to promote neural
cell adhesion in neural progenitor cell delivery research [120].

Osteoarthritis is another age-related joint disease in which cell delivery therapy has
progressed. The cartilage is composed of specialized cells known as chondrocytes, which
produce a large number of collagenous extracellular matrices, and osteoarthritis is a
degenerative cartilage disorder [121]. Adipose-derived SCs and MSCs delivered with the
ECM were investigated to secrete the newly synthesized ECM, which can restore the ECM-
producing function of cartilage [104,122]. The differentiation of MSCs was promoted by
dECM, and the ECM derived from human umbilical vein endothelial cells (HUVECs): MSC
co-culture improved the osteogenic and angiogenic potential [123]. For further applications,
ECM-polymer hybrid or cross-linkable injectable hydrogels are often used as functional
biomaterials because the cartilage must endure high pressures [124]. PVA is typically
used in combination with ECM materials to achieve both favorable mechanical properties
and biocompatibility [125]. Recently, PLGA (poly(lactic-co-glycolic acid)) has also been
used with collagen to prepare synergetic hybrid biomaterials [126]. Moreover, several
MSC-based clinical trials have been reported to have an effect on cartilage renewal, and
trials are ongoing to improve long-term osteoarthritis [111].

4.3. 3D Bioprinting Using ECM-Based Bioinks

Aged ECMs around the delivery site may cause delivered cells to fail initially. To
overcome the limitation of cell delivery by mimicking the original tissues, transplantable
engineered tissues are being developed to produce substitutes [99]. Tissue development
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is not achieved via cell culture alone. In fact, the surrounding environment is important,
and 3D cell deposition is necessitated. Tissue engineering technology enables the fabri-
cation of various types of engineered organs such as the pancreas, liver, kidney, ovary,
bladder, cornea, muscle, skin, vessel, esophagus, and the like using SCs and biomaterials
(Figure 2) [127–137]. Although numerous hurdles (i.e., low cell survival, immune response,
and insufficient functions) remain to be overcome, many studies have revealed the effec-
tiveness of engineered tissue transplantation as a novel regeneration method [138,139].
Some simple tissues (i.e., artificial epidermis) that are relatively easier to engineer, as
well as some vital organs that are in high demand for transplantation, have been de-
veloped and are progressing favorably [66,127]. Furthermore, to achieve highly precise
engineered tissues, novel biofabrication methods such as 3D bioprinting are being devel-
oped actively [140–142]. Conventional tissue engineering approaches, such as scaffolding
and molding, are limited in their capacity to produce precise tissue constructs. Unlike the
former fabrication methods, 3D bioprinting is a rapid and efficient method for constructing
elaborate engineered tissues [143]. Three-dimensional bioprinting is a type of additive
manufacturing system that allows controlled deposition, i.e., several cells can be deposited
at the desired locations to bio-mimic natural tissues using bioinks [144]. A 3D bioprinting
system can facilitate complex construction using multiple materials and multiple cells
by utilizing multiple nozzles [145]. Tissue-specific geometric structures (i.e., convoluted
tubules as well as chamber- and lobule-like structures) constructed via 3D bioprinting
demonstrated enhanced function and structural maturity [146,147]. The 3D bioprinting
system uses bioinks and biomaterial inks to print the product, and ECM-based materials
for bioinks have become the popular choice recently [148].

Numerous stem cell therapy companies are attempting to engineer pancreatic tis-
sues [149]. The pancreas is an organ of both the endocrine and exocrine systems, typically
known for its role in controlling blood glucose levels. The pancreas undergoes pathological
alterations during aging, including fibrosis, and these changes may result in diabetes melli-
tus [150]. The specific microenvironment of the ECM is vital to the function of metabolic
tissues such as pancreatic islets. Pancreatic cells are expected to function as intended in
a specific microenvironment (i.e., collagen type I, IV, and VI abundant), where ECM–cell
interactions exist [151]. In recent studies, a microenvironment was created using porcine
dECM and endothelial cells via novel biofabrication methods. Three-dimensional print-
ing and a dECM bioink enabled the fabrication of 3D pancreatic tissue constructs with
enhanced functions [128]. Stem-cell-based insulin-producing cells for forming islet-like
structures have been fabricated as biomimicking pancreatic islets [152]. Emerging evidence
suggests that clustering insulin-producing cells inspired by pancreatic islet cells improve
cell maturity and function [153,154]. To enable engineered pancreatic tissues to be trans-
planted, encapsulation strategies involving porous membranes or ECM-like hydrogels
are typically adopted [155]. The cell encapsulation device can protect insulin-producing
cells from the immune response, promote cell viability, and further advance successful
transplantations [156,157].

