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The extracellular microenvironment regulates cell decisions through the accurate
presentation at the cell surface of a complex array of biochemical and biophysical
signals that are mediated by the structure and composition of the extracellular
matrix (ECM). On the one hand, the cells actively remodel the ECM, which on the
other hand affects cell functions. This cell–ECM dynamic reciprocity is central in
regulating and controlling morphogenetic and histogenetic processes.
Misregulation within the extracellular space can cause aberrant bidirectional
interactions between cells and ECM, resulting in dysfunctional tissues and
pathological states. Therefore, tissue engineering approaches, aiming at
reproducing organs and tissues in vitro, should realistically recapitulate the
native cell–microenvironment crosstalk that is central for the correct
functionality of tissue-engineered constructs. In this review, we will describe
the most updated bioengineering approaches to recapitulate the native cell
microenvironment and reproduce functional tissues and organs in vitro. We
have highlighted the limitations of the use of exogenous scaffolds in
recapitulating the regulatory/instructive and signal repository role of the native
cell microenvironment. By contrast, strategies to reproduce human tissues and
organs by inducing cells to synthetize their own ECM acting as a provisional
scaffold to control and guide further tissue development and maturation hold the
potential to allow the engineering of fully functional histologically competent
three-dimensional (3D) tissues.
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1 Introduction

Tissue-engineered products are generally intended to regenerate, repair, or replace
human tissue. However, these products have recently also been used as functional human
tissue models in laboratory settings for the purpose of drug discovery, toxicity testing, and
disease modeling. In this perspective, the goal is to replicate the complex microarchitecture
and physiological functions of human tissues and create models that more accurately reflect
human biology when compared to the traditional human experimental assay such as cell
cultures or animal models (Ishida, 2018; Langhans, 2018). The major challenge is to
recapitulate the complexity of the native cell and tissue microenvironment, which
includes the composition and structure of the ECM, and the time and space presenting
processes of biochemical and biophysical signaling molecules (Rozario and DeSimone, 2010;
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Thorne et al., 2015; Sainio and Järveläinen, 2020). When aiming for
this, the structure and chemical nature of the scaffold material play a
pivotal role and should control and guide the specific molecular or
cellular events such as molecular and cellular recognition,
morphogenesis, tissue remodeling, and cell repair by responding
to changes in the biological environment or the transformation of
cells from one state to another by adapting and synchronizing the
time and space presentation of multiple arrays of biochemical and
morpho-physical signals. However, attempts to integrate space and
time signal presentation control within synthetic or semi-synthetic
materials have often led to disappointing results due to the difficulty
in replicating the sophisticated logic of signal presentation that is
encoded within the native ECM (Rozario and DeSimone, 2010).

The ECM is a complex network of proteins and polysaccharides
that surrounds and supports the cells in a tissue. Although formed
by the same structural units (i.e., elastin, collagen, hyaluronan,
proteoglycans, fibronectin, and laminin), the specific organization
and amount of structural units of the ECM vary from organ to
organ. Furthermore, in the same organ, spatial differences in the
ECM can be observed. The dermis, for instance, presents two
regions, the papillary and reticular dermis. They are produced by
the same cells, the fibroblasts, and contain the same macromolecules
that are differently organized, resulting in different final functions
and properties (Zhao et al., 2019). The dermal ECM not only
performs the function of structural support but also plays the key
role in epidermal/dermal cross-talking which is responsible for hair
follicle morphogenesis and cycling (Rozario and DeSimone, 2010).
In the heart, the ECM provides mechanical support to the
myocardial cells and helps maintain the structural integrity of the
heart and regulates the contraction of the heart by providing a
scaffold for the organization of the sarcomeres. Additionally, the
ECM plays a role in the repair and regeneration of the heart after
injury by the recruitment and proliferation of resident cardiac
progenitor cells (Corda et al., 2000; Zhang et al., 2021a). In the
lungs, the ECM provides structural support to the alveoli and
bronchi and also helps maintain the specific mechanical
properties of the lung tissue. The ECM also dictates lung
development by providing the correct spatiotemporal signal
presentation to guide the growth and branching of the lung
epithelial cells (Range and Moser, 2012; Burgess et al., 2016;
Burgstaller et al., 2017). Other than being site specific, the ECM
is also status specific by changing its composition and signal
presentation with aging, pathologies, and other extrinsic factors
(e.g., diet, UV exposure, and pollutants; Selman and Pardo, 2021;
Rybinski et al., 2014). Any pathological variation in the ECM
properties leads to organ dysfunction. Fibrotic tissues, for
instance, are composed of the same macromolecules as that of
healthy tissues, but the aberrant growth of collagen when
compared to other ECM macromolecules, its stiffening, and the
variation in fiber organization compromise the functions of the
organs (Zhao et al., 2019; Burgess et al., 2016; Burgstaller et al.,
2017). These pieces of evidence highlight that cells cannot be
decoupled by their own ECM, and when cells are seeded in an
exogenous/synthetic context, dysfunctional tissues are obtained. The
awareness of the strict relationship between a cell and its specific
microenvironment represents a paradigm shift in scaffold designing,
highlighting the necessity to fabricate functionalized biomaterials
capable of replicating the regulatory cell function of the native

ECMs. In this review, we discuss the different approaches
proposed to mimic the ECMs in vitro, which include the use of
natural and synthetic ECM mimetic (Saska et al., 2021; Assunção
et al., 2020; Gjorevski et al., 2014; Parenteau-Bareil et al., 2010;
Hutmacher et al., 2004; Lutolf and Hubbell, 2005; Swinehart and
Badylak, 2016; Saludas et al., 2017; Abbasian et al., 2019; Guddati
et al., 2019; Hosoyama et al., 2019; Del Prado-audelo et al., 2020) and
the challenges that have to be still overcome to realize a perfect
replica of the ECM for tissue engineering applications (Netti, 2019).
In addition, the functionalization of synthetic biomaterials is
discussed together with the use of organ-derived ECMs and bio-
inks for 3D printing. We pay particular attention to tissue
engineering strategies in which somatic cells are induced to
produce their own ECM (Roy et al., 2020; Urciuolo et al., 2016),
showing that the resulting bioengineered organs and tissues can
replicate in vitro, and the relevant biological processes that are
strictly related to the cell–ECM interaction (De Gregorio et al., 2017;
Imparato et al., 2017; Lombardi et al., 2017; Casale et al., 2018; Mazio
et al., 2018; De Gregorio et al., 2020).

2 Cell–ECM bidirectional reciprocity:
implication in morphogenesis and
disease

The ECM is a macromolecular network that provides structural
support, defines tissue architecture, and elicits signals relying on the
status of the mechanical environment to adherent cells (Miller et al.,
2020).

From the discovery of integrins (and other ECM receptors) in
the mid-1980s, the past concept of the ECM being a “passive”
scaffold holding cells and tissue in place has been overcome, and the
ECM’s regulatory role on cell functional states in normal physiology
and homeostasis, disease progression, and development has been
widely recognized (Rozario and DeSimone, 2010; Dede Eren et al.,
2022). Integrins are a family of heterodimeric receptors composed of
an α- and β-subunit that mediate cell adhesion to a number of ECM
proteins. Upon binding with an ECM ligand, integrins transmit
signals that activate a number of intracellular signaling pathways
(Faralli et al., 2022). Integrins engage ECM components with their
extracellular domains and cytoskeletal and signaling proteins via
their cytoplasmic tails. Through these connections, integrins provide
a mechanical link between the ECM and cytoskeleton, allowing cells
to sense and respond to mechanical cues from the ECM
(Kanchanawong and Calderwood, 2023). The main class of
ECM’s macromolecules involved in the regulation of cell
signaling includes collagens, proteoglycans, elastin, and
glycoproteins such as fibronectin and laminin. The collagens,
which are the most abundant ECM proteins, are responsible to
provide structural support for tissues (Sainio and Järveläinen, 2020).
Proteoglycans have both structural and biological roles as they are
responsible for the mechanical resistance to compression and
hydration of the tissues and serve to trap growth factors (GFs) in
the ECM.

Elastin and fibrillin are the main components of elastic fibers
and are both critically important in the development and
homeostasis of elastic tissues (Sainio and Järveläinen, 2020;
Karamanos et al., 2021). In particular, fibrillin microfibrils
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mediate cell signaling via integrin and syndecan receptors, and
microfibrils sequester the transforming growth factor β (TGF-β)
family GFs within the matrix to provide a tissue store which is
critical for homeostasis and remodeling (Godwin et al., 2019).
Fibronectin and laminin are non-collagenous ECM glycoproteins,
of which the former is an important regulator in the cell–ECM
signaling process, while the latter is the most present component of
the basement membrane and can modulate cell adhesion,
differentiation, and migration. A variety of other molecules are
present in the ECM, such as cytokines, chemokines,
metalloproteinases (MMPs), and their inhibitors. All these
biochemical signals together with the biomechanical signals
(stretching, shear stress, stiffness, and surface topography) are
involved in the modulation of cellular phenotype, shape, and
functions (Dede Eren et al., 2022). Cells in turn constantly
deposit, degrade, or modify the ECM to carry out their functions
such as growth, apoptosis, and differentiation (Sainio and
Järveläinen, 2020). The continuous and dynamic interaction
between cells and their surrounding environment affects
biomechanical and biochemical properties of the ECM and cell
function through activation of signal transduction pathways that
regulate gene and protein expressions (Dede Eren et al., 2022). The
entirety of these bidirectional interactions between cells and their
surrounding ECM is referred to as cell–ECM dynamic reciprocity
and represents the key driver of most important biological processes
such as development and disease, as well as reproduction and
embryogenesis (Thorne et al., 2015; Turley et al., 1991; Knudson
and Peterson, 2004; Burgess et al., 2019; Nemec and Kilian, 2021).

In the following section, we provide a sampling of ECM
functions in pathophysiological events occurring in the human
body and highlight the diversity of mechanisms that depend
upon the actions of matrix molecules and their cellular receptors
(Range and Moser, 2012).

2.1 Branching morphogenesis

The development of branched organs is an interesting example
of the multiple roles played by the ECM in morphogenesis. The
branching involves the invasion of epithelial buds and tubes into the
surrounding embryonic mesenchyme rich in ECM. Several matrix
molecules such as glycosaminoglycans (GAGs), collagens, and many
other glycoproteins are involved as regulators of hair follicle,
mammary gland, salivary gland, kidney, gut, and lung
development. The branching units are surrounded by
microenvironments of the ECM that change in composition and
spatial distribution over time (Rozario and DeSimone, 2010). This
continuous remodeling of the ECM within a changing
microenvironment supplies the morphogenic cues to control cell
survival, proliferation, migration, polarization, and differentiation,
while the cell’s cytoskeleton mediates the extra- to intracellular
crosstalk that occurs between the nucleus and microenvironment
(Fata et al., 2004; Nelson et al., 2006; Coates et al., 2011a).

The mammary glands are a unique branched organ in which
most of the branching morphogenesis are required to develop the
ductal tree, which occurs postnatally during puberty. Therefore, they
represent a deeply investigated model to understand how the ECM
remodeling contributes to tissue morphogenesis and functional

differentiation (Coates et al., 2011a). The mammary gland
presents many cell types such as fibroblasts, adipocytes, and
epithelial cells. The latter, embedded in an interstitial ECM, are
present as luminal epithelial and myoepithelial cells and are both
appointed to form the branching network of ducts terminating in
small lobuli named acini (Thorne et al., 2015). The ECM expression
patterning along the branching structures is strongly heterogenous,
where ECMs rich in collagen IV, laminin I, and laminin 5 are found
around the acini, while collagen I is expressed along the mammary
ducts (Thorne et al., 2015; Fata et al., 2004; Silberstein and Daniel,
1984). The heterogenous ECM expression patterning is the result of
the ECM constant assembly and degradation and provides the
correct spatiotemporal cue presentation necessary to guide the
cells toward the different stages of mammary gland development
and functioning (branching, alveogenesis, lactation, and involution)
(Coates et al., 2011a; Kilmer, 2010). Among the ECM’s components,
the fibronectin plays a crucial role in gland development; indeed, it
increases appreciably during ductal morphogenesis as do
expressions of the fibronectin receptor α5β1 integrin in the
myoepithelial cells (Kilmer, 2010). The loss of fibronectin
expression results in dysfunctional gland development (Liu et al.,
2010; Thorne et al., 2015). Spatiotemporal expressions of MMPs is
necessary for the remodeling of the external environment; MMP-2
plays a role in the initial invasion of epithelial cells into the stromal
fat pad while MMP-3 promotes branching (Fata et al., 2004;
Wiseman et al., 2003).

The interactions between the mammary cells and the ECM have
been extensively investigated in 3D cultures aiming at modeling
mammary gland morphogenesis. Evidence from experimental
studies have shown that fibronectin expression decreases during
acinar morphogenesis as cells polarize and form a lumen. In
addition, the supplement of exogenous fibronectin increases cell
proliferation and colony size, suggesting the role of this ECM
component in coordinating epithelial cell growth during mammary
gland development (Hynes et al., 1979). During lactation, myoepithelial
and luminal epithelial cells secrete milk into the lumen of the acini.
Laminin-111 is the basement membrane component secreted by the
myoepithelial cells that trigger the polarization of luminal epithelial cells
(Kleinman et al., 1986). The latter cultured in vitro in 3D laminin-rich
ECM can establish apical–basal polarity and express milk proteins in
response to lactogenic hormones even in the absence of myoepithelial
cells. On the contrary, if cultured in collagen gels lacking laminin, the
cells display reversed polarity and lose mammary-specific gene
expression (Coates et al., 2011a; Coates et al., 2011b), confirming the
critical role of the ECM in guiding mammary-specific function (Coates
et al., 2011b). These insights demonstrate that the ECM can direct tissue
polarity and morphogenesis and even affect gene expression and
nuclear remodeling, providing an unequivocal proof that ECM–cell
interactions are necessary for mammary gland development and
functioning, substantiating a role for dynamic reciprocity in the
breast (Thorne et al., 2015).

2.2 Alterations in ECM during organ disease

In physiological conditions, dynamic reciprocity works to
guarantee the homeostasis in human tissue, but any defect in the
mechanochemical signaling network can trigger tumorigenesis. In
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its natural state, the mesenchymal–stromal cells establish a tightly
controlled environment which guarantees a tumor-repressive
homeostatic equilibrium regulated by local fibroblastic cells
(Alexander and Cukierman, 2016). However, critical pathological
events such as chronic inflammation and cancer can forbid the
restoration of an innate mesenchymal homeostatic state (Rybinski
et al., 2014; Alexander and Cukierman, 2016; Kunz-Schughart and
Knuechel, 2002). When this situation occurs, all the stromal
components undergo modification evolving toward a new
equilibrium that preserves the pathological condition (Alexander
and Cukierman, 2016); Hu and Polyak, 2008). This homeostatic
stromal change is evident in most carcinomas in which the stroma
compartment is characterized by a fibrosis-like reaction called
desmoplasia. The desmoplastic stroma presents activated
fibroblastic cells (myofibroblasts) that are responsible for specific
modifications in the ECM architecture and composition, such as
increased type I collagen deposition and, in contrast to innate
stromal features, an anisotropic collagen network organization
(Kunz-Schughart and Knuechel, 2002). In turn, the ECM affects
cellular activity via changes in the cytoskeleton and subsequently
drives the expression and secretion of the matrix remodeling
molecules, such as collagen cross-linkers and MMPs. This
‘mechanotransduction’ is modulated by the integrins, the bi-
directional ECM–cell receptors acting as a link that enables the
transmission of physical and chemical cues from the extracellular
environment to the nucleus (Jahed et al., 2014). In the cancer
microenvironment, the fibrotic and desmoplastic stromal
environment represents the fuel that sustains myofibroblastic
activation (Alexander and Cukierman, 2016; Webber et al., 2015).
Indeed, as cells become contractile, the mechanical strain increases
stretching the ECM fibers that in turn make the ligands accessible to
integrins (Kubow et al., 2009). Taken together, the observations
report and highlight that the cell matrix bidirectional reciprocity
occurring in cancer is responsible for two dynamic processes: the
stromal myofibroblastic-imposed effect that is responsible for
remodeling the ECM landscape and the ECM-imposed cellular
influence (Alexander and Cukierman, 2016; Malik et al., 2015).
During both processes, biochemical signaling cascades are regulated
through cell–ECM receptors that stimulate intracellular changes
mediated by cytoskeletal reorganization (Thorne et al., 2015;
Alexander and Cukierman, 2016). Cancer is not the only disease
where the dynamic reciprocity of the cell–ECM regulates the
initiation and progression of the pathological status, recently it
has emerged that the cell–ECM interchange plays a crucial role
in the initiation and evolution of chronic lung diseases (Thorne
et al., 2015; Burgess et al., 2016; Burgstaller et al., 2017). Due to the
increase in knowledge about the alterations in the profiles of ECM
proteins in diseased lung tissues, recently there has been a growing
need to understand the functional significance of these changes and
how the composition of the ECM contributes to disease pathology in
airways. It is well known that the asthmatic airway is characterized
by alterations in the epithelial cells, smooth muscle cells, blood
vessels, and in the ECM structure, and now, the correlation between
the airway structure and other lung pathologies [chronic obstructive
pulmonary disease (COPD) and interstitial lung fibrosis] is under
investigation (Larsen et al., 2015; LaPolt and Lu, 2001). The airway
smooth muscle cells (ASMs) produce and secrete several ECM
proteins and MMPs, influencing their surrounding

microenvironment that in turn affects the proliferative,
migratory, and synthetic responses of the ASM cells. TGF-β, a
pro-fibrogenic growth factor that has been implicated in airway
remodeling in asthma and other fibrotic lung diseases, is anchored in
the ECM, providing a reservoir of this GF that can be released on
demand. Among its many functions, TGF-β regulates the deposition
of ECM proteins by ASM cells (Johnson et al., 2006; Xie et al., 2007).
Therefore, the TGF-β activation influences the balance between
ECM production and degradation. The disruption of the ECM may
be the key driver for the induction of the fibrotic process. Fibroblasts
are also target cells for ECM-modulated effects in lung disease. The
asthmatic-derived elongated fibroblasts produce higher amounts of
biglycan, decorin, and versican and migrate twice as far as the
fibroblasts originating from bronchial biopsies from the same
patients, suggesting that the altered ECM profile contributes to
the migratory phenotype of the elongated fibroblasts (Larsen et al.,
2004). Investigations on the changes in the ECM in COPD patients
have also been carried out. It has been shown that the deposition of
ECM proteins in COPD patients’ lung tissues is mainly driven by
fibroblasts, which produce a versican-rich ECM that inhibits the
formation of elastin fibers (LaPolt and Lu, 2001), (Hallgren et al.,
2010). Furthermore, the structure of the ECM in patients with
idiopathic pulmonary fibrosis is different from that of healthy
patients. Indeed, fibroblasts derived from patients with
pulmonary fibrosis produce high levels of hyaluronan and
decorin and present with lower proliferative rates than those with
low levels of these ECMproteins (Westergren-Thorsson et al., 2004).
The fibrotic deposit in the lung tissue seems to be both a cause and
consequence of fibroblast activation. In addition, the ECM in fibrotic
lungs (Fernandez and Eickelberg, 2012) is not only altered in
composition but also more rigid than it is in non-diseased lung
tissue (Booth et al., 2012). All together, these data demonstrate that
the ECM in the airway tissues of patients with fibrotic lung diseases
can dictate cellular behaviors and add to or modulate disease
pathology.

3 Bioengineered approaches to mimic
cell microenvironment complexity

Tissue engineering approaches rely on the use of biomaterials
acting as ECM surrogates to support cell migration, survival,
proliferation, and biosynthetic activity. To accomplish the
abovementioned properties of the native extracellular space,
different biomaterials of either natural or synthetic origin
arranged in the form of macroporous materials, fibrillar network,
and swollen hydrogels have been employed (Assunção et al., 2020;
Hutmacher et al., 2004; Eltom et al., 2019). The design criteria for the
scaffolds acting as ECM surrogates involve the definition of the
internal architecture from the nano- to micrometric levels, surface
properties (such as roughness, wettability, and chemistry), and
topographical and mechanical features. Such design criteria can
be subdivided into porosity-driven design and biophysical
cue–driven design (Figures 1A, B). The former involves the
definition of suitable porosity, interconnectivity, pore shape, and
dimension, while the latter involves the use of bio-inspired
molecular signals with controlled spatiotemporal presentation to
the cell receptors: the mechanical and non-topographical cues.
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3.1 Porosity-driven design

Scaffolds with controlled porosity and degree of
interconnectivity can be obtained by using different processing
approaches such as (i) bulk processing (gas foaming, solvent

casting/porogen leaching, thermally or chemically induced phase
separation, and freeze drying) (Yadav et al., 2021), (ii) fiber
formation and successive assembly into 3D fibrous structures
(e.g., electrospinning, fiber bonding, and textile-derived
techniques) (Rnjak-Kovacina et al., 2011; Wubneh et al., 2018),
and (iii) polymer network cross-linking to form hydrogels (Saludas
et al., 2017; Braziulis et al., 2012; Yang et al., 2017). Process variables
such as porogen concentration, temperature, pressure, electric field,
polymer concentration, and degree of cross-linking can be used to
modulate scaffold properties which may ultimately trigger and
modulate specific cellular functions. Pore size, distribution, and
dimensions have been shown to affect both cell proliferation and
differentiation (Loh and Choong, 2013; Rnjak-Kovacina et al., 2011).
Takahashi and Tabata (2004) showed that fiber diameter and
porosity of 3D non-woven matrix fabricated using polyethylene
terephthalate (PET) fibers affected osteogenic differentiation and
proliferation of rat mesenchymal stem cells (MSCs) . By using 3D
porous scaffolds based on silk fibroin, it was demonstrated that pore
sizes ranging from 200 to 250 μm and porosity of approximately
86% enabled better proliferation of foreskin fibroblasts (Mandal and
Kundu, 2009). Other studies have reported that the average pore size
should be approximately 35 μm for stimulating vascularization,
between 20 and 125 μm for enhancing fibroblasts in growth and
skin regeneration, and between 100 and 350 μm for bone
regeneration (Netti, 2019). Other than cell proliferation,
migration, and differentiation, porosity and pore size have been
shown to influence cellular biosynthetic activity. In studies
concerning cartilage tissue engineering, it has been shown that
chondrocytes seeded in a porous gelatin scaffold displays
preferential proliferation and ECM production for scaffolds with
pore sizes between 250 and 500 μm (Lien et al., 2009). In addition,
pore size and porosity have been shown to influence MSC
differentiation (Ferlin et al., 2016; Matsiko et al., 2015),
adipogenesis (Guneta et al., 2016), bone tissue regeneration
(Kuboki et al., 2001), hepatogenesis, skin regeneration, and
smooth muscle differentiation (Loh and Choong, 2013). Further
advancements in scaffold manufacturing have been obtained with
the advent of additive manufacturing techniques (e.g., 3D printing,
selective laser sintering, stereo lithography, and fused deposition
modeling) and microfabrication approaches. These methods have
enabled better control at the micro- and macroscales over pore
dimension, shape, orientation, spatial distribution, and porosity
(Guddati et al., 2019; Taniguchi et al., 2016). The copious
research conducted so far have demonstrated that both pore size
and shape can modulate specific mechano-transduction pathways.
The cells seeded onto pore surfaces have the capacity to sense
geometrical features by experiencing mechanical stresses that
induce cytoskeleton rearrangement triggering nuclear
deformation that ultimately affect gene expression. Pereira et al.
(2020) demonstrated a shape-dependent behavior (square vs.
rectangle) of myoblast cells (C2C12 line) by demonstrating that
square pores led to higher nuclear localization for histone lysine
methyltransferase—SMYD3, histone lysine trimethylation, and
YAP/TAZ than did the rectangle pattern. Another study used
methacrylate hyaluronic acid (MeHA) to encapsulate human-
derived MSCs in pores having different geometries such as
triangular, cylinder, cuboid, and cube and showed that triangular
and cuboid pores induced higher nuclear YAP/TAZ localization

FIGURE 1
Scaffold design evolution. (A) Schematic representation of the
evolution of the scaffold design concept. Porous 3D architecture can
be formed as macro-porous matrices (A1; Eltom et al., 2019; Loh and
Choong, 2013), fibrous matrices that are woven/non-woven/
knitted (A2; Braghirolli et al., 2014), hydrogels with controlled swelling
and mechanical stiffness (A3; Lee and Mooney, 2001; Drury and
Mooney, 2003; Braziulis et al., 2012; Hoffman, 2012), and 3D printing
(A4; Patra and Young, 2016). (B) Signals that can be encoded in 3D
architecture to mimic the ECM’s role—ligands (B1), proteins (B2),
peptides (B3), mechanical gradients (triangle in B4), patterns
(patterned surface in B4), and delivery systems for controlled release
of growth factors that can be arranged as spatial gradients (B5) with
programmed and time-controlled release (B6) (Lutolf and Hubbell,
2005; Del Prado-audelo et al., 2020; Kim et al., 2017; Lutolf et al.,
2003; Patra and Young, 2016; Das and Noh, 2018). (C) Strategies to
mimic native ECM by using decellularized native tissue and native
organs as source (C1) to obtain 3D porous structures (organ-derived
3D ECMs, C2; Rajab et al., 2020; Mazza et al., 2015) or organ-specific
bio-inks for bioprinting applications (organ-derived bioinks, C3;
Choudhury et al., 2018). By stimulating stromal cells (i.e., fibroblasts or
MSCs, C4) or by means of macromolecular crowding or ascorbate,
site-specific ECM sheets are obtained (C5). Such ECMs populated by
cells are then (i) used as living cell sheets (Roy et al., 2020) or (ii)
decellularized and re-seeded with other cell types (Yong et al., 2020).
Created with BioRender.com.
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(Bao et al., 2017). The effect of pore shape/dimension on cell fate can
be also related to the curvature of the pores. Smaller pores have
steeper curvature than large pores, inducing different cytoskeleton
organization that ultimately controls cell differentiation pathways.
Finally, the shape, dimension, and curvature of the pores can control
ell fate by modulating the stress fibers and F-actin polymerization,
focal adhesion formation and cell tension, nuclear functions, and
mRNA concentration in cells (Bao et al., 2017; Swanson et al., 2022).
Once an optimal pore shape and dimension is established, the other
parameters can have effect on cell behavior such as the dynamic
culture conditions (Martin et al., 2004; Urciuolo et al., 2011). In
perfusion bioreactors, given the shape and distribution of pores, the
perfusion flow rate can modulate cell behavior due to fluid dynamic
conditions. It has been shown that MSCs seeded in poly-
caprolactone porous scaffolds experienced bone differentiation
when the flow rate could establish a specific shear stress
distribution at the cell surface (Guarino et al., 2012). In
particular, a shear stress distribution at the cell/fluid interface
falling in the range of 10−3–1 Pa maximized the expression of
osteopontin, alkaline phosphate, and osteocalcin when compared
with other fluid dynamic conditions.

3.2 Biophysical cue-driven design

Besides pore size, shape, interconnectivity, and spatial
arrangement, many other important cues have to be
implemented and opportunely modulated in the 3D scaffolds if
one wishes to mimic the dynamic and instructive role of native
extracellular space as close as possible. Therefore, cell instructive
materials hosting molecular, topographical, mechanical, and
morphogenetic cues have emerged as a new class of advanced
biomaterials for tissue engineering applications (Ventre et al.,
2012; Custódio et al., 2014).

Molecular cues that are provided to cells arranged in 3D contexts
can be divided into ECM-binding proteins (collagen, elastin,
adhesive glycoproteins, gelatin, vitronectin, fibronectin, and
laminin), ECM-remodeling proteins, and GFs. The importance of
ECM-binding proteins in in vitro cell cultures to promote their
adhesion is widely recognized. Adsorption of such proteins on
biomaterial surfaces to support cell adhesion is a common
practice in tissue engineering applications. In addition, different
biomaterial scaffolds are produced in the form of hydrogels or
sponges made up of ECM proteins (Del Prado-audelo et al.,
2020). Type I collagen and fibrin hydrogels with tunable local
stiffness and fiber diameters have been used to modulate cell
mechano-sensing properties and migration (Münster et al., 2013).
Furthermore, collagen-based scaffold and its composites (i.e., in
combination with other ECM proteins) have been used in different
tissue engineering applications comprising regeneration of tendons,
skin, vascular grafts, heart valves, and dental/bone applications (Del
Prado-audelo et al., 2020; Parenteau-Bareil et al., 2010). Besides
ECM proteins, GFs represent important signaling molecules that
modulate cellular activities. The GFs can be sequestered by the ECM
for their presentation to cell receptors to stimulate cell migration,
growth, proliferation, differentiation, and gene expression. They
play important roles in wound healing, tissue regeneration, and
immune regulation. Among the many known GFs, bone

morphogenetic proteins (BMPs), insulin-like GF-1 (IGF-1), TGF-
β, basic fibroblast GF-2 (FGF-2), platelet-derived GF (PDGF), and
vascular endothelial GF (VEGF) are the most used for tissue
engineering applications (Klimek and Ginalska, 2020). Both ECM
proteins and GFs if correctly presented in terms of
dose–spatial–temporal presentation can correctly stimulate a
constructive cell response in different mechanisms such as
wound repair and tissue integration. To mimic the native spatial
and temporal signal presentation, GFs have been coupled with
suitable biomaterials acting as GF delivery systems to allow their
preservation and activity by enabling their sustained and on-
demand release (Klimek and Ginalska, 2020; Subbiah and
Guldberg, 2019). The coupling of GFs with suitable biomaterials
can be obtained by entrapping them in porous/non-porous
nanotubes, fibers, particles, capsules, spheres, or hydrogel
matrices. In the landscape of GF release for tissue regeneration
applications, pH-, redox-, and temperature-sensitive GF delivery
strategies have been largely employed. Kim et al. (2017) conjugated
the epidermal growth factor (EGF) to polymer fiber patches by
means of MMP cleavage sequences. Once exposed to over-
expressing MMP environments, the genetically engineered EGF
was rapidly released favoring the migration of keratinocytes in
wound-healing models. pH-sensitive alginate/CaCO3 composite
microparticles of approximately 400 µm in diameter, loaded with
bFGF realized with microfluidic techniques, improved the antacid
ability of the microparticles and reduced the initial burst release.
Slow and sustained release of bFGF was achieved, and significant
keratinocyte proliferation and migration rates both in vivo and
in vitro were observed (Shi et al., 2019). Other relevant
applications of stimuli-responsive systems can be found in the
field of bone and cartilage regeneration, heart and skeletal muscle
repair, nerve growth, and vascularization (Qu et al., 2020). With
these strategies, different delivery kinetics can be obtained such as
burst, sustained, delayed, and pulse-like. The challenge in GF release
platforms is represented by the loading of different GFs in the same
matrix in order to promote multiple delivery with the aim to
increase their synergic effect and control their spatiotemporal on-
demand presentation (Subbiah and Guldberg, 2019).
Spatiotemporal delivery has been improved by the recent
advances in additive manufacturing: micro- or nanoparticles
loaded with biomolecules can be deposited along precise 3D
architectures inside the scaffolding material (Fahimipour et al.,
2017; Zhu et al., 2018). Such carriers act as protecting materials
against GF degradation, and the release kinetic can also be
modulated by adjusting material properties. Furthermore, their
spatial localization can be controlled during manufacturing, with
the final result having a spatial and temporal controlled release
(Salerno and Netti, 2021; Tarafder et al., 2016; Wen et al., 2019;
Subbiah et al., 2020). Whole proteins and GFs can be difficult to
manipulate during the bioconjugation steps. This leads to the
identification of amino acid sequences that elicit cell responses
analogous to those provided by the proteins. Such peptides bring
the advantages of being more stable than whole proteins and are
easier to manipulate and synthesize.

The RGD (Arg-Gly-Asp) sequence is the most important
modifier of biomaterials as it has been recognized to be a pro-
adhesive motif, via integrin binding, found mainly in collagen,
gelatin, fibronectin, and laminins (Pountos et al., 2016; Krishna
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and Kiick, 2010; Gjorevski et al., 2014). Other than to control cell
adhesion and mechanotransduction, the integrin/RGD binding has
been demonstrated to have an effect on oxygen consumption
kinetics. Guaccio et al. (2008) clearly reported that given a cell
line and scaffold porosity, the RGD concentration affected the
oxygen consumption kinetic parameter. In particular, the higher
the RGD concentration, the lower was the oxygen request, indicating
that when the cells were engaged in interactions with the ECM
peptides, the metabolic request was lower. Different amino acid
sequences found in both the ECM and GFs that are commonly used
in tissue engineering applications are summarized in Table 1 and
described in detail elsewhere (Hosoyama et al., 2019; Asghari Sana
et al., 2017; Zachman et al., 2013; Lin et al., 2010; Kim et al., 2012;
Zhang et al., 2016; Stahl et al., 2014). Other molecules include
peptides that are either ECM- or GF-derived and belong to the
category of self-assembly peptides (SAPs) (Lutolf and Hubbell,
2005). Moreover, the extracellular environment found in native
tissues is subjected to continuous proteolytic activity via cleavage of
ECM fragments sensitive to remodeling enzymes, such as MMPs
and serine proteases and hyaluronidases, to allow ECM turnover
and cell migration. Such proteolytic-mediated migration is part of
the cell–ECM reciprocity mechanism. To replicate such dynamic
interplay, several synthetic biomaterials (e.g., PEG hydrogels) have
been functionalized with molecular motifs that are sensitive to
proteases (Lutolf and Hubbell, 2005). The simultaneous
incorporation of adhesion ligands and protease-sensitive motifs
into polyethylene glycol (PEG) networks has been demonstrated
to enable integrin-dependent proteolytic 3D migration of fibroblasts

and endothelial cells. Such materials have enabled a fine control over
cell migration by acting on different properties of the 3D matrix:
physicochemical characteristics (extent of cross-link and polymer
concentration), adhesion ligand density, or proteolytic sensitivity of
cysteine-containing peptides such as GCRRG or GRCRG (where R is
arginine, G is glycine, and C is cysteine) (Lut et al., 2001; Halstenberg
et al., 2002; Lutolf et al., 2003).

Nanopatterns and mechanical cues represent other important
sets of signals useful for bioengineering the cell microenvironment
and to control cell fate. The advent of even more sophisticated
microfabrication techniques such as photolithography, electron
beam lithography, microcontact printing, microfluidics, and two
photons has provided the possibility to fabricate biomaterials with
specific nanometric features. Nanopatterning in the form of grooves
and channels, pillars, wells and pits, and molecular motifs can be
used to modulate adhesion, alignment, migration, and
differentiation of the cells. Gradients of such signals can be
obtained by spatially varying the pattern density. Patterning can
be used to induce cell alignment or to orchestrate precise spatial
distribution to mimic specific tissue architectures. Patterned
collagen gel has been used to induce alignment of corneal
keratinocytes (Vrana et al., 2007) and endothelial cells (Zorlutuna
et al., 2009). Furthermore, micro-grooved substrates have been used
to align nerve cells (Béduer et al., 2012) or within a co-culture system
where lamininmicropatterns have been used to guide Schwann cells,
leading to the formation of aligned neurites (Thompson and
Buettner, 2006). Patterns can also be created by using several
ECM proteins. A multi-material pattern composed of fibronectin,

TABLE 1 ECM- and GF-derived peptides: examples, functions, and applications.

ECM-derived peptides Applications and function

• DGEA (Asp-Gly-Glu-Ala) Involved in integrin signaling that can promote cell adhesion, proliferation, and
differentiation (Hosoyama et al., 2019)

• GFOGER (Gly-Phe-Hyp-Gly-glu-arg)

• GFPGER (Gly-Phe-Pro-Gly-Glu-Arg)

• PepGen P-15 (P-15): GTPGPQGIAGQRGVV (Gly-Thr-Pro-Gly-Pro-Gln-Gly-Ile-
Ala-Gly-Gln-Arg-Gly-Val-Val)

Class of the pro-adhesive collagen-derived peptide. It is known to stimulate
osteoblast adhesion and proliferation (Hennessy et al., 2009)

• PHSRN (Pro-His-Ser-Arg-Asn) Fibronectin-derived sequences. It been demonstrated that their use is to enhance
adhesion and proliferation of fibroblasts, MSCs, and endothelial cells (Hosoyama
et al., 2019; Asghari Sana et al., 2017)• REDV (Arg-Glu-Asp-Val)

• LDV (Leu-Asp-Val)

• KQAGDV (Lys-Gln-Ala-Gly-Asp-Val)

• C16: KAFDITYVRLKF (Lys-Ala-Phe-Asp-Ile-Thr-Tyr-Val-Arg-Leu-Lys-Phe) Other than pro-adhesive sequences, peptides from laminins have been found to have
the pro-angiogenic feature. C16 enhances endothelial cell migration, adhesion, and
proliferation in vitro and can support angiogenesis in vivo (Zachman et al., 2013)

GF-derived peptides

• P17: IVAPPGYHAFYCHGECP (Ile-Val-Ala-Pro-Pro-Gly-Tyr-His-Ala-Phe-Tyr-
Cys-His-Gly-Glu-Cys-Pro)-

BMP-derived peptides. It has been shown to enhance viability of bone marrow stem
cells and stimulate osteogenic differentiation and bone regeneration in combination
with natural and synthetic scaffolds in vivo and in vitro (Lin et al., 2010; Kim et al.,
2012; Zhang et al., 2016)• P24: KIPKASSVPTELSAISTLYLSGGC (Lys-Ile-Pro-Lys-Ala-Ser-Ser-Val-Pro-Thr-

Glu-Leu-Ser-Ala-Ile-Ser-Thr-Leu-Tyr-Leu-Ser-Gly-Gly-Cys)-

• BFP1: GQGFSYPYKAVFSTQ (Gly-Gln-Gly-Phe-Ser-Tyr-Pro-Tyr-Lys-Ala-Val-Phe-
Ser-Thr-Gln)-

• QK: KLTWQELYQLKYKGI (Lys-Leu-Thr-Trp-Gln-Glu-Leu-Tyr-Gln-Leu-Lys-Tyr-
Lys-Gly-Ile)

Amino acid sequences that mimic the VEGF functions by eliciting endothelial cell
migrations, proliferation, and angiogenesis (Stahl et al., 2014)
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hyaluronic acid, and collagen has been used to co-culture
hepatocytes, fibroblasts, and embryonic stem cells. By exploiting
the specific affinity of cells with different patterns, a cellular
organization resembling the liver architecture was achieved
(Takahashi et al., 2009). Other important applications of
patterning rely on the control over cell migration and
differentiation. Iannone et al. (2015) demonstrated that by
exploiting material surface nanopatterning, it is possible to
control the initial spatial positioning and growth of focal
adhesions of hMSCs. During the culture on polydimethylsiloxane
(PDMS) substrates with arrays of parallel channels having 700 nm
width and 1.4 μm pitch, hMSCs underwent a self-organizing
differentiation process. When compared with flat surface, after
15 days of culture, hMSCs displayed an overexpression of
tenogenic differentiation genes [thrombospondin 4 (THBS4),
tenomodulin (TNMD), SMAD8, and scleraxis] and tendon
matrix genes (tenascin C, decorin, collagen 1, and collagen 3).
This led to the development of 3D tissues with cellular and ECM
organization closely resembling that of an embryonic human
tendon.

Pioneering studies on cell–materials interaction performed by
Harris et al. (1980) established that mechanical stiffness of substrates
represents an additional cue that intervenes in controlling the
dynamic reciprocity between adhesion plaque growth and
substrate deformation. Numerous experimental evidence have
corroborated the existence of a regulatory mechanism between
local mechanical properties of the materials and cell deformation
that represents the foundation of mechano-sensing (Martino et al.,
2018). The patterning of mechanical properties has been used to
direct cell adhesion and migration in collagen-coated
polyacrylamide gels. In particular, at higher gel stiffness, more
stable and mature focal adhesions have been observed (Pelham
and Wang, 1997). Material stiffness is also involved in controlling
cell migration and differentiation. Interestingly, gradients of
mechanical stiffness trigger cell migration from soft to rigid
regions (Doyle and Yamada, 2016). Many other evidence have
reported the possibility to direct stem cell differentiation by
modulating material stiffness (Wu et al., 2020; Muncie et al.,
2020). Spatial and temporal patterning of mechanical properties
may result in crucial relevance in recapitulating morphogenetic
processes. Indeed, organs and tissues never develop in isolation
but in concert with the surrounding tissues and organs. This implies
that each organ is mechanically confined and can impinge upon or
pull on other organs. Finally, at the organ and tissue level, regional
differences in the mechanical properties arise that serve to pattern
cell behavior and differentiation that ultimately drive
morphogenetic processes. Such mechanical conditioning is often
absent in 3D in vitro cultures (Gjorevski et al., 2014). Ultraviolet
(UV) ray-sensitive hydrogels can be used as smart material to
recreate such mechanical modularity occurring during the
morphogenetic process. UV light can modulate, with a
micrometric resolution, the mechanical stiffness of matrix regions
close to the organoids in order to mimic the expansive growth of the
surrounding tissues/organs and consequently induce a controlled
local confinement of the growing organoid (Gjorevski et al., 2014).
Finally, the ability to produce biomaterials encoding such molecular
cues (ECM proteins, GFs, and ECM remodeling enzymes) by
arranging them along gradients and patterns with controlled

temporal presentation of such signals has increased the
possibility to mimic the native context not only in terms of
composition but also in terms of cell–ECM reciprocity.

3.3 Mimicking native ECMs

Regardless of the origin of biomaterials (natural or synthetic),
their bioactivation degree and spatial arrangement as ECM
surrogates still represent an “exogenous” environment, and
although representing complex “bio-logic” systems, they are still
far from the native context in terms of composition, architecture,
functions, signal sequestration, and spatiotemporal presentation.
The ECM is a biomaterial designed by nature that underwent over
600 million years of material optimization (Hynes, 2012). Regarding
its composition, the ECM involves approximatively 300 bio-
macromolecules opportunely arranged depending on the body
location or on the tissue development stage. Moreover, the ECM
behaves as a “living entity” by undergoing tremendous
modifications in concert with the actual needs of the cells,
supporting their functions in a specific manner at each stage of
tissue development and status (aging, homeostasis, and pathologies).
These adaptive/responsive properties occur via modification of
spatial organization, stiffening/softening of matrix fibers,
compositional modifications, changes in the affinity with water
and soluble factors, and changes in the crosstalk between
adjacent tissues (e.g., stroma/epithelium interactions) (Kaukonen
et al., 2017). Therefore, it is difficult to expect that a biomaterial,
even though complex, may be able to capture all the aforementioned
features of the cells’ own extracellular space. To overcome such
issues, in parallel to the modification of biomaterials, other
approaches have been developed in order to tailor the properties
of the extracellular space on cell functions. Such approaches can be
divided into (i) decellularized ECM-based approach and (ii)
endogenous ECM-based approach (Figure 1C; Figure 2). The
former is based on the decellularization of the ECM from either
native organs or engineered tissues which are then re-seeded with
cells (Assunção et al., 2020; Rajab et al., 2020; Solarte David et al.,
2022). The latter relies on tissue engineering processes, where
somatic cells are induced to synthesize and assemble their own
ECM during the in vitro culture (self-assembly of cell-synthesized
ECM sheets and induced assembly of connective microtissues)
(Imparato et al., 2013; Urciuolo et al., 2016). Unlike
decellularized ECMs from engineered tissues, in both cell sheet
engineering and connective microtissue approaches, the neo-
synthesized ECMs are not decellularized but used as living 3D
stromal tissue. Both decellularized ECM-based and endogenous
ECM-based approaches can be coupled with 3D printing
techniques to replicate complex biological architectures.

3.4 Decellularized ECMs

Tissue-derived ECMs (tdECMs) are isolated from native organs
after the removal of resident cell populations by means of physical,
chemical, or enzymatic methods followed by a fixation step with the
final aim to preserve the original ECM architecture and composition
and to prevent host reactions after implantations (Figure 1C)
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(Swinehart and Badylak, 2016). The first attempt at preservation of
ECM materials with the removal of other mesenteric tissues was
reported by Badylak et al. (1995), followed by the production of
other tdECMs such as the skin, vascular tissue, heart valves, and
bladder (Schmidt and Baier, 2000; Elkins et al., 2001; Chen et al.,
2004; Schultheiss et al., 2005). The advent of the perfusion methods
for decellularization opened the way (Ott et al., 2010) for the
decellularization of whole organs such as the human kidneys,
human lungs, heart, and liver (NicholsNiles et al., 2013; Orlando
et al., 2013; Mazza et al., 2015). tdECMs possess different advantages
when compared with scaffolds obtained with other methods such as
(i) preservation of the original organ-specific internal architecture at
very high resolution and (ii) partial preservation of native moieties
for cell signaling. Despite such advantages, different limitations can
be observed. First, the decellularization protocols are not yet
standardized as they depend on the organs, and for each organ,
the protocol may depend on the size and status. Then, after
transplantation, the immunological response still represents an
issue. For in vitro applications, both recellularization and in vitro
culture steps are still challenging, and specific bioreactors for cell
seeding and tissue cultivation have to be designed. In addition,
tdECMs do not allow the full preservation of both tissue and stem
cell niches. Indeed, during the decellularization process and the

following fixation steps, severe modification of the ECM
macromolecules can occur. tdECMs are also produced in the
form of bio-inks (Fahimipour et al., 2017; Choudhury et al.,
2018; Wang et al., 2021). The possibility of using additive
manufacturing or light polymerization methods to arrange cells
along complex 3D architectures has the potential to overcome some
limitations of the abovementioned approaches such as the difficulty
of reseeding the cells in the tdECM. tdECM bioinks (Figure 1 C3)
have been developed for different applications such as the heart (Pati
et al., 2014), liver (Skardal et al., 2015), skin (Ahn et al., 2017),
vascular tissue (Gao et al., 2017), and skeletal tissue (Choudhury
et al., 2018; Choi et al., 2016).

Cell-derived ECMs (cdECMs), also called re-engineered ECMs,
are obtained in vitro by inducing somatic cells to synthesize ECMs
with specific properties. Culture conditions can be adjusted to
promote ECM deposition by exploiting macromolecular
crowding (Zeiger et al., 2012), by inducing hypoxia into cell
culture or adding ascorbate in culture media (Hinek et al., 2014).
Macromolecular crowding in extracellular culture media, for
instance, can be obtained by adding a small amount (1% in
volume) of Ficoll® in the culture media. This amount sufficiently
crowds the functional proteins of interest to speed up biochemical
reactions and assembly (which include enzymatic and

FIGURE 2
Microtissue-induced assembly method. (A) Fibroblasts from different body locations are seeded onto porous MMP-sensitive microcarriers in
suspension cultures. Process variables are designed in order to promote the production of ECMs in the bulk porosity and on the surface of
themicrospheres. At the end of the process, themicrospheres are almost degraded and a connectivemicrotissue that is formed by an endogenous ECM is
obtained (Imparato et al., 2013; Urciuolo et al., 2016). (B) Such microtissues can represent the connective part of more complex tissues. It can be
enriched with vascular endothelial cells forming a functional tumor microenvironment (TME) and cancer cells and can be inserted in microfluidic device
(Mazio et al., 2018; Gioiella et al., 2016) for cancer-on-chip applications. (C) Connective microtissues can be assembled in thicker connective tissues of
>1 mm thick, forming the connective part of (D) full-thickness barrier tissues that can be obtained by seeding tissue-specific epithelial cells on top (De
Gregorio et al., 2020; De Gregorio et al., 2017; Casale et al., 2016). Created with BioRender.com.
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polymerization reaction rates, binding and folding kinetics, and
gelation and protein fibril formation). Zeiger et al. (2012)
demonstrated that macromolecular crowding induces alignment
of ECM fibers, cytoskeleton reorganization and alignment, and
an increase in deposition of collagen type I in human bone
marrow–derived mesenchymal stromal or stem cells. cdECMs are
fabricated in different shapes from 2D (standard plates and
patterned plates) to 3D (cell sheets layering and pellet
aggregations) approaches (Figure 1 C5). The assembled cdECM
is then gently decellularized and used in its original format or
processed. The resulting cdECMs are used as a coating for both
culture dishes and biomaterial surfaces. Integration of cdECM with
other materials such as hydrogels provides the opportunity to
combine the bioactivity of the ECM with desired geometries and
mechanical properties. cdECMs hold the potential to recreate
in vitro extracellular architectures that are close to the native
organs, and for each organ, it is possible to replicate the specific
physiological and pathophysiological features. cdECM can be
engineered to recreate stem cell and tissue niches. Genetically
modified cells have been used to produce recombinant human
laminin sheets that, in turn, have been used to trigger the
differentiation of either embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs) toward pancreatic lineage (Higuchi
et al., 2010). Other studies have demonstrated that MSCs reseeded
on MSC-derived ECMs were fprotected from oxidative stress and
senescence, with increased proliferation and stemness preservation.
In this direction, stem cell–derived ECMs have been used to
maintain the phenotype of progenitor neural cells, embryonic
stem cells, and hematopoietic stem cells. In a similar fashion,
tissue niches can be replicated in order to culture tissue-specific
cells such as chondrocytes (Yang et al., 2018), (Zhang et al., 2021b),
podocytes (Satyam et al., 2020), and Schwann cells (Haring et al.,
2019). Often, aligned extracellular structures are required if one
wishes to recapitulate specific cell–ECM interactions occurring
during morphogenesis or pathological conditions. For example,
during epithelial branching morphogenesis, local anisotropy of
collagen affects the orientation of epithelial branching
(Brownfield et al., 2013). In tumors, aligned collagen fibers
activate fibroblasts which strengthen the alignment of the ECM
fibrous structure by increasing contractile forces. Such structural
remodeling facilitates cancer cell invasion and consequently
promotes intravasation (Brownfield et al., 2013; Han et al., 2016;
Conklin et al., 2018; Emon et al., 2018; Zanotelli et al., 2018). To
accomplish such needs, nanopatterned surfaces are used to induce
the alignment of somatic cells producing highly oriented and packed
collagen structures. After decellularization, reseeded fibroblasts
show cytoskeleton organization, oriented growth of protrusions,
and focal adhesions along with the aligned matrix (Taufalele et al.,
2019). Finally, culturing cancer cells in cdECMs obtained by using
stromal cells from invasive tumors has shown to recapitulate
increased malignancy and drug resistance in comparison with
cancer cells cultured on other non-tumor cdECMs (Satyam et al.,
2020; Hoshiba and Tanaka, 2013; Hoshiba, 2018). Overall, when
compared with functionalized scaffolds, decellularized ECMs (both
tdECMs and cdECMs) are conceived to retain all the information as
much as possible that the native ECMs present to cells in vivo. This is
also demonstrated by transcriptome analyses as different works
report that the matrisome (the ECM signatures) related to the

decellularized ECMs is quite similar to the native counterpart
and the presence of important key regulators of cell functions
can be retained such as collagen, glycoproteins, proteoglycans,
ECM-affiliated molecules, and secreted factors (Yuan et al., 2018;
Ragelle et al., 2017). Yuan et al. (2018) demonstrated that after
decellularization of the nucleus pulpous niche obtained in vitro,
GAGs and collagen type II, and the cytoskeletal protein keratin 19,
were retained. In addition, TGF-β and its membrane-bound
receptor TGF-β receptor I were partially retained. Finally, other
ECM proteins were retained after decellularization such as prolargin
(PRELP), lactadherin (MFGE8), biglycan (BGN), fibromodulin
(FMOD), hyaluronan, and proteoglycan link protein 1
(HAPLN1). Interestingly, after seeding such decellularized ECM
with dermal fibroblasts, it was observed that the specific
microenvironment could control the fate of dermal fibroblasts.
The latter primarily produce collagen type I but not collagen
type II. However, when these cells were cultured in such
decellularized ECM, the expression of collagen type I decreased
and the expression of collagen type II increased according to the in
vivo situation. Furthermore, by using different cell types, the cdECM
possesses a different matrisome (Ragelle et al., 2017), highlighting
the possibility to preserve tissue-specific cell–ECM interactions.
Although decellularized ECMs allow recreation of specific tissue
architecture and compositions, with the possibility to rebuild
complex 3D structures by using bioprinting, several limitations
still affect the cdECMs. Indeed, they are often in the form of
sheets having a thickness of approximately 20 μm that are
difficult to handle and are mainly used as functional coatings. In
many applications, cdECM bioinks have to be coupled with
synthetic materials to improve mechanical properties. In
addition, decellularization agents may compromise many ECM
macromolecules. Indeed, Triton X and sodium dodecyl sulfate
(SDS) have been shown to remove GAGs, GFs, and collagen.
Prolonged exposure to trypsin can damage the ECM
ultrastructure and deplete collagen, laminin, elastin, fibronectin,
and GAGs.

3.5 Endogenous ECMs

In different applications, the cell-derived ECMs are used as
living connective tissue composed of cells and their own ECMs
without the decellularization step. The living tissues that are realized
in this way are then “enriched” with other cell types (cancer cells,
epithelial cells, endothelial cells, etc.) with the final aim to obtain
more complex biological entities that in their final configuration are
characterized by a connective compartment composed of fibroblasts
embedded in their own ECM. These in vitro–formed ECMs can be
defined as endogenous ECMs since the cells and their own ECM are
not decoupled and evolve together during the entire in vitro tissue
genesis process. The tissue engineering strategies that fall in this
category comprise self-assembly of cell sheets (Roy et al., 2020) and
induced assembly of connective microtissues (Brancato et al.,
2017a).

The cell sheets are obtained by culturing stromal cells (fibroblasts
or MSCs) in 2D culture plates for up to 28 days of culture. Stromal
cell sheets can be stacked to obtain thicker tissues and are further
covered by epithelial cells to form full-thickness barrier tissues. In
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parallel, stromal cell sheets can be populated by organoids, cancer
cell spheroids, and either vascular or lymphatic endothelial cells
(Roy et al., 2020). An example of engineered tissues realized by using
this technique is human skin, melanoma, bladder cancer, and uveal
melanoma (Roy et al., 2020). By comparing this approach with
others based on biomaterial functionalization or decellularization on
pre-existing ECMs, it must be recognized that the assembly of cell
sheets brings different advantages. They do not require any
exogenous materials and the arrays of signals useful for the
maintenance of tissue functions are secreted by the cells
themselves. In addition, if compared with both organ-derived
ECMs and cdECMs discussed above, the absence of
decellularization steps guarantees the full preservation of signals
present in the EMCs. An example of the implementation of this
approach is basal cell carcinoma (BBC) constructs obtained by Roy
et al. (2020) by seeding malignant keratinocytes on an endogenous
sheet of the dermis that showed morphological features close to the
native BCC cancers: nests of basaloid cells surrounded by a
fibromyxoid stroma. Tumoral keratinocytes also displayed
abnormal proliferating phenotypes in terms of divergent
expression patterns of K10 and K15. Furthermore, the use of
fibroblasts or MSCs harvested by tissue biopsies allows the
recreation of site- and patient-specific ECMs capable of
mimicking both physiologic and pathologic conditions. A
limitation of the cell sheet approach is their dimension
(approximately 20 μm) and the necessity to layer different cell
sheets to obtain a thicker connective tissue. Finally, the cell
sheets are highly cellularized, despite the moderate cell density
featuring the connective part of some organs such as the skin
and other barrier tissues. This implies a high metabolic request
which limits the number of sheets that can be assembled without
necrosis risk. Together with high cell density, the ECM proteins are
much highly packed and denser when compared with their native
counterparts. This is probably due to the high cell density featuring
the 2D cultures, resulting in an increased traction force on ECM
proteins leading to their compaction and densification.

Themicrotissue-induced assembly method (Figure 2) is based on
a similar concept of the cell sheet self-assembly but the ECM is
formed in a spherical geometry instead of a planar one. Fibroblasts
derived from different body districts are seeded onto porous MMPs-
sensitive gelatin microbeads in a suspension bioreactor (i.e., spinner
flasks) (Imparato et al., 2013). Once adhered on to the microbeads’
surface and in the inner porosities, both hydrodynamic and
biochemical culture conditions are adjusted in order to induce
fibroblasts to produce their own ECM which will be present in
the bulk of the microbeads within the pores and as a rim
surrounding the surface of the microbeads. Such an entity is
known as microtissue precursor (μTP) and depending on the
fibroblasts’ origin, they can be divided into dermis-μTP (Urciuolo
et al., 2016), intestine-μTP (De Gregorio et al., 2020), tumor-μTP
(Brancato et al., 2017a), cardiac-μTP (Totaro et al., 2016), and
cervix-μTP (De Gregorio et al., 2017). The μTPs are
approximatively 500 μm in diameter and can be used in different
ways. In tissue-on-chip applications, with the aim to provide a
functional tumor microenvironment, the μTPs can act as tissue-
specific connective tissue (Figure 2B). Once enriched with
endothelial cells, the μTPs form a complex stromal compartment
in which cancer cell invasion, ECM remodeling, and vascular

network re-organization can be replicated (Mazio et al., 2018).
Used as building blocks to obtain thick site-specific connective
tissues, the μTPs can assemble via cell–cell and ECM–ECM
interactions between the rim of cell-synthesized ECM
surrounding adjacent μTPs. In this way, it is possible to fabricate
large and thick (>1 mm) site-specific connective tissues used to build
full-thickness barrier organs (Figures 2C, D) (De Gregorio et al.,
2020; De Gregorio et al., 2017; Casale et al., 2016; Casale et al., 2018).
When compared with the self-assembly of cell sheets, different
advantages characterize the microtissue-induced assembly. From
an operational point of view, it is difficult to carry out overlapping of
different sheets since each sheet has to be detached from the culture
plate and then overlapped. Often, this operation leads to mechanical
damage of the sheets. On the contrary, connective microtissue can be
suspended in a syringe and cast in a maturation space in which their
bio-sintering takes place. Once packed in the maturation space,
microtissue assembly allows the formation of a thicker dermis when
compared with that of cell sheet—1 mm (Casale et al., 2018) vs.
100 μm (Roy et al., 2020). Moreover, the 3D growth featuring the
assembly of microtissues allows the recreation of more physiological
spatial arrangements possessing (i) a lower cell-to-ECM ratio if
compared with 2D cell sheets and (ii) architectural features of the
collagen network closer to their native counterparts (Figure 3)
(Casale et al., 2016; Casale et al., 2018). Specific applications such
as the microtissue assembly method to replicate in vivo–like
morphogenetic processes and ECM modification during
pathological events will be discussed in Section 4.

4 In vivo–like morphogenetic process
and ECM dynamics in engineered
tissues

Endogenous ECM-based engineered tissues possess capabilities
to mimic the ECM dynamics of native tissues, and therefore allow
the replication of some biological processes in vitro that are not
observable in traditional exogenous scaffold-based models. In the
following section, some examples are discussed, highlighting the role
of cell–ECM crosstalk in guiding morphogenesis and progression of
pathologies.

4.1 Epithelial–mesenchymal interaction in
hair regeneration

We have already addressed the pivotal role of the ECM in the
development of branched organs (Fata et al., 2004) Indeed, the
spatiotemporal regulation of ECM provides cells with permissive
and instructive morphogenic signals, triggering and guiding the
development of branched structures. Therefore, in vitro models
must recreate 3D extra cellular context as similar as possible to
the native one, to drive cells toward the formation of ordered
structures that faithfully recapitulate those found in the human
body (Casale et al., 2016; Zhang and Khademhosseini, 2015). The
human hair follicle is an example of these ordered structures; it is a
complex skin appendage that in adults appears as a kind of
“epidermis branch” growth downward in the dermis. Its
morphogenesis occurs during embryogenesis and equally depends
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on different stem cells and well-orchestrated
epithelial–mesenchymal interactions. Cell–ECM interactions in
the human hair follicle are crucial to maintain the specific cell
phenotype and their role within the individual compartments, and
they are also involved in physiological and pathophysiological
alterations (Watt, 2016; Abreu and Marques, 2022). The hair
follicle morphogenesis starts during embryogenesis when a
dermal signal derived from mesodermal cells induces epidermal
progenitors to create the placode. In response, an epithelial signal
stimulates the dermal cells to cluster below the placode, forming the
dermal condensate. A further dermal signal triggers the placode
proliferation and invasion in the dermis, until the formation of the
hair peg. Following a continuous downward proliferation, the
epithelial cells envelop the dermal condensate, which evolves into
the dermal papilla. The epithelial–mesenchymal interactions
established between the hair peg and dermal papilla further
promotes the proliferation and differentiation of the epithelial
cells into the different structural layers of the mature hair follicle,
until the formation of the hair fiber (Korosec and Lichtenberger,
2017). Unlike what happens in some other mammals, in humans, no
hair follicles are naturally formed after birth, therefore when a hair
disease occurs or in the case of full-thickness skin defects, the hair
follicle cannot regenerate on their own. In this scenario, skin
substitutes can be considered the ideal treatment, but existing
engineered skin models present only the epidermal and dermal
layers and have limited regenerative capacity, preventing appendage
reformation (Abreu and Marques, 2022). The more relevant aspects
associated with the creation of hair follicle regenerative
microenvironments in vitro involve the typology of cell source
used (the use of relevant mesenchymal and epithelial cells and
the ability to maintain their key properties) and the importance

to replicate an adequate supportive ECM. The relevance of the
former has been widely demonstrated in several articles (Abaci et al.,
2018) and, in particular, by the results obtained by Lee et al. (2020)
who succeeded in producing hair-bearing skin organoids cultured
and matured over 140 days in vitro by aggregating human
embryonic or iPSC in Matrigel enriched with a complex mix of
GFs. This is the most comprehensive in vitro imitation of human
hair follicle accomplished so far and emphasizes the significance of
combining inductive dermal papilla cells and immature epithelial
cells with a high proliferative ability for the imitation of hair follicle
cellular compartments, driving efforts toward the preservation of the
trichogenic capability of human cells in vitro (Abreu and Marques,
2022). Due to the scope of this review, we will go more in detail on
the other crucial aspects which regard the relevance of replicating a
supportive ECM for hair follicle morphogenesis. The ECM has a key
role in directing hair growth and maintaining cell function and the
fact that follicles are usually not found in the skin that contains scar
tissue represents a further proof of the repository and regulatory role
of the ECM in providing the cells with the correct instructive signals
to trigger the folliculogenesis process (Casale et al., 2018; Gharzi
et al., 2003). In spite of the research conducted in this field, its
practical application is still limited, and existing bioengineered hair
follicle models remain rudimentary and inadequate in terms of
accurately replicating the intricate environment of the ECM or the
signaling molecules responsible for hair growth (Abreu and
Marques, 2022; Casale et al., 2018). In addition, the literature
regarding hair regeneration continues to be dominated by murine
cell studies or chimeric human–murine combinations, instead of
purely human techniques. As a result, human hair regeneration that
is promoted entirely from human adult cells is yet to be achieved
(Abreu and Marques, 2022). On this line, our group succeeded in

FIGURE 3
Spontaneous epithelial mesenchymal crosstalk in vitro. Full-thickness human skin equivalent presenting spontaneous formation of follicle-like
structures (A). Dermis compartment is made of completely endogenous human dermis obtained by induced-assembling of connective microtissue;
epidermis is obtained by culturing primary human keratinocytes on the top of dermis (Kanchanawong and Calderwood, 2023). Dermis–epidermis
interface—presenting K14 in red, laminin in green, and DAPI in blue (B); p63 in green and K10 in red (C); versican in red and DAPI in blue (D).
Dermis–epidermis interface in exogenous collagen matrices (exogenous skin model, (E), endogenous 3D matrices (endogenous skin model, (F), native
human skin (G). Comparison of the composition and architecture of endogenous 3D dermis (endodermis) vs. native human dermis: cell-synthesized
hyaluronic acid in red (H, I); cell-synthesized fibronectin (red) and elastin (green) (L, M); cell-synthesized collagen in gray (N, O); cells in green (J, K); and
SEM (N, O). SHG = second harmonic generated signal frommultiphotonmicroscopy. Scale bar: 50 μm in (A); 40 μm in (B); 50 μm in (C, D, H, I, L, M, J, K);
2 μm in (N, O). Image adapted from reference Casale et al. (2018) with permission.
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producing human skin equivalent from adult cells in which follicle-
like structures were spontaneously generated (Figure 3 A) without
adding MSCs. The human skin equivalent was featured by a dermal
compartment built-up through connective microtissue assembly in
which human dermal fibroblasts were guided to produce and
assemble their own ECM presenting several of the complex
macromolecules that characterize the native ECM (Lombardi
et al., 2017; Imparato et al., 2017; Urciuolo et al., 2016; Casale
et al., 2016; Casale et al., 2018) (Figures 3H–O; Casale et al., 2018).
More in detail, the connective microtissues were fabricated by using
human primary fibroblasts seeded onto porous gelatin microcarriers
in suspension bioreactors. During 1 week of culture in suspension,
the fibroblasts adhered onto microcarriers and started to produce
their own ECM as described in the Section “microtissue-induced
assembly method”. Furthermore, the microtissues were placed in the
cylindrical mold and kept under dynamic culture conditions to allow
their “bio-sintering” through cell–cell and ECM-ECM contact.
During the bio-sintering process, the porous microcarriers
underwent degradation due to MMPs activity, and after 4 weeks,
the microtissue formed a dense and compact dermis-like tissue
composed of fibroblasts embedded in their own assembled ECM
(Urciuolo et al., 2016; Casale et al., 2018; Urciuolo et al., 2016). At
last, the epidermis was produced by traditional air/liquid interface
culture by seeding adult keratinocytes on the dermis, and at 2 weeks
of culture, the epidermal cells started to grow downward in the
dermis resembling the first step of hair follicle embryogenesis. The
formation of such folliculoid structures by using dermal and
epidermal human adult cells was very surprising, and we
hypothesized that our skin models provided a physiological
environment that could preserve the stemness of the germinal
cell layers and address the fate of adult cells toward the genesis
of appendage-like structures. We deeply investigate the morphology
and composition of our human skin model by performing
histological, immunofluorescence, and immunohistochemical
analyses (to detect specific dermis and epidermis markers). To
figure out the role of the endogenous dermis on hair follicle
morphogenesis, a comparison with standard skin models
obtained by fibroblast-populated animal collagen as the dermal
compartment was made (Figures 3E, F). Even if the same human
adult dermal and epidermal cells were used to produce the two skin
models, they resulted in two constructs featured by dermal
compartments that were deeply different. In our model, the
dermal ECM was of endogenous nature, which was synthesized
and assembled by the human fibroblasts, whereas in the case of the
standard model, it was an animal collagen network that underwent
contraction but was not physiologically responsive to cell
remodeling (Casale et al., 2018). Our results have demonstrated
that the nature of the dermal environment (Figures 3H–O) strongly
affects the behavior of the epithelial cells and in turn the
morphogenesis of the epidermis, highlighting that only in our
model, the presence of follicle-like structures and the convolute
profile of the dermal–epidermal junction could be observed (Figures
3E, F). By analyzing the molecular composition and organization of
the ECM in the two models, the detection in our skin model of the
versican in the dermal ECM, epidermal compartment, and follicle-
like structures and the lack of such molecules in the exogenous
collagen-based model appeared particularly interesting. Indeed,
versican is a proteoglycan expressed in vivo eccentrically toward

the hair follicle in the anagen phase, in the proliferating zone of the
epidermis, and in association with the elastic network of the dermis
(Casale et al., 2018; Zimmermann et al., 1994; Kishimoto et al.,
1999). Its presence in our model suggested that fibroblasts and
keratinocytes could provide a highly hydrated matrix facilitating
inward movements of proliferating keratinocytes into appendage-
like structures. On the contrary, the absence of versican in the
exogenous collagen-based model demonstrated the inability of the
dermal cells to assemble this inductive signal in a not physiologically
relevant in vitro model. Such results support the hypothesis that the
endogenous dermal ECM of our model could replicate the
repository and regulatory role of the native counterpart in
guiding tissue morphogenesis and promoting the physiological
dermal–epidermal interaction, resulting in a skin model with
unexpected features. In addition, it is relevant to highlight that in
other endogenous ECM-based approaches (Roy et al., 2020), the
formation of such structures has never been reported. This is
probably due to the highly packed nature of the ECM in the cell
sheets which results in a dysfunctional architecture of the ECM
macromolecules hindering a physiological dermis/epidermis
crosstalk. Taken together, these results shed light on the
fundamental role of the 3D environment context, raising some
doubts on the use of both exogenous and cell-synthesized
matrices that lack a well-organized ECM structure for building-
up functional organotypic models in vitro.

4.2 In vitro replication of ECM modifications
during pathological events

Replication of TME dynamics. Relevant biological phenomena
related to ECM dynamics are, but not restricted to, alterations of the
tumor microenvironment (TME) during cancer progression,
modifications of the ECM due to external stimuli (e.g., UV
exposure), intrinsic stimuli (e.g., aging), wound healing, or
inflammations. With the term modification and/or alteration, we
refer to the variations in compositions, architecture, biophysical
properties, and spatial re-organization of signals occurring at the
ECM level. To the best of our knowledge, by using exogenous
matrices, the recreation of specific dynamics involving the TME
has been only partially recapitulated. Often, the most relevant
phenomenon that exogenous matrices have displayed is related to
the stiffening and alignment of preexisting exogenous fibers due to
traction force exerted by fibroblasts or cancer-activated fibroblasts
(CAFs) (Frantz et al., 2010; Liu et al., 2019; Gupta et al., 2020;
Shinsato et al., 2020). By contrast, endogenous-based ECMs (self-
assembly of cell sheets—Roy et al., 2020 or connective microtissue
approach—Brancato et al., 2017b) have proved to display ECM
dynamics closer to the in vivo situation. Brancato et al. (2017b) have
demonstrated that when connective microtissues were obtained by
inducing fibroblasts or CAFs to produce their own extracellular
space, the final microtissues displayed different ECMs in terms of
composition and architecture. In particular, the ECM from CAFs
was richer in collagen, hyaluronic acid, and elastin than the ECM
obtained from normal fibroblasts, resembling the composition of the
activated ECMs during tumor progression. Moreover, transport and
mechanical properties and metabolic activities were different. CAF-
derived ECMs are stiffer and the final microtissues display an

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Urciuolo et al. 10.3389/fbioe.2023.1197075

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1197075


increased cell-specific oxygen consumption rate. This demonstrates
the possibility to recreate a site- and status-specific TME. By
following this approach, several kinds of cancer models such as
pancreatic ductal adenocarcinoma (PDAC) (Brancato et al., 2017a),
vascularized breast cancer (Mazio et al., 2018), and breast cancer-
on-chip (Gioiella et al., 2016) have been replicated, each one
featuring a stromal compartment built up by site-specific normal
fibroblasts or CAFs. The endogenous-based 3D PDAC model could
display a desmoplastic reaction at the molecular, cellular, and most
importantly, extracellular levels (Brancato et al., 2017a). The
desmoplastic reaction is driven by quiescent pancreatic stellate
cells, which are activated by cancer cells to acquire a CAF
phenotype, expressing some markers as smooth muscle α-actin
(α-SMA) and platelet-derived GF β (PDGFβ) (Malik et al., 2015).
In the work of Brancato et al. (2017a), connective microtissues that
were obtained by using normal fibroblasts were coupled with PT45
(a human PDAC cell line carrying mutated KRAS, TP53, and
CDKN2) to obtain a 3D PDAC model composed of malignant
cells invading a living connective tissue. When compared with the
control group (connective microtissues without PT45) in the 3D
PDAC model, it was observed that an overexpression of α-SMA and
PDGFβ indicated a phenotypic change in fibroblasts. At the
extracellular level, important in vivo–like modifications were
detected in the 3D PDAC models in terms of overexpression of
collagen and GAG content and modification of collagen network
architecture. In addition, molecular investigation performed by
qRT-PCR and immunophenotypic staining demonstrated the
upregulation of ECM-related genes such as collagen III, collagen
IV, collagen V, MMP-2, and periostin in the 3D PDAC model. In
other studies, to mimic the breast cancer invasion in vitro,
connective microtissues were made starting from by breast
fibroblasts, enriched with endothelial cells and MCF-7 malignant
cell lines (Mazio et al., 2018). It was shown that the presence of
endogenous ECMs mediated the formation of intratumor
heterogeneity in terms of ECM rearrangement and vascular
network remodeling. In fact, in the same microtissue, both
randomly distributed and highly oriented collagen fibers could be
recognized, and each collagen architecture was related to specific
cancer cell configuration (e.g., single file and solid strand) (Mazio
et al., 2018). In a different application, a model of breast cancer
invasion on-chip was replicated (Gioiella et al., 2016). Malignant
breast epithelial cells were placed in contact with endogenous
connective microtissues, and their invasion was observed in real
time by means of multiphoton microscopy in order to evaluate the
collagen fiber re-organization. It was observed that collagen network
showed in vivo–like variations in terms of architecture and
composition. Other than activation of normal fibroblasts into
CAF lineage, the activation of the ECM components in terms of
hyaluronic acid and fibronectin overproduction was observed
(Gioiella et al., 2016). Interestingly, relevant architectural and
transport properties in the connective compartment were
observed. The correlation length of the collagen network,
evaluated by analyzing the textural features of the cell-
synthesized collagen (MengWang et al., 2023), increased during
cancer cell invasion according to the in vivo situation (Burke et al.,
2012; Burke and Brown, 2014; MengWang et al., 2023). Finally, the
transport properties, in terms of diffusivity of large macromolecules
in the ECM, changed during cancer cell invasion.

Replication of dermis damage and repairing process. The human
dermis displays relevant modifications after exposure to UV light
and during the repairing process of deep wounds. The inflammation
occurring after UV exposure leads to modifications of ECM
composition and architecture. Such modifications play a crucial
role in skin functions: the departure of ECM composition,
architecture, and mechanical properties from the physiological
status is responsible for skin aging, which is ultimately related to
a wide range of pathological events (Rittié and Fisher, 2015). In this
scenario, beyond cellular events such as reactive oxygen species
(ROS) release and overexpression of MMPs and TGF-β, the
possibility to study the evolution of the extracellular space is
advantageous for the development of molecules that aims at
restoring the physiological ECM features. In this direction, we
demonstrated that a full-thickness human skin equivalent,
featuring an endogenous dermis obtained by means of the
microtissue assembly method, showed a variation in ECM
composition and remodeling after UV exposure in terms of
collagen and hyaluronic acid. In addition, collagen displayed a
transition from a fine network (in the untreated tissues) to a
coarse network (in the UV-exposed tissues), while hyaluronic
acid displayed accumulation in the extracellular space after the
exposure. In parallel, the full-thickness skin model featuring an
exogenous collagen dermis subjected to the same dose of UV did not
show any variation at the ECM level (Imparato et al., 2017; Casale
et al., 2018).

The remodeling of the ECM during the healing of deep wounds
also plays a crucial role in the formation of scar tissues. The
recreation of the extracellular events occurring during the closure
of the human dermis should represent the starting point for the
development of strategies that aim at avoiding the formation of
severe scars. To this aim, the endogenous dermis obtained by
microtissue assembly approach has been proved to recapitulate
ECM remodeling steps occurring in vivo during the wound-
healing process (Figure 4). After mechanical damage, the
endogenous human dermis (Imparato et al., 2017) shows the
activation of fibroblasts toward a myofibroblast phenotype
(Lombardi et al., 2017). Then, during the closure period, it is
possible to observe the deposition of the neo-synthesized ECM in
the damaged zone in terms of key players of the wound-healing
process such as collagen, fibronectin, and hyaluronic acid
(Figure 4C) (Urciuolo et al., 2022). Fibroblasts migrated from the
non-wounded region to the wounded one acquiring a
myofibroblastic phenotype. Collagen in the damaged zone was
shown to increase over a period of 3 weeks, and new collagen
fibrils appeared orthogonally oriented to the direction of the
wound edges. Hyaluronic acid showed a transient overexpression
while fibronectin increased over time. These results show the
possibility to recreate in vitro the complexity of the wound-
healing process occurring at both the cellular and extracellular levels.

In parallel, fibroblasts-populated exogenous matrices have also
been used to mimic the phenomena involved in dermis wound
healing. Sakar et al. (2016) provided experimental evidence on
mechanistic phenomena occurring between fibroblasts and
collagen fibers during the closure of a mechanically induced
gap. By observing in real time how fibroblasts remodeled the gap,
it was possible to show that the closure was driven by contractility
rather than fibroblast proliferation. The contractility, in turn,
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governed the fibroblast migration along the wound edges and newly
formed fibrillar.

Fibronectin was assessed as serving in the provisional matrix for
the cells to close the gap, mimicking the early stages of the wound
closure. The assay recapitulated very important events occurring at
both the cellular and extra-cellular levels. Nevertheless, the relevance
of the model is partly limited to the use of cells of animal origin
(i.e., NIH 3T3) and by the short experimental time that hinders the
possibility to follow the synthesis and assembly of other ECM
components such as collagen and hyaluronic acid (Sakar et al.,
2016).

5 Conclusion

We have reported that cells decoupled by their native context
and reseeded in an exogenous scaffold are not able to restore the
physiological cell–ECM interaction, which is crucial for replicating
all biological processes occurring in the native tissues. In addition,
decellularization of cell-derived ECMs should be considered an
exogenous approach since the cells are not embedded in their
own 3D context and cannot recognize the surrounding
environment as native. The use of an endogenous-based
approach seems to be more promising if one wishes to fully

replicate the functions of native tissues in vitro. This has been
analyzed in the light of relevant biological phenomena where
the ECM matters: in vitro replication of spontaneous
morphogenetic process as well as time and space evolution of
the ECMs after damages. Endogenous-based approaches can
potentially lead to the fabrication of living tissues possessing
functionalities closer to their native counterparts. This will
improve the outcome of treatments such as wound healing
and organ regeneration. Moreover, fully endogenous tissues
possess a superior biological relevance with tremendous
advantage for the organ-on-chip applications. Although the
production of endogenous tissue is longer than in other
approaches, the preservation of the cell–ECM interaction
allows the in vitro replication of the ECM-related phenomena
that plays a crucial role in pathologic events such as fibrosis, TME
transformation, and ECM remodeling. The use of endogenous
engineered tissues for in vitro screening provides a more
physiologically relevant environment by better mimicking the
complexity of living systems and leading to more accurate
predictions of drug efficacy and toxicity. Additionally, the use
of patient-specific engineered tissues has the potential to offer
personalized and more effective treatments. Despite some
challenges, the benefits of this approach make it a promising
area of research and development.

FIGURE 4
In vitro replication of ECM remodeling during wound closure by using engineered endogenous human dermis: (A) experimental set-up and tissue
morphology over 3 weeks. (a–i) experimental set-up for performing the cut and to mimic primary intention wounds. (j–l) Histology (hematoxylin and
eosin) assess the time evolution of the deposition of new ECMover 3 weeks. (B) g–i SHG signals from preexisting and neo-formed endogenous collagens
network in gray, α-SMA in blue, and cell nuclei in green during the closure process; (C) a–c time evolution of neo-formed hyaluronic acid (HA) in red
and cell nuclei in green; d–f time evolution on neo-formed HA and α-SMA shown as overlapped signal in purple; g–i time evolution of neo-formed
fibronectin (FN) in red. Image adapted from Lombardi et al. (2017) with permission. SHG = second harmonic generated signal from multiphoton
microscopy.
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