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Abstract

Regenerative medicine and disease models have evolved in recent years from two to three
dimensions, providing in vitro constructs that are more similar to in vivo tissues. By mimicking
native tissues, cell-derived matrices (CDMs) have emerged as new modifiable extracellular
matrices for a variety of tissues, allowing researchers to study basic cellular processes in tissue-
like structures, test tissue regeneration approaches, and model disease development. In this
review, different fabrication techniques and characterization methods of CDMs are presented
and examples of their application in cell behavior studies, tissue regeneration, and disease
models are provided. In addition, future guidelines and perspectives in the field of CDMs are

discussed.
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1. Introduction

A shortage of donors, little success in traditional tissue engineering approaches, and disease
complexity are currently major obstacles in basic and clinical research, leading to the
requirement of alternative sources of tissue substitutes and disease models. These structures
must mimic native tissues to identify the biological mechanisms governing cell metabolism,
disease development, and healing. These processes involve complex and tissue-specific
networks of molecules that drive cell adhesion, migration, proliferation, and differentiation, as
well as tissue morphogenesis and homeostasis '], The extracellular matrix (ECM) are three-
dimensional (3D) environments that interact with cell surface receptors and growth factors,
activating cell signaling cascades and gene transcription that in turn regulate the dynamic

remodeling of the ECM P,

Numerous strategies ranging from the use of decellularized native tissues, which are processed
to remove cells, to the engineering of ECM analogs have been developed. The type, availability,

and complexity of the tissue influence the approach used.

The use of decellularized tissue such as ECM is one of the most promising options in tissue
engineering. The main advantage of using decellularized ECM (dECM) from native tissues is
that it keeps its complex tissue-specific architecture and vascular network. A wide variety of
tissues and organs have already been used to obtain native decellularized scaffolds (e.g., heart
41 blood vessels ©*!, lungs 6] skin /), and liver [, among others). However, the restricted
availability of tissues and organs for decellularization and the correct repopulation of the whole
structure are the main limitations of this strategy. Furthermore, native tissues are appealing for
their biological composition and some approaches remove their 3D structures during processing
(i.e., as powders to develop hydrogels ' or microparticles ['?)). The use of dECM from other

individuals (allografts) or other species (xenografts), even if the original structure is not
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maintained, has potential limitations such as immunogenicity, the possible presence of
infectious agents, and batch-to-batch variability. Other drawbacks include difficulties in
reseeding cells homogenously due to the geometry and porosity of the ECM and the inability

to completely specify and characterize the bioactive components of the material 31,

To overcome these issues, cell-derived matrix (CDM) scaffolds have been produced in vitro
directly from the patient’s cells, providing a personalized strategy with unlimited availability
as well as avoiding pathogen contamination or immunogenicity as cells can be screened and
kept in a pathogen-free environment [, Furthermore, synthetic templates are used for guiding
and supporting cells during the formation of CDMs. Since matrix tri-dimensionality exerts
different responses in cells compared to 2D cultures 151, cells are seeded in 3D scaffolds that
closely resemble native tissue dimensionality. Several biomaterials such as microencapsulated
collagen fibers 1], titanium fiber mesh !!7-18], electrospun polycaprolactone (PCL) microfibers
(191 B-tricalcium phosphate particles 2%, and poly(lactic-co-glycolic acid) (PLGA) meshes 2!
have been used for that purpose. CDMs offer a better alternative to decellularized native tissues
as they can be bioengineered. The use of different cell types, including autologous cells, can
change the composition and structure of the extracellular matrices produced. Moreover, these
cells can be modified genetically, biochemically, or mechanically to tailor the biochemical and
mechanical properties of the CDMs produced. Other advantages of CDMs include the
possibility of combining different ECMs derived from different cell types separately or the

development of an ECM from the co-culture of different cell types.

The ability to produce a myriad of microenvironments can help address basic biological
questions about cell-matrix interactions, cell phenotype induction, and tissue morphogenesis,
as well as assess clinical questions regarding tissue regeneration, disease progression,

modeling, and treatment.
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In recent decades, emerging techniques have allowed the generation of CDMs following
bottom-up approaches, where small units are precisely assembled into lager scaffolds (22724,

Some of these techniques include bioprinting >, self-assembled polymers ?®), and modular

aggregation using bioreactors 7).

CDM research is a growing field involving the study of its fabrication processes, the best cell
types for its production, as well as its characterization. There are currently only a few
applications for CDMs, but they are expected to grow in the coming years. In CDM production,
different variables must be considered to mimic the composition, structure, and mechanical
properties of the target tissue, such as (1) the cell type used to produce the CDM, (2) the
production method and conditions, and (3) post-production manipulation or application. The
field is still in its infancy and needs to be explored. Therefore, in this review, we aimed to
compile the latest information on CDMs, providing a complete view of their relevance and

details on their fabrication, characterization, and potential uses.

2. Fabrication methods of CDMs

The final aim in the production of CDMs is to obtain a functional and feasible CDM-based
hydrogel that mimics the biochemical and physical characteristics of the original ECM of a
native tissue. The type of morphology and structure of the CDM is very important in
regenerative medicine and disease modeling applications. However, their manipulation
invariably drifts into some loss of the original properties. This is a significant disadvantage in
any dECM and CDM produced, especially with regards to tissue repair with minimal load-
bearing, as well as critical size defects, where long-term mechanical support is required during
the regeneration of the newly formed tissue. In this case, combination with other supporting
polymeric or stronger hydrogel materials may be required. ECM stiffness can be increased

using chemicals like genipin or glutaraldehyde. Although these compounds are generally used
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to stiffen collagen or gelatin-based constructs, they can also exert cytotoxic effects, thereby