Moderate fibrosis of the liver is a histological indicator of aging; however, some stud-
ies suggest that altered components in the ECM may initiate pathological progression as
well [15]. Hepatic fibrosis, i.e., the accumulation of fibrillar ECMs, is a type of dyshome-
ostasis that results in end-stage liver disease [53]. Hepatic transplantation is an established
treatment; however, to fill the gap between donor shortage and high demand, applied
hepatocyte transplantation has been applied as an alternative solution in many cases [158].
As the microenvironment of the liver ECM is a critical cue for hepatocyte behaviors and
functions, the liver dECM has been used in several studies [95,159–162]. The potential
cell sources, as well as the MSCs and their derivatives of engineered hepatic tissues, were
promoted during cell differentiation and hepatic-specific functions in the liver dECM
hydrogel [161,162]. MSCs can differentiate into hepatocyte-like cells with therapeutic po-
tential [163]. Biomimetic architecture is a necessary factor for the development of complex
artificial tissues. The hollow fiber membrane, which mimics the layer of the actual liver, is
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a representative example [164]. A recent study used 3D bioprinting to construct the liver
lobule architecture, thereby expanding the long-term function of hepatocytes and provided
a physiologically relevant mechanical environment [159]. Another 3D bioprinting-based
liver tissue engineering study verified that providing suitable biochemical and biomechani-
cal surroundings enhanced the functions of HepG2 cells [95]. Furthermore, physiologically
relevant hepatic models are being developed from advanced liver tissue engineering stud-
ies by building complex structures and applying co-culture systems [165]. A co-culture
of hepatocytes, primary human sinusoidal endothelial cells, and stellate cells on a hollow
fiber construct demonstrated self-reorganization and presented a tube-like structure that
resembled a real liver tissue [164].

Vascular dysfunctions, which exhibit a higher risk with aging, can result in the de-
creased activity and deterioration of other organs. Regenerative strategies, including stem
cell therapy, have been discussed [166]. Fabricating tubular-shaped tissues is challenging
because maintaining a hollow structure with only cells and ECM materials is difficult.
However, state-of-the-art biofabrication techniques have enabled the production of func-
tional tubular tissues [167]. Diverse human blood vessel structures have been fabricated
with multilevel and multibranch structures. The hollow channel was formed by removing
a sacrificial material after the printing process [145]. Newly established coaxial bioprinting
enabled the fabrication of hollow blood vessels, which can replace impaired blood vessels.
A vessel dECM was mixed with alginate as a bioink and printed through a coaxial nozzle
with a controllable, broad range of dimensions [136].

Retinal disorders, including macular degeneration and glaucoma, are age-related
diseases. Additionally, cornea changes with age, including the thickening of both epithelial
and endothelial basement membranes. As the cornea is known to be organized in a lattice
pattern of collagen fibrils, which affords the transparency of the cornea, collagen rich
biomaterials are used for inducing collagen fibril orientation. The corneal 3D models could
be fabricated via drop-on-demand bioprinting using collagen-based bioink [168]. A recent
study introduced a transparent, bioengineered corneal structure for transplantation. The
engineered cornea was fabricated by inducing shear stress on a corneal stroma-derived
decellularized extracellular matrix bioink based on a 3D cell-printing technique. The
aligned collagen fibrils of dECM resulted in a highly mature and transparent corneal
stroma analog. Epithelial and stromal cells were used for generating full-thickness corneas,
and cell alignment was also investigated [133].



Int. J. Mol. Sci. 2021, 22, 9367 12 of 20

Figure 2. Applications of tissue engineering based on 3D bioprinting. (i) Poly(ε-caprolactone) (PCL) hollow fiber membrane
bioreactor and scheme of 3D human hepatic tissue realized by culturing human hepatocytes over and between PCL HF
membranes [129]. (ii) Bioprinting of functional and biomimetic 3D corneal model using hydrogels and cultivated human
corneal stromal keratocytes [168]. (iii) Fabrication of alveolar barrier model with all cells inkjet-printed in a layer-by-layer
manner [169]. (iv) coaxial printing approach for establishing vascularized bioartificial pancreatic constructs with pancreatic
insulin-secreting cells housed in core component [170]. (clockwise).

5. Future Perspectives and Conclusions

The ECM is vital to the human body. In addition to its structural role as a physical
scaffold for cellular constituents, the ECM participates in numerous biological functions.
Although the ECM is composed of non-cellular molecules, it undergoes significant changes
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during aging, including morphological changes that occur at the tissue level. Conse-
quentially, tissues lose mass, dehydrate, undergo fibrosis, fail to regenerate, and cause
dysfunctions. Age-related changes in the ECM are investigated in various forms. ECM-
based biomaterials and tissue engineering approaches have been introduced to rejuvenate
and regenerate aged tissues. ECM-based biomaterials, including the dECM, closely resem-
ble the actual ECM and have tissue-specific compositions. ECM injection may aid tissue
maintenance and compensate for volume losses caused by aging. Moreover, the ECM can
be used as a carrier for cell delivery. The ECM provides a tissue-specific microenvironment
for cells in vitro and in vivo.

Additionally, ECM-based materials can be used as cell delivery carriers and bioinks.
SCs and their derivations can be encapsulated in ECM-based biomaterials and delivered
to tissues with age-related dysfunction. The ECM supports the delivered cells, and the
delivered cells successfully reconstruct the ECM, thereby validating its effect on restor-
ing tissue function and regeneration. Furthermore, the ECM has been applied in tissue
engineering. Engineered tissue can be fabricated using the ECM and cells using precise
manufacturing methods such as 3D bioprinting. Fabricated organs, which are suitable
for transplantation, can be substituted for donated organs. Biofabrication methods are
currently being developed; with the progression of tissue engineering technology, every
organ dysfunction associated with aging will soon be treatable.

The ECM demonstrated its versatility in various tissue engineering applications, and
3D bioprinting systems employ ECM-based materials as bioinks and biomaterial inks. The
development of 3D bioprinting techniques has enabled the fabrication of complex engi-
neered tissues. The potency of bioprinted tissues for regeneration strategies was verified
to be efficient. Bioprinted tissues are used not only for rejuvenating aged tissues but also
for treating injuries and chronic diseases. As biomimetics resemble real tissues, bioprinted
tissues can be utilized as an in vitro test platform as well. Additionally, owing to the
development of tissue engineering technology using ECM-based materials, transplanting
without donors and performing in vivo tests without live animals can soon be realized.
However, the properties of bioinks must be enhanced, and the accuracy of the manufactur-
ing methods should be improved to fabricate more realistic tissues. Although ECM-based
materials offer many advantages, some of their disadvantages must be addressed. They
lack mechanical strength, are difficult to deposit precisely, and require a certain amount
of time to crosslink. Therefore, further studies are required to improve their mechanical
properties and address their weaknesses while maintaining their cell-friendly environment.
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Abbreviations

ECM Extracellular matrix
3D Tree-dimensional
dECM Decellularized extracellular matrix
GAGs Glycosaminoglycans
HA Hyaluronic acid
MMPs Matrix metalloproteinase
AGEs Advanced glycation end products
SC Stem cell
MSC Mesenchymal stem cell
ESC Embryonic stem cell
iPSC Induced pluripotent stem cell
PRP Platelet-rich plasma
PCL Polycaprolactone
PLA Polylactic acid
PVC Polyvinyl alcohol
PLGA Poly(lactic-co-glycolic acid)
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118. Výborný, K.; Vallová, J.; Kočí, Z.; Kekulová, K.; Jiráková, K.; Jendelová, P.; Hodan, J.; Kubinová, Š. Genipin and EDC crosslinking
of extracellular matrix hydrogel derived from human umbilical cord for neural tissue repair. Sci. Rep. 2019, 9, 1–15. [CrossRef]

119. Lam, D.; Enright, H.A.; Cadena, J.; Peters, S.K.G.; Sales, A.P.; Osburn, J.J.; Soscia, D.A.; Kulp, K.S.; Wheeler, E.K.; Fischer, N.O.
Tissue-specific extracellular matrix accelerates the formation of neural networks and communities in a neuron-glia co-culture on
a multi-electrode array. Sci. Rep. 2019, 9, 1–15. [CrossRef]

120. Zhao, T.; Sellers, D.L.; Cheng, Y.; Horner, P.J.; Pun, S.H. Tunable, Injectable Hydrogels Based on Peptide-Cross-Linked, Cyclized
Polymer Nanoparticles for Neural Progenitor Cell Delivery. Biomacromolecules 2017, 18, 2723–2731. [CrossRef]

121. Nasiri, N.; Hosseini, S.; Alini, M.; Khademhosseini, A.; Baghaban Eslaminejad, M. Targeted cell delivery for articular cartilage
regeneration and osteoarthritis treatment. Drug Discov. Today 2019, 24, 2212–2224. [CrossRef] [PubMed]

122. Zhou, X.; Wang, J.; Huang, X.; Fang, W.; Tao, Y.; Zhao, T.; Liang, C.; Hua, J.; Chen, Q.; Li, F. Injectable decellularized nucleus
pulposus-based cell delivery system for differentiation of adipose-derived stem cells and nucleus pulposus regeneration. Acta
Biomater. 2018, 81, 115–128. [CrossRef]

123. Carvalho, M.S.; Silva, J.C.; Cabral, J.M.S.; da Silva, C.L.; Vashishth, D. Cultured cell-derived extracellular matrices to enhance the
osteogenic differentiation and angiogenic properties of human mesenchymal stem/stromal cells. J. Tissue Eng. Regen. Med. 2019,
13, 1544–1558. [CrossRef]

124. Koh, R.H.; Jin, Y.; Kim, J.; Hwang, N.S. Inflammation-Modulating Hydrogels for Osteoarthritis Cartilage Tissue Engineering.
Cells 2020, 9, 419. [CrossRef] [PubMed]

125. Barbon, S.; Contran, M.; Stocco, E.; Todros, S.; Macchi, V.; De Caro, R.; Porzionato, A. Enhanced biomechanical properties of
polyvinyl alcohol-based hybrid scaffolds for cartilage tissue engineering. Processes 2021, 9, 730. [CrossRef]

126. Chen, Y.; Lee, K.; Yang, Y.; Kawazoe, N.; Chen, G. PLGA-collagen-ECM hybrid meshes mimicking stepwise osteogenesis and
their influence on the osteogenic differentiation of hMSCs. Biofabrication 2020, 12, 25027. [CrossRef] [PubMed]

127. Sohn, S.; Van Buskirk, M.; Buckenmeyer, M.J.; Londono, R.; Faulk, D. Whole Organ Engineering: Approaches, Challenges, and
Future Directions. Appl. Sci. 2020, 10, 4277. [CrossRef]

128. Kim, J.; Shim, I.K.; Hwang, D.G.; Lee, Y.N.; Kim, M.; Kim, H.; Kim, S.-W.; Lee, S.; Kim, S.C.; Cho, D.-W.; et al. 3D cell printing of
islet-laden pancreatic tissue-derived extracellular matrix bioink constructs for enhancing pancreatic functions. J. Mater. Chem. B
2019, 7, 1773–1781. [CrossRef] [PubMed]

129. Salerno, S.; Tasselli, F.; Drioli, E.; De Bartolo, L. Poly(ε-caprolactone) hollow fiber membranes for the biofabrication of a
vascularized human liver tissue. Membranes 2020, 10, 112. [CrossRef]

http://doi.org/10.1016/j.colsurfb.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/29709829
http://doi.org/10.1155/2019/6708435
http://doi.org/10.1016/j.actbio.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28412553
http://doi.org/10.1038/s41467-019-13605-4
http://doi.org/10.1038/s41467-020-17165-w
http://doi.org/10.1016/j.jot.2017.03.005
http://doi.org/10.1038/s41569-018-0036-6
http://www.ncbi.nlm.nih.gov/pubmed/29872165
http://doi.org/10.1088/2516-1091/abb211
http://doi.org/10.1038/s41467-019-11091-2
http://www.ncbi.nlm.nih.gov/pubmed/31311935
http://doi.org/10.1002/adhm.201900593
http://www.ncbi.nlm.nih.gov/pubmed/31304685
http://doi.org/10.1016/j.actbio.2017.11.046
http://www.ncbi.nlm.nih.gov/pubmed/29223704
http://doi.org/10.1021/acsbiomaterials.6b00805
http://doi.org/10.1038/s41598-019-47059-x
http://doi.org/10.1038/s41598-019-40128-1
http://doi.org/10.1021/acs.biomac.7b00510
http://doi.org/10.1016/j.drudis.2019.07.010
http://www.ncbi.nlm.nih.gov/pubmed/31398399
http://doi.org/10.1016/j.actbio.2018.09.044
http://doi.org/10.1002/term.2907
http://doi.org/10.3390/cells9020419
http://www.ncbi.nlm.nih.gov/pubmed/32059502
http://doi.org/10.3390/pr9050730
http://doi.org/10.1088/1758-5090/ab782b
http://www.ncbi.nlm.nih.gov/pubmed/32078579
http://doi.org/10.3390/app10124277
http://doi.org/10.1039/C8TB02787K
http://www.ncbi.nlm.nih.gov/pubmed/32254919
http://doi.org/10.3390/membranes10060112


Int. J. Mol. Sci. 2021, 22, 9367 19 of 20

130. Singh, N.K.; Han, W.; Nam, S.A.; Kim, J.W.; Kim, J.Y.; Kim, Y.K.; Cho, D.W. Three-dimensional cell-printing of advanced renal
tubular tissue analogue. Biomaterials 2020, 232, 119734. [CrossRef]

131. Yoon, H.J.; Lee, Y.J.; Baek, S.; Chung, Y.S.; Kim, D.H.; Lee, J.H.; Shin, Y.C.; Shin, Y.M.; Ryu, C.; Kim, H.S.; et al. Hormone
autocrination by vascularized hydrogel delivery of ovary spheroids to rescue ovarian dysfunctions. Sci. Adv. 2021, 7, eabe8873.
[CrossRef]

132. Kim, E.; Choi, S.; Kang, B.; Kong, J.H.; Kim, Y.; Yoon, W.H.; Lee, H.R.; Kim, S.E.; Kim, H.M.; Lee, H.S.; et al. Creation of bladder
assembloids mimicking tissue regeneration and cancer. Nature 2020, 588, 664–669. [CrossRef] [PubMed]

133. Kim, H.; Jang, J.; Park, J.; Lee, K.P.; Lee, S.; Lee, D.M.; Kim, K.H.; Kim, H.K.; Cho, D.W. Shear-induced alignment of collagen
fibrils using 3D cell printing for corneal stroma tissue engineering. Biofabrication 2019, 11, 35017. [CrossRef] [PubMed]

134. Choi, Y.J.; Jun, Y.J.; Kim, D.Y.; Yi, H.G.; Chae, S.H.; Kang, J.; Lee, J.; Gao, G.; Kong, J.S.; Jang, J.; et al. A 3D cell printed muscle
construct with tissue-derived bioink for the treatment of volumetric muscle loss. Biomaterials 2019, 206, 160–169. [CrossRef]

135. Kim, B.S.; Kwon, Y.W.; Kong, J.S.; Park, G.T.; Gao, G.; Han, W.; Kim, M.B.; Lee, H.; Kim, J.H.; Cho, D.W. 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 2018, 168, 38–53. [CrossRef]

136. Gao, G.; Lee, J.H.; Jang, J.; Lee, D.H.; Kong, J.S.; Kim, B.S.; Choi, Y.J.; Jang, W.B.; Hong, Y.J.; Kwon, S.M.; et al. Tissue Engineered
Bio-Blood-Vessels Constructed Using a Tissue-Specific Bioink and 3D Coaxial Cell Printing Technique: A Novel Therapy for
Ischemic Disease. Adv. Funct. Mater. 2017, 27, 1700798. [CrossRef]

137. Nam, H.; Jeong, H.J.; Jo, Y.; Lee, J.Y.; Ha, D.H.; Kim, J.H.; Chung, J.H.; Cho, Y.S.; Cho, D.W.; Lee, S.J.; et al. Multi-layered Free-form
3D Cell-printed Tubular Construct with Decellularized Inner and Outer Esophageal Tissue-derived Bioinks. Sci. Rep. 2020, 10,
1–14. [CrossRef]

138. Desai, T.A.; Tang, Q. Islet encapsulation therapy—Racing towards the finish line? Nat. Rev. Endocrinol. 2018, 14, 630–632.
[CrossRef] [PubMed]

139. Song, H.H.G.; Rumma, R.T.; Ozaki, C.K.; Edelman, E.R.; Chen, C.S. Vascular Tissue Engineering: Progress, Challenges, and
Clinical Promise. Cell Stem Cell 2018, 22, 340–354. [CrossRef]

140. Pedde, R.D.; Mirani, B.; Navaei, A.; Styan, T.; Wong, S.; Mehrali, M.; Thakur, A.; Mohtaram, N.K.; Bayati, A.; Dolatshahi-Pirouz,
A.; et al. Emerging Biofabrication Strategies for Engineering Complex Tissue Constructs. Adv. Mater. 2017, 29, 1606061. [CrossRef]

141. Gao, G.; Kim, B.S.; Jang, J.; Cho, D.W. Recent Strategies in Extrusion-Based Three-Dimensional Cell Printing toward Organ
Biofabrication. ACS Biomater. Sci. Eng. 2019, 5, 1150–1169. [CrossRef]

142. Sun, W.; Starly, B.; Daly, A.C.; Burdick, J.A.; Groll, J.; Skeldon, G.; Shu, W.; Sakai, Y.; Shinohara, M.; Nishikawa, M.; et al. The
bioprinting roadmap. Biofabrication 2020, 12, 22002. [CrossRef] [PubMed]

143. Zhang, Y.S.; Yue, K.; Aleman, J.; Mollazadeh-Moghaddam, K.; Bakht, S.M.; Yang, J.; Jia, W.; Dell’Erba, V.; Assawes, P.; Shin, S.R.;
et al. 3D Bioprinting for Tissue and Organ Fabrication. Ann. Biomed. Eng. 2017, 45, 148–163. [CrossRef] [PubMed]

144. Murphy, S.V.; De Coppi, P.; Atala, A. Opportunities and challenges of translational 3D bioprinting. Nat. Biomed. Eng. 2020, 4,
370–380. [CrossRef] [PubMed]

145. Xu, Y.; Hu, Y.; Liu, C.; Yao, H.; Liu, B.; Mi, S. A novel strategy for creating tissue-engineered biomimetic blood vessels using 3D
bioprinting technology. Materials 2018, 11, 1581. [CrossRef] [PubMed]

146. Jang, J.; Park, J.Y.; Gao, G.; Cho, D.W. Biomaterials-based 3D cell printing for next-generation therapeutics and diagnostics.
Biomaterials 2018, 156, 88–106. [CrossRef]

147. Hwang, D.G.; Choi, Y.M.; Jang, J. 3D Bioprinting-Based Vascularized Tissue Models Mimicking Tissue-Specific Architecture and
Pathophysiology for in vitro Studies. Front. Bioeng. Biotechnol. 2021, 9, 685507. [CrossRef]

148. Groll, J.; Burdick, J.A.; Cho, D.W.; Derby, B.; Gelinsky, M.; Heilshorn, S.C.; Jüngst, T.; Malda, J.; Mironov, V.A.; Nakayama, K.; et al.
A definition of bioinks and their distinction from biomaterial inks. Biofabrication 2019, 11, 13001. [CrossRef]

149. Lewis, P.L.; Wells, J.M. Engineering-inspired approaches to study β-cell function and diabetes. Stem Cells 2021, 39, 522–535.
[CrossRef]

150. Matsuda, Y. Age related morphological alterations of the pancreas. Front. Biosci. 2018, 10, 137–142. [CrossRef]
151. Huang, G.; Greenspan, D.S. ECM roles in the function of metabolic tissues. Trends Endocrinol. Metab. 2012, 23, 16–22. [CrossRef]
152. Kumar, S.A.; Delgado, M.; Mendez, V.E.; Joddar, B. Applications of stem cells and bioprinting for potential treatment of diabetes.

World J. Stem Cells 2019, 11, 13–32. [CrossRef]
153. Tran, R.; Moraes, C.; Hoesli, C.A. Controlled clustering enhances PDX1 and NKX6.1 expression in pancreatic endoderm cells

derived from pluripotent stem cells. Sci. Rep. 2020, 10, 1–12. [CrossRef]
154. Fukuda, Y.; Akagi, T.; Asaoka, T.; Eguchi, H.; Sasaki, K.; Iwagami, Y.; Yamada, D.; Noda, T.; Kawamoto, K.; Gotoh, K.; et al.

Layer-by-layer cell coating technique using extracellular matrix facilitates rapid fabrication and function of pancreatic β-cell
spheroids. Biomaterials 2018, 160, 82–91. [CrossRef] [PubMed]

155. Desai, T.; Shea, L.D. Advances in islet encapsulation technologies. Nat. Rev. Drug Discov. 2017, 16, 338–350. [CrossRef] [PubMed]
156. Nyitray, C.E.; Chang, R.; Faleo, G.; Lance, K.D.; Bernards, D.A.; Tang, Q.; Desai, T.A. Polycaprolactone Thin-Film Micro- and

Nanoporous Cell-Encapsulation Devices. ACS Nano 2015, 9, 5675–5682. [CrossRef] [PubMed]
157. An, D.; Wang, L.H.; Ernst, A.U.; Chiu, A.; Lu, Y.C.; Flanders, J.A.; Datta, A.K.; Ma, M. An Atmosphere-Breathing Refillable

Biphasic Device for Cell Replacement Therapy. Adv. Mater. 2019, 31, 1905135. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biomaterials.2019.119734
http://doi.org/10.1126/sciadv.abe8873
http://doi.org/10.1038/s41586-020-3034-x
http://www.ncbi.nlm.nih.gov/pubmed/33328632
http://doi.org/10.1088/1758-5090/ab1a8b
http://www.ncbi.nlm.nih.gov/pubmed/30995622
http://doi.org/10.1016/j.biomaterials.2019.03.036
http://doi.org/10.1016/j.biomaterials.2018.03.040
http://doi.org/10.1002/adfm.201700798
http://doi.org/10.1038/s41598-020-64049-6
http://doi.org/10.1038/s41574-018-0100-7
http://www.ncbi.nlm.nih.gov/pubmed/30275463
http://doi.org/10.1016/j.stem.2018.02.009
http://doi.org/10.1002/adma.201606061
http://doi.org/10.1021/acsbiomaterials.8b00691
http://doi.org/10.1088/1758-5090/ab5158
http://www.ncbi.nlm.nih.gov/pubmed/32031083
http://doi.org/10.1007/s10439-016-1612-8
http://www.ncbi.nlm.nih.gov/pubmed/27126775
http://doi.org/10.1038/s41551-019-0471-7
http://www.ncbi.nlm.nih.gov/pubmed/31695178
http://doi.org/10.3390/ma11091581
http://www.ncbi.nlm.nih.gov/pubmed/30200455
http://doi.org/10.1016/j.biomaterials.2017.11.030
http://doi.org/10.3389/fbioe.2021.685507
http://doi.org/10.1088/1758-5090/aaec52
http://doi.org/10.1002/stem.3340
http://doi.org/10.2741/e813
http://doi.org/10.1016/j.tem.2011.09.006
http://doi.org/10.4252/wjsc.v11.i1.13
http://doi.org/10.1038/s41598-020-57787-0
http://doi.org/10.1016/j.biomaterials.2018.01.020
http://www.ncbi.nlm.nih.gov/pubmed/29407342
http://doi.org/10.1038/nrd.2016.232
http://www.ncbi.nlm.nih.gov/pubmed/28008169
http://doi.org/10.1021/acsnano.5b00679
http://www.ncbi.nlm.nih.gov/pubmed/25950860
http://doi.org/10.1002/adma.201905135
http://www.ncbi.nlm.nih.gov/pubmed/31709667


Int. J. Mol. Sci. 2021, 22, 9367 20 of 20

158. Ye, S.; Boeter, J.W.B.; Penning, L.C.; Spee, B.; Schneeberger, K. Hydrogels for liver tissue engineering. Bioengineering 2019, 6, 59.
[CrossRef] [PubMed]

159. Ma, X.; Yu, C.; Wang, P.; Xu, W.; Wan, X.; Lai, C.S.E.; Liu, J.; Koroleva-Maharajh, A.; Chen, S. Rapid 3D bioprinting of decellularized
extracellular matrix with regionally varied mechanical properties and biomimetic microarchitecture. Biomaterials 2018, 185,
310–321. [CrossRef] [PubMed]

160. Lee, H.; Chae, S.; Kim, J.Y.; Han, W.; Kim, J.; Choi, Y.; Cho, D.W. Cell-printed 3D liver-on-a-chip possessing a liver microenviron-
ment and biliary system. Biofabrication 2019, 11, 25001. [CrossRef] [PubMed]

161. Wang, B.; Li, W.; Dean, D.; Mishra, M.K.; Wekesa, K.S.; Saheli, M.; Sepantafar, M.; Pournasr, B.; Farzaneh, Z.; Vosough, M.; et al.
Three-dimensional liver-derived extracellular matrix hydrogel promotes liver organoids function. J. Biomed. Mater. Res. Part A
2018, 119, 4320–4333.

162. Wang, B.; Li, W.; Dean, D.; Mishra, M.K.; Wekesa, K.S. Enhanced hepatogenic differentiation of bone marrow derived mesenchy-
mal stem cells on liver ECM hydrogel. J. Biomed. Mater. Res. Part A 2018, 106, 829–838. [CrossRef] [PubMed]

163. Afshari, A.; Shamdani, S.; Uzan, G.; Naserian, S.; Azarpira, N. Different approaches for transformation of mesenchymal stem
cells into hepatocyte-like cells. Stem Cell Res. Ther. 2020, 11, 1–14. [CrossRef] [PubMed]

164. Ahmed, H.M.M.; Salerno, S.; Morelli, S.; Giorno, L.; De Bartolo, L. 3D liver membrane system by co-culturing human hepatocytes,
sinusoidal endothelial and stellate cells. Biofabrication 2017, 9, 25022. [CrossRef] [PubMed]

165. Baze, A.; Parmentier, C.; Hendriks, D.F.G.; Hurrell, T.; Heyd, B.; Bachellier, P.; Schuster, C.; Ingelman-Sundberg, M.; Richert, L.
Three-Dimensional Spheroid Primary Human Hepatocytes in Monoculture and Coculture with Nonparenchymal Cells. Tissue
Eng. Part C Methods 2018, 24, 534–545. [CrossRef] [PubMed]

166. Mistriotis, P.; Andreadis, S.T. Vascular aging: Molecular mechanisms and potential treatments for vascular rejuvenation. Ageing
Res. Rev. 2017, 37, 94–116. [CrossRef]

167. Jeong, H.J.; Nam, H.; Jang, J.; Lee, S.J. 3D bioprinting strategies for the regeneration of functional tubular tissues and organs.
Bioengineering 2020, 7, 32. [CrossRef]

168. Campos, D.F.D.; Rohde, M.; Ross, M.; Anvari, P.; Blaeser, A.; Vogt, M.; Panfil, C.; Yam, G.H.; Mehta, J.S.; Fischer, H.; et al. Corneal
bioprinting utilizing collagen-based bioinks and primary human keratocytes. J. Biomed. Mater. Res. 2019, 107A, 1945–1953.
[CrossRef]

169. Kang, D.; Park, J.A.; Kim, W.; Kim, S.; Lee, H.R.; Kim, W.J.; Yoo, J.Y.; Jung, S. All-Inkjet-Printed 3D Alveolar Barrier Model with
Physiologically Relevant Microarchitecture. Adv. Sci. 2021, 8, 1–11. [CrossRef]

170. Liu, X.; Carter, S.S.D.; Renes, M.J.; Kim, J.; Rojas-Canales, D.M.; Penko, D.; Angus, C.; Beirne, S.; Drogemuller, C.J.; Yue, Z.; et al.
Development of a Coaxial 3D Printing Platform for Biofabrication of Implantable Islet-Containing Constructs. Adv. Healthc. Mater.
2019, 8, 1–12. [CrossRef]

http://doi.org/10.3390/bioengineering6030059
http://www.ncbi.nlm.nih.gov/pubmed/31284412
http://doi.org/10.1016/j.biomaterials.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30265900
http://doi.org/10.1088/1758-5090/aaf9fa
http://www.ncbi.nlm.nih.gov/pubmed/30566930
http://doi.org/10.1002/jbm.a.36278
http://www.ncbi.nlm.nih.gov/pubmed/29067792
http://doi.org/10.1186/s13287-020-1555-8
http://www.ncbi.nlm.nih.gov/pubmed/32033595
http://doi.org/10.1088/1758-5090/aa70c7
http://www.ncbi.nlm.nih.gov/pubmed/28548045
http://doi.org/10.1089/ten.tec.2018.0134
http://www.ncbi.nlm.nih.gov/pubmed/30101670
http://doi.org/10.1016/j.arr.2017.05.006
http://doi.org/10.3390/bioengineering7020032
http://doi.org/10.1002/jbm.a.36702
http://doi.org/10.1002/advs.202004990
http://doi.org/10.1002/adhm.201801181

	Introduction 
	Changes in ECM Components with Aging 
	Collagen 
	Fibronectin 
	Elastin 
	Laminin 
	Hyaluronic Acid 

	Influence of Age-Related Changes of ECM on Tissues 
	Mass Loss 
	Moisture Loss 
	Fibrosis 
	Tissue Dysfunctions 

	Utilization of ECM for Regeneration Strategies 
	Types of ECM-Based Materials for Biomedical Applications 
	ECM-Based Materials as Cell Delivery Carriers 
	3D Bioprinting Using ECM-Based Bioinks 

	Future Perspectives and Conclusions 
	References