affecting cell behavior 283,

The decellularization process used is a key step in the production of all CDMs. The
decellularization methods are similar to the ones used for tissue and organ decellularization,
where the protocol chosen can alter ECM properties. Decellularization has been widely reported
to alter the native 3D architecture of the ECM, thereby affecting its mechanical and biological
properties. There is no standardized decellularization process, with many techniques combining
physical, chemical, and enzymatic methods. Many studies suggest that chemical
decellularization can keep the native fibrous structure of the ECM compared to physical
methods [*'"*2]. In our experience, the combination of chemical and enzymatic (for DNA
degradation) methods has shown the best results in removing cells and maintaining protein
composition and ECM structure. This contrasts with the findings of Lu et al., who concluded
that only two methods, freeze-thaw cycling with aqueous ammonia and Triton X-100 treatment
with a 1.5 M-KCI osmotic shock, successfully removed cellular components among the seven
processes that were studied >3], There is a need for consensus on the decellularization method
used as this is paramount in being able to compare results from different studies and to maintain
the biochemical composition and mechanical properties of the CDMs as much as possible. The
production of any templated CDM hydrogel also involves three key steps: (1) elimination of
the template, which is optional and strongly depends on the nature of the guiding material; (2)
dissolution of the CDM by partial digestion of the ECM collagen fraction; and (3) temperature
and/or pH-controlled neutralization to induce spontaneous recovery of the intramolecular inter-
chain bonds of the ECM collagen backbone to produce a homogeneous gel 4. Common
methods involve the use of pepsin or urea, together with hydrochloric acid. The gel is then

neutralized to physiological pH and ionic strength, and stored at a low temperature (pre-gel)
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until its application at physiological temperatures, when self-assembly occurs to form a gel

(ECM gel) B34,

To date, different methods have been developed to produce adequate amounts of ECM by
culturing different cell types. The fabrication method is critical regarding the desired ECM
properties and three-dimensionality. Furthermore, the materials used as a support or template
for matrix production clearly influence the composition of the ECM produced. This not only
increases the range of possibilities enormously, but also requires a strict control of the

composition, rigidity, and elasticity of the ECM produced.

2.1. Supporting biomaterials for CDM production

Several biomaterials and processing methods have been used to produce efficient and functional
CDMs. These will be discussed in the following sections and are summarized in Table 1 and

Figure 1.
2.1.1. 2D surfaces to produce cell sheets

In the early 2000s, Okano and collaborators [*>¥1 developed a technology that allowed the
immediate assembly of cell sheets to form an autologous deposited ECM using a thermo-
responsive polymer such as poly(N-isopropylacrylamide) (PIPAAm). The method consists of
culturing and expanding cells on a PIPAAm-coated surface. Once enough ECM has been
secreted, the culture is cooled below 32°C, at which temperature the PIPAAm becomes
hydrophilic, eliciting its rapid hydration and inducing the release of the ECM together with the
cells that can then be used in several clinical applications for tissue regeneration. It is a highly
effective method that does not damage the newly produced ECM by avoiding the use of
proteolytic enzymes while maintaining inherent growth factors. Another method is the covalent

immobilization of a tissue onto SiO2 glasses using poly(octadecene-alt-maleic anhydride)
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(POMA), which has a strong affinity for amines from proteins like fibronectin (FN) [*). Further
decellularization allows either the reseeding of the CDMs in patients or with other cell types,
or to use them acellularly for applications in regenerative medicine *®*°). The previously
described decellularization approaches can be used to produce several micron-thick sheets of
ECM mimicking native tissue properties based on the cell source % Prewitz et al.
demonstrated that mesenchymal stem cell (MSC)-derived ECM coatings can act as an ex vivo
niche for human hematopoietic stem cell (hHSC) expansion, generating up to a three-fold
increase in the number of cells compared to conventional plasma-treated tissue culture plates
(PTP) P71, Furthermore, CDM sheets can be used as patches to deliver growth factors and other

molecules that can act as chemoattractants for cell recruitment in tissue regeneration [3%41-43],

2.1.2. Microparticle-based templates

A simple but a very effective and versatile way of introducing three-dimensionality into cell
cultures is to use microparticles as 3D templates. This approach is based on a greater specific
surface area for cell adhesion compared to conventional culture plates, affecting the quality of
the CDM produced. For example, Tour et al. seeded primary rat calvaria osteoblasts and dermal
fibroblasts separately onto hydroxyapatite (HA) microparticle scaffolds, which were then co-
cultured for CDM production B!l The decellularized CDM-HA construct was then implanted
in a rat calvarial defect, resulting in better bone growth compared to pure unmodified HA
scaffolds. Remarkably, the spherical shape of the microparticles strongly regulates the CXCR4
receptor. The SDF-1a/CXCR4 axis is a key target in chemotactic and regenerative processes,
enhancing stem cell recruitment. It has been reported that MSCs cultured on PLA microparticles
show increased expression of this factor and its receptor, promoting cell engraftment onto the

microcarriers and increasing ECM production 44
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In several studies, microparticles have been used as carriers to encapsulate cells together with
their own ECM or just pure CDM 43461 Cheng and coworkers ['*) were able to encapsulate
porcine chondrocytes within rat tail collagen type I microspheres, promoting the creation of
chondrogenic ECM and preserving about 40% of the glycosaminoglycans (GAGs) compared
to the control group. hMSCs seeded in this construct acquired a chondrogenic phenotype
without supplementing media. Similarly, Yuan et al. also encapsulated primary nucleus
pulposus cells (NPCs) in collagen microspheres to produce a CDM and evaluated its
composition by proteomic analysis [*®). Human dermal fibroblasts (hDF) reseeded in NPC-
derived matrices acquired a less fibroblastic phenotype and were characterized by an increased

expression of collagen type II and the non-chondrogenic NPC marker CA12.

Our group is currently developing different CDM production methods with microparticle-based
technology. By changing the polymer type, modifying functionalization with various proteins,
or using different cell sources (hDFs or MSCs; Figure 2), we aim to obtain CDMs with different
compositions, structures (matrix alignment), and mechanical properties. These specific CDMs
can be used for different tissue regeneration and disease modeling applications. As shown in
Figure 2, fibroblast-based CDMs (Figure 2A-C) deposit lower amounts of ECM compared to
MSC-based CDMs (Figure 2D-F), but fibroblast-based CDMs show better cell and ECM

alignment than MSC-based CDMs (Figure 2A-B and 2D-E).
2.1.3. Electrospinning

Electrospinning is a useful technology for engineering nanofibrous scaffolds with biomimetic
structural properties [4’*1 that reproduce ECM structures with the best benefit-cost ratio. This
process can be applied as a template for the growth and remodeling of the ECM %31,
Interestingly, Zhou et al. reported that CDMs promoted peripheral nerve repair when 1929

mouse fibroblast cells from adipose tissue were seeded onto ~10 S-cm™' conductive mats
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combining electrospun poly(L-lactic acid) (PLLA) fibers and electrochemically deposited
polypyrrole (PPy) nanoparticles. When rat PC12 cells were seeded onto the combined
PLLA/PPy/ECM decellularized scaffolds (containing laminin, fibronectin, and collagen), their
neurites were seen to differentiate and protrude . Furthermore, the cells showed better
adhesion, neurite-bearing, and alignment rates on the CDM scaffolds than on the conductive

scaffolds without the ECM.
2.1.4. 3D printing

Organ-derived dECM inks and bioinks have emerged as arguably the most biomimetic bioinks,
although this technology is still in its early stages. dECM bioinks for bioprinting, together with
cells, have been obtained from various animal organs such as the heart, liver, skeletal muscle,
adipose tissue, cartilage, vascular tissue, and skin, each containing specific growth and

differentiation factors.

Acellular 3D printing is a very useful tool for the printing of 3D scaffolds using an ink based
on a dECM or CDM. It can also be used as a template in CDM production. Cells can be cultured
directly on the polymer surface, which in turn stimulates the deposition of ECM to form a 3D
cell-ECM construct, or they can be mixed with the ink to be printed together. 3D macroporous
scaffolds allow efficient colonization by providing a large surface area as well as space for cell
migration and colonization. These properties promote the formation of an ECM coating for
subsequent decellularization. Using this technique, the ECM secreted by the cells presents
several advantages over the ECM collected from mature tissues, such as the possibility to
bioprint ECM layers that generate a transitional gradient through all stages in cell
differentiation. In addition, once decellularized, the resulting ECM can act as a support for the
culture of other different cell populations, enabling the cell phenotype to be modulated. One of

the most used progenitor cells for this purpose are MSCs, which are commonly investigated for
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use in ECM-coated substrate production due to their high proliferative potential, their ability to

differentiate into multiple cell types, and their large production and remodeling of the ECM 53],

Pati et al. combined MSC-derived mineralized ECM from human nasal inferior turbinate tissue
with 3D-printed hybrid scaffolds composed of PCL, PLGA, and beta-tricalcium phosphate
(TCP) 3%, The hMSCs were seeded again onto the scaffolds coated with the ECM to assess
their capacity for osteoblast differentiation and bone formation, which significantly increased
not only in vitro but also in vivo, demonstrating that the properties of the ECM can be preserved

and mechanically supported with a biocompatible and biodegradable scaffold.

3D bioprinted constructs have been also used for other applications such as tissue regeneration
and disease modeling. The use of dECM bioinks has been reviewed elsewhere 5>’ CDMs
can be printed in combination with cells. In an example of efficient bioprinting, Lee et al.
printed MC3T3-El preosteoblast cell-derived ECM 8], They observed that mechanical
resistance and ink viscosity increased with the ECM culture production time, which was
associated not only with a more mature ECM, but also with an increased cell number. In that
proof-of-concept study, decellularization was omitted and only the aerosol of the alginate cross-
linker CaClz solution was required for proper printing. Culturing of the resulting scaffolds was
successful in terms of osteoblast differentiation, especially for the 3-day-cultured ECM. Longer
culture times increased viscosity and mechanical resistance so much that it made printing too
difficult. The study demonstrated that a stiff substrate is not required for a properly mineralized
ECM. It is also worth noting that this is, as far as we know, the only study applying CDMs as
a bioink for bioprinting, indicating that this technique is ambitious, and it is paramount to
achieve a collagen-rich CDM that gives rise to a consistent gel for bioprinting. Therefore,
further information is needed on the two main factors that ensure ECM hydrogel formation in
vitro, collagen kinetics and basement membrane assembly. Moreover, the proportions of the

other ECM components (such as GAGs, proteoglycans, fibronectin, and minor collagens) can
10
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also influence collagen polymerization. The use of CDMs as bioinks might benefit from
blending with different well-known ink materials (i.e., alginate, GeIMA, and PEGDMA) and

the incorporation of PCL as a supporting material 1.

The many possibilities offered by CDMs as bioinks are yet to be explored. CDMs are an
excellent alternative to dECM due to their versatility and the ability to use patient-derived cells
as a source of CDMs. However, the CDMs have to be rich in collagen, as the viscosity of
bioinks is greatly influenced by the amount of collagen and its crosslinking. Moreover,
processing CDMs for bioink production leads to a loss of their original tissue-like architecture

and protein structure, which might affect cell behavior.
2.2. Tailoring the properties of CDMs

The properties of an ECM resulting from a cell culture can be modulated to some extent by
adjusting different factors such as oxygen concentration [°!, the mechanoinductive environment
of the template substrate [°!l or topography [, biomolecules or macromolecular crowders
(MMCO), cell type, and the culture method (Table 2). These parameters are known to affect cell

63-65]

phenotypic changes ! eventually. Tumor cells are also a source in ECM production and can

be used to create cancer models in vitro, as will be discussed later in this review in section 4.3.1.

Templates for CDMs may or may not be used in their preparation (see section 2.1).

Furthermore, the resulting ECM can be chemically modified by covalent crosslinking [%¢-67],
2.2.1. Cell type

Different CDMs can be created by using different types of cells, which secrete specific ECMs
to meet the biological needs of each type of native tissue [**7!. Composition and production
rates are influenced not only by the cell linage, but also by the age, source, and method of cell

extraction. Silva and co-workers [*8] seeded different human cell types, such as chondrocytes,
11
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bone marrow stem cells (BMSC) and synovial mesenchymal stem cells (SMSC), to characterize
the different decellularized CDMs obtained in terms of the presence of ECM proteins (collagen
type I, fibronectin, and laminin), GAG composition, and disaccharide sulfation patterns. All the
CDMs had a similar architecture composed of fibrillary networks, but had varying
concentrations of proteins. For example, the BMSC-derived ECM and chondrocyte-derived
ECM showed a lower expression of laminin compared to collagen type I and fibronectin.
Furthermore, GAG composition was affected by the decellularization protocol. Therefore, by
providing a precise 3D environment, culture conditions, and cell behavior can be modified to
regulate specific proteins. Cell cross-talking and co-cultures cell ratios can influence the ECM
composition'’?! as well. In a previous study by our group, CDMs developed with hDFs or MSCs
seeded on PLA microparticles (Figure 3) displayed a different protein expression profile based
on the protein used in the functionalization steps. For instance, collagen type I-functionalized
PLA microparticles induced fibroblasts to downregulate this protein expression (Figure 3A),
while MSCs expressed high amounts of collagen type I when fibronectin-functionalized

microparticles were used (Figure 3B).

Hoshiba et al. ["*! investigated different CDMs from chondrocytes, fibroblasts, and MSCs to
observe how reseeded chondrocytes behaved in terms of adhesion, proliferation, and
differentiation. Surprisingly, although adhesion of chondrocytes onto the chondrocyte-derived
ECM was the greatest, they showed the lowest proliferation rate. The reason for this seemed to
be the higher content of fibronectin in the ECMs derived from the fibroblasts and MSCs. The
authors also observed that while relevant contents of collagen type II are present in the cartilage,
they produced collagen type 1. The difference was attributed to the earlier differentiation stage
of the chondrocytes compared to native tissue, and the difference between in vivo and in vitro,
indicating that cultures should progress towards more close-to-real conditions to proper mimic

natural tissue composition.

12



WILEY-VCH

2.2.2. Cell modification
Induced pluripotent stem cells

Since somatic cells can be dedifferentiated or reprogrammed to increase their potential, they
are one of the most important and versatile cell sources. The fact that patient-specific induced
pluripotent stem cells (iPSCs) can be obtained for further applications in tissue engineering was
a turning point in the field ["*. However, their real potential is still unknown. Although they
still cannot match their adult equivalents in efficiency, their versatility is greater. There are
already studies indicating important differences in the CDMs produced with iPSCs. For
example, Shamis and colleagues ! found that fibroblast-derived iPSCs produced an ECM
richer in type III collagen than that produced with normal control fibroblasts. Shtrichman et al.
used human iPSCs from hair follicle keratinocytes to produce a tailored ECM P!, The use of

these cells allows the application of the resulting CDMs in precision medicine.
Transfection and RNA interference

By modulating the expression of ECM-related genes, cell transfection offers the opportunity to
regulate the resulting ECM and, therefore, the behavior of the seeded cells. This has been
applied in the reproduction of hepatic tissue as it is currently one of the biggest engineering
challenges. Grant et al. overexpressed fibronectin in human urinary bladder epithelial 5637
cells by transfecting them with the human fibronectin gene (FN1) through the retroviral
expression vector PJ1520 U8l These cells, seeded on electrospun PLA fibers, were able to
successfully produce a CDM layer containing more adhesive fibronectin than that generated by
untransfected CDMs. After decellularization, they seeded HepG2 hepatocytes derived from a
hepatocarcinoma cell line (the most typical type of primary liver cancer in adults) onto the

combined CDM layer/electrospun scaffold. The authors observed that the CDM-PLA scaffolds

13
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from transfected cells altered the expression of albumin, a key marker of liver cell

differentiation, as well as of other key hepatic genes.

CDM composition can also be modified by RNA interference (RNA1). An example of RNAI is
microRNA (miRNA), which is essential in many processes and cell signaling cascades such as
the secretion and remodeling of ECMs. Hence, miRNAs can modulate the amount and structure
of ECM U7 components like nephronectin, collagen type I, 11, III, fibronectin, versican, and
other proteoglycans. They can also regulate other molecules such as cytokines, growth factors,
integrins, and non-integrin ECM receptors. Furthermore, miRNAs can modify ECM
degradation and remodeling by interacting with matrix metalloproteinases (MMPs) and their

inhibitors (TIMPs).

Short hairpin RNA (shRNA) is another RNAi method that overcomes the main limitation of
the short lifespan of synthetic small interfering RNA (siRNA). Tumbarello ef al. used shRNA
to regulate transforming growth factor-beta induced (TGF-BI), ECM deposition, and paclitaxel
response in ovarian cancer cells, influencing desmoplasia and drug efficacy in ovarian cancer
(78], Another study reported the knockdown of collagen type VI in CDM production with
shRNA "1, Collagen type VI is a non-fibrillary collagen that acts transversely, helping to fix
and assemble the ECM in tissues such as the dermis of the skin, consequently affecting dermal
cell functions. Theocharidis and collaborators knocked down COL6A 1 expression in fibroblasts
through lentiviral transduction with three different shRNA constructs and a non-targeting
control (NTC). They then produced CDMs from normal primary and knockdown HCA2
fibroblasts. The primary fibroblasts seeded in the CDM produced with the knockdown cells
showed greater cell polarization and motility than those seeded in the CDM obtained with
control cells. Senthebane and coworkers reported that CDMs depleted in collagen and
fibronectin through siRNA increased the sensitivity of tumor cells to chemotherapeutic drugs

by around 30-50% compared to control and also reduced cell migration and the formation of
14
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tumor cell colonies [®. They found that collagen and fibronectin have crucial roles in the

survival, migration, and chemotherapeutic resistance of esophageal tumor cells.

Thus, RNAI strategies provide an innovative way of modulating the features of CDMs. At
present, we speculate that they could be a novel approach in the production of cell-based

constructs.
2.2.3. Macromolecular crowding

The specific properties and high complexity of native tissue microenvironments are difficult to
reproduce in the laboratory. The CDMs produced to date do not fully mimic native ECMs and
the production rate is also very low. Macromolecular crowding (MMC) has been proposed as a

potential strategy to improve the generation of cell-derived microenvironments (811,

MMC is a biophysical phenomenon that increases the density of media such as that in the
cytoplasm. Cells act as full compartments that are surrounded by a concentrated medium of
macromolecules. These mixtures move and exclude part of the medium that causes steric

82831 MMC increases viscosity and, in general,

hindrance due to the inability to cross the cell [
reduces diffusivity. Furthermore, it affects the nature of all the species involved, such as
reactivity rates, enzyme kinetics, metabolon stabilization, diffusion of molecules,
oligomerization, micro-compartmentalization, protein conformation and aggregation, as well
as interactions with the environment affecting pH, ion concentrations, and ionic strength!2841,

It also influences cell signaling and gene expression by limiting diffusion, with many of these

changes in the order of magnitudes 3!/,

MMC can regulate ECM features in two ways: first, by modifying cell behavior and ECM
expression and, second, by modifying the cell media during ECM synthesis. MMC also

increases the expression of C-propeptide-promoting proteins, elevates enzyme catalytic

15
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activity, stabilizes substrate-enzyme interactions, and enhances protein aggregation and
polymerization in fibroblasts to increase the production and maturation of collagen type I [83],
which is a key protein of fibroblast-produced ECMs. Moreover, Dewravin ef al. suggested that

hydrogel structures created in environments with MMC have increased mechanical stiffness

[86]

Interestingly, MMC elicits a huge increase in the production rate of CDMs. In addition, it can
promote the creation of defined microenvironments that direct cell fate and differentiation 87881,
These CDMs can resist the process of decellularization and still form a proper
microenvironment. The most common compounds used for MMC that have been shown to
increase CDM production rates are non-cooperative proteins, such as bovine serum albumin
(BSA) 31 artificial polymers, such as PEG, polystyrene, and polyvinylpyrrolidone (PVP), and
natural hydrophilic polysaccharides (PS), such as dextran and cellulose derivatives
(hydroxypropyl cellulose and ficoll) 82°°. However, further studies are required to assess the
best options for each requirement. It has been suggested that the size of the compound for MMC
has a significant effect on the ECM obtained. Sharp et al. reported that the smaller the molecular

size of the MMC compound, the more efficient the crowding of the medium, which affects cell

behavior and the amount of ECM deposited !

Ficoll not only increases the production of collagen type I, but also significantly improves the
assembling of fibronectin into the collagen backbone of the ECM as well as the rate of
fibrillogenesis in the collagen type I assembly process ?. Macromolecular polydispersity and
negatively charged polysaccharides modulate ECMs ! by enhancing collagen type I
deposition. Zeugolis et al. suggested the use of mixtures of MMC compounds with different
molecular weights and concentrations ). In a previous study by our group, MMC significantly
increased protein deposition in 2D and 3D cultures as well as overall CDM stiffness (fiber

crosslinking; unpublished results) compared to non-MMC-supplemented cultures.
16
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2.2.4. Other variables

Additional parameters affecting CDM composition, architecture, and production rate have also

[94-9] can influence fiber

been studied. The different components of the culture media
orientation, elastic properties, and ECM composition. For instance, ascorbic acid has been
reported to increase the deposition of collagen type I from human pulmonary fibroblasts 7],
while serum proteins have been observed to be adsorbed onto the expressed ECM, masking
other proteins like fibronectin, vitronectin, and BSA. Differences between culture media can
also modify the resulting ECMs. Jeon et al. obtained different results depending on the culture
media (normal or osteogenic) used to create primary rat osteoblast-derived ECMs [°®], After re-
seeding the same osteoblasts in the different decellularized ECMs, the ECM secreted in the

osteogenic medium stimulated a more osteogenic differentiation than that produced in the

expansion medium.

Regarding the effects of cell crosstalk on the properties of secreted ECMs ), the addition of
an exogenous ECM such as Matrigel® also affects ECM production [1% due to the growth
factors in Matrigel®. Wang et al. modified a HUVEC-derived ECM with a peptide (QK)
mimicking vascular endothelial growth factor (VEGF) [1°!, The peptide simulated the helical
VEGEF structures at the binding site of VEGF and showed a high affinity for the VEGF receptor
(VEGFR). Wang et al. observed that the angiogenic response of the covalently linked peptides
was better compared to Matrigel® samples and the other conditions, and did not affect cell
adhesion and proliferation. A similar process was developed by Ruff et al. %], By engineering
metabolic oligosaccharides, they incorporated an azide-functionalized sugar analog into the
extracellular glycans of fibroblast cell cultures, allowing reactions to occur with bioactive cues
through biorthogonal click reactions with alkyne-modified molecules or surfaces. They also
created an option to covalently incorporate signaling cytokines, growth factors, or antibiotics

into the ECM by click-chemistry for future studies.
17
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3. Characterization of CDMs
3.1. CDM morphology

In addition to the mechanical and biochemical characteristics of CDMs, the morphological
properties of the cells as well as of the cell-deposited proteins have a large impact on mimicking
native tissues and on cell behavior. Different tissues, such as muscle, tendon, cardiac, and

vascular tissues [10%103

1" display highly aligned collagen fibers in their ECMs, which help to
align cells along these fibers and also regulate processes like proliferation, migration ['% and
force distribution of impulse transmission along the tissue. However, some tissues like skin
tissue present a randomly oriented ECM structure. There are several techniques to determine
and quantify fiber alignment/misalignment, the most widely used being scanning electron
microscopy (SEM) [195:19] However, sample processing can alter CDM structure, especially
during drying when water is eliminated and in immunofluorescence staining techniques [*>!97],
These techniques together with software tools such as Imagel (FibrilTool, Orientation J),
MATLAB (CytoSpectre, CurveAlign), and CT-FIRE ['%] allow the quantification of protein

fiber orientation and provide angle distributions to determine alignment or misalignment in

CDMs.
3.2. Mechanical characterization

It is becoming widely known that the passive mechanical properties of a biomaterial or scaffold
are critical in cell signaling and can influence subsequent cell behavior and the remodeling of

the biomaterial or ECM.

Biological tissues are intrinsically viscoelastic and exhibit stress relaxation [19:11%] Therefore,

the following two properties are particularly interesting: (1) stiffness or flexibility, which are
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sensed by cells and can modify their phenotype (mechanotransduction); and (2) viscoelasticity,
which indicates the capacity of the seeded cells to remodel the supporting CDM. In other words,
the same cell can mold the CDM while creating a new ECM and degrading the previous one.
Stiffness directly depends on the modulus of elasticity or Young's modulus (E) and quantifies
the resistance to deformation. The values of Young's modulus for different human tissues range
from 0.1 kPa to 1 GPa 'Y, Generally, these values remain more or less constant in different
individuals under normal and healthy physiological conditions, with few changes occurring

with age, thus indicating a mechanical homeostatic balance '],
The mechanical characterization of CDMs can be approached from two perspectives:

1. Mechanical properties at the macroscale, which show the properties of the whole
structure and indicate how manageable the material will be to avoid collapse. It is related
to the chemical composition and structure of the ECM backbone.

2. Mechanical properties at the micro- and nanoscale, which are more local and related to
what cell integrins and other receptors sense. Cells sense, transduce, and respond locally

to external mechanical cues 2!,

Both are complementary and there is no specific method to measure the mechanical properties

of CDM:s. Instead, a combination of methods is used to compare these tissue-like structures

[113]

Tensile strength and compression tests are very useful for a rapid macroscopic evaluation of
the E modulus using a low range mechanical cell (~5 N) and a uniaxial tension universal testing
machine. Compression tests require lower amounts of sample and the controlling of
environmental conditions is less demanding, with tests performed in solution at 37°C. However,

[114

the elastic and plastic areas are difficult to separate [''*], which is even more difficult when

sample porosity is not controlled or known [!'3], Tensile strength tests require larger amounts
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of sample and a slightly complicated set-up, but it is easier to obtain the E modulus with less
uncertainty. Thus, it is recommended to perform both tests together, with stress relaxation
measurements to understand the fundamental cell-ECM interactions and mechanotransduction
(1101 Tt should be noted that the moduli obtained with the tensile strength and compression tests

will probably differ.

Dynamic mechanical analysis (DMA) is also recommended. It is similar to a compact version
of a mechanical testing machine in which sinusoidal stress is applied at a controlled frequency
and temperature (best way to obtain the glass transition temperature, Tg). However, measures
in liquid media are complicated !''*], and specialized set-ups and expensive holders are required.
This method assesses the storage modulus (E’), which gives a direct measurement of elasticity,
and the loss modulus (E"), which measures the energy dissipated as heat and is associated with
the viscous response of the biomaterial. Both parameters are used to determine the elasticity,

viscoelasticity, and viscous characteristics of CMDs.

Rheology is probably the quickest method to mechanically characterize fluid CDMs as it is
sensitive and requires a low amount of sample. Furthermore, it distinguishes between the
different levels of stiffness of the gel, and also measures glass transition temperatures,
molecular weight, and sample homogeneity [, Small-amplitude oscillatory shear (SAOS) is
the most widely used rheological technique that involves a rotational rheometer with
temperature control. This is useful in evaluating viscosity, viscoelasticity, stiffness, and the sol-
gel transition in both Newtonian (viscosity is only dependent on temperature) and non-
Newtonian (viscosity depends on the shear strain rate as well) gels, and is especially useful in
3D printing and bioprinting 71, ink crosslinking, and depositions. The main parameters that are
evaluated in the linear elastic, viscoelastic, and viscous regimes are the shear storage modulus

(G”) and the shear loss modulus (G").
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Perhaps the method that has revolutionized the small-scale analysis of mechanical features is
the atomic force microscopy (AFM) nanoindentation technique [''7"'°1 Its efficiency in
obtaining information, versatility in adapting to different conditions and measurement types,
and apparent simplicity in terms of sample preparation makes this technique highly reliable
with a lot of potential, especially when the amount of material is low, and it is soft and/or fragile.
AFM works as a real nanoindenter, acting in the elastic zone if possible. A complex map of
several square microns of the E modulus can be obtained on flat surfaces. However, tissues and
CDMs are usually quite rough, which makes the measurements complicated. Therefore,
research groups have developed several coating and adhesion techniques to flatten substrates
(1201 using sophisticated ad-hoc platforms to immobilize samples, for example, with the aid of
a mesh ['2!l. The AFM tip material and geometry are other variables to consider in AFM
nanoindentation. Stiff or soft tip materials are available, while the geometry can be pyramidal,
cylindrical, or spherical and large or small. Large geometries allow the averaging of rough

surfaces, but this affects resolution.
3.3. Biochemical characterization

Alongside the characterization of mechanical properties, analysis of the biochemical properties
of CDMs is very important. CDM composition is critical in developing tissue and disease
models, as the properties of CDMs must match those of native tissues to mimic in vivo
conditions as closely as possible. Therefore, we have reviewed some of the techniques used to
provide more information about the qualitative and quantitative composition of CDMs (Table

3).

After decellularization, the removal of cellular components is assessed to confirm that this
process has worked. Generally, fluorescence probes such as DAPI (4',6-diamidino-2-

phenylindole) 122! and Hoechst 33258 23] are used to determine the presence of cell nuclei.
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DNA remnants are usually quantified using an ultrasensitive fluorescent nucleic acid stain for
quantitating double-stranded DNA (dsDNA) [!?4]. Other cell components such as F-actin and
cell membranes are detected using Alexa Fluor 488-phalloidin or Dil (1,1'-Dioctadecyl-

3,3,3",3'-Tetramethylindocarbocyanine Perchlorate) stains, respectively 141,

Immunofluorescence, immunocytochemistry, and immunohistochemistry are widely used to
detect and localize the presence of specific ECM proteins and to characterize CDMs. Collagen
types I, II, III, IV and X, fibronectin, biglycan, decorin, versican, and laminin have been

reported to be present in CDMs after decellularization [46:125-1291,

Other techniques can also be used to examine specific protein contents. For example, Alcian
blue staining visualizes proteoglycan deposition ['*°], while Picrosirius red staining analyzes the
presence and spatial distribution of collagen fibers, specifically collagen types I and III 131,
The amount of these extracellular components can be quantified by a variety of biochemical
assays. GAGs are measured using a dye that binds to these proteins (Blyscan) [1*Y], while elastin
and collagen contents are quantified with colorimetric assays ['**, Other ECM proteins such as

collagen type I and fibronectin have been quantified by in situ enzyme-linked immunosorbent

assays (ELISA) [133],

SDS-PAGE and either Coomassie, silver, or Ponceau staining have been widely used to identify
the total protein profile of CDMs [1*41. As well as detecting the presence of a particular protein,
Western blots can also quantitatively measure the concentration of these extracellular proteins
[135] However, CDMs sometimes show highly complex compositions, protein crosslinking, and
overall mechanical properties. As a result, digesting these matrices can involve an intricate
procedure that breaks down fibrillar ECM proteins without degrading samples and uses
appropriate buffers that do not interfere with protein quantification and SDS-PAGE/Western

blot procedures.
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Mass spectrometry can also be used to determine the qualitative composition of CDMs. Again,
due to the complex properties of CDMs, it is important to develop efficient digestion protocols
using enzymes (trypsin, pepsin, and collagenases) and buffers (RIPA buffer, urea, sodium
dodecyl sulfate, and dithiothreitol) that effectively break down protein chains without

o [136,137

degrading their structur 1. Different studies have analyzed CDM proteins using nano-

liquid chromatography-tandem mass spectrometry (nLC-MS/MS) after efficient

decellularization and scaffold template removal [46:135:138],

The diverse characterization methods reviewed here highlight the heterogeneous nature of
CDMs. This heterogeneity, marked by the enormous range of possibilities in CDM production,
emphasizes the essential requirement of designing CDMs based on the tissue or structure being
mimicked. Thus, CDM characterization must be carefully adapted to study every feature of

CDMs that resemble those of native human tissues and organs.
4. CDMs as 3D models
4.1. Models to study cell processes

An increasing number of studies are using CDMs to study basic processes such as cell migration

1391 and offer a realistic

and proliferation, as 3D microenvironments can mimic native tissues !
picture of what happens in the body. The potential to produce CDMs through different
approaches and culture conditions makes this approach even more promising. CDM
characterization is crucial in understanding the variety of matrices produced by different cells
and culture methods, as the specific composition, architecture, and mechanical properties of
CDMs affect cell behavior 14%!41l Therefore, the production and characterization of CDMs
introduce a new set of possibilities to study gene expression profiles, tissue morphogenesis, and

the forces or tractions between cells and the microenvironment [142-143],
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CDMs will allow researchers to study how their three-dimensionality and structural properties,
combined with their biochemical characteristics, affect basic processes such as cell polarity,
morphology, migration, proliferation, and differentiation. This will be important in changing

some of the paradigms established by studies using two-dimensional cell cultures.
4.1.1. Cell adhesion

One of the most widely reported differences between 2D and 3D models involves the effects of
cell polarity and morphology on cell adhesion >144, In 2D cultures, fibroblasts, for example,
are artificially polarized, showing morphological differences between the dorsal and basal parts
of the cell [1*], Additionally, 2D cultures or hydrogels with low compliance induce a loss or
change in cell polarity, which can correlate with changes in other functions such as cell
morphology, migration, tissue morphogenesis, and the sensing of growth factors and signaling
cues 1191 On the other hand, 3D cultures in CDMs and dECMs preserve cell polarity and
morphology by providing structured matrices that mimic native tissues (in architecture,

distribution, and composition), ['**) which in turn increase cell adhesion through multiple focal

[151 [152,153

adhesions ['3!l) as has been observed in vivo 1. Focal, fibrillar, and nascent adhesions
involve integrins, vinculin, paxillin, focal adhesion kinase (FAK), and tensins. In 2D cultures,
stiff glass or plastic substrates increase cell adhesion strength and, consequently, their protein
composition 134156 By contrast, 3D environments are much softer, with focal and fibrillar
adhesions not requiring as many mechanosensitive proteins and thus being much more sensitive
to the physical microenvironment 3%, Moreover, cell-matrix adhesions have been shown to be
more effectively mediated in CDMs or tissue-derived matrices compared to 2D or hydrogel
cultures due to the matrix composition, fibrillar protein concentration, and an increased ability

of cells to exert contractile forces on the matrix [1°1-157158],
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4.1.2. Cell migration

Cell migration is strongly influenced by the substrate on which cells grow. The factors involved
in cell migration are directly connected to tissue morphogenesis, homeostasis, remodeling, and

repair [15%160],

CDMs can mimic the biochemical composition, three-dimensionality, and
mechanical properties of in vivo tissues, thereby allowing the study of cell migration in 3D
cultures. ECM mechanical properties such as viscoelasticity, stiffness, and elasticity are
important factors affecting migration 2/, which depends on the elastic tensile behavior of the

matrix [161:162]

Another important parameter affecting cell migration is the fibrillary
composition of native tissues. Collagen and fibronectin fibers generate an interconnected
porous network that cells use to migrate along, a process that is limited by multiple cell
adhesions in all directions, matrix topography, and the availability of matrix ligands for cells to
adhere to [>!%1, CDMs are a suitable model for studying cancer cell invasion 3% and cell
responses to external stimuli such as tissue defects or ECM structure %3, CDMs can also
potentially drive the directional migration of morphologically elongated cells through spatially

(21591 In cell migration studies using 2D cultures, the

oriented fibers produced by fibroblasts
2D substrates are often coated with fibronectin and present significant differences in
composition, physical characteristics, and mechanical properties compared to 3D models. The
same issue occurs when using hydrogels, with their non-complex composition and low fiber
content hindering cell adhesion and migration. These differences between 2D cultures,
hydrogels, and 3D CDMs affect cell phenotype, adhesion, and migration. For instance, a lack

of matrix alignment results in the loss of migration directionality provided by the fibers in

human tissues, while substrate stiffness can affect migration speed [1°7-164],
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4.1.3. Cell viability and proliferation

Cell viability and proliferation have been studied for many years on synthetic 2D substrates.
Recent scientific advances have allowed researchers and clinicians to study the same processes

g [149:165.166] Tyye to the limitations of natural

in structures that are more similar to in vivo tissue
and synthetic hydrogels ['*"), CDMs and decellularized tissues appear to be the best models to
study cell proliferation given their ability to mimic native tissues. In 2D culture plates,
differences in cell proliferation have been observed in different cell types between plastic plates
coated with ECM proteins and those that are not coated 3%!3!, Lai et al. demonstrated that
MSCs cultured in their own ECM showed increased proliferation and maintained their

[167] Yamada and

undifferentiated state compared to those cultured on 2D plastic substrates
Cukierman suggested that the ventral and dorsal cell contacts with the ECM restored a normal
3D cell morphology !'*8]. This resulted in an increase in focal adhesions containing integrins,

vitronectin, fibronectin, and tenascin C, which subsequently promoted migration and

proliferation [168:169],
4.1.4. Cell differentiation

Cells undergo differentiation in the presence of certain stimuli. This process involves major
changes in cell shape, size, and metabolic activity. The mechanisms underlying cell
differentiation have been a topic of interest for a long time, but many questions remain
unanswered 7% Similar to the other cell processes, the 3D architecture, environmental
signaling cues, complex matrix composition, ') and mechanical properties are key aspects in
cell differentiation. The potential of CDMs and decellularized tissues in studying cell

differentiation depends on their reliability, versatility, and similarity to native tissues.

Considering their regenerative potential, MSCs have been used to produce CDMs to keep cells

undifferentiated and preferably promote their proliferation once implanted. Following
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implantation, differentiation is induced ['""'72. CDMs can also be used to induce the
differentiation of MSCs into certain cell types, with the composition and mechanical properties
of the CDMs playing key roles in this differentiation, as described previously. By targeting
these properties, MSCs can be differentiated into cells from a different embryonic layer. For
example, Aizman et al. differentiated MSCs (originated in the mesoderm) into neurons (from
the ectoderm layer) in well plates coated in an MSC-derived (SB623) CDM, highlighting the

ISLI73] MSCs can also be regulated and driven towards

importance of substrate composition |
differentiation by substrate three-dimensionality, composition, signaling molecules, or by co-

culturing with other cell types 211481,

Stiffness is crucial for differentiation. In native tissues, cell differentiation correlates with
increasing tissue stiffness [1®], although this differs significantly among cell types. In addition,
the combination of matrix stiffness and signaling cues can induce mesenchymal cell
differentiation into different cell types [2°). It has been postulated that in viscoelastic materials
such as biological tissues, cells show a larger spreading area in ECMs with low crosslinking,
even stopping the start of differentiation to avoid undesired pathologies. Interestingly, soft
CDMs have been reported to promote adipogenesis, while stiff matrices have been linked to

chondrogenesis/osteogenesis 12,

In addition to the already mentioned differences in cell processes, heterogeneous cell properties
amongst different cell types can have a strong impact on culture methodologies. Depending on
the cell type, CDM requirements can vary significantly. Therefore, inadequate CDM properties
can greatly affect cell behavior, leading to unexpected results. For instance, several studies have
stated that fibroblasts need some mechanosensitive requirements to correctly develop their
normal functions 74171, In matrices with low mechanical loads, fibroblasts can adopt a resting
phenotype, resulting in cell quiescence and, eventually, apoptosis. By contrast, in matrices with

high mechanical loads, fibroblasts are activated, and show increased focal adhesions and cell
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proliferation 3%, Liver tissue is also strongly affected by changes in stiffness in diseases like
fibrosis and cirrhosis. In these pathologies, tissue stiffening induces the differentiation of
quiescent hepatic stellate cells into myofibroblast-like cells 1'7®!. Some cells such as neutrophils
and myocytes present no preferences for substrate stiffness '”). Meanwhile, tissue stiffening
has been linked to cancer and malignancy (Figure 4), while stiffer substrates in combination
with specific growth factors or signaling cues have been reported to induce fibroblast activation

or differentiation into myofibroblasts 13%177],

ECM three-dimensionality as well as its complex and specific architecture provide cells with
biochemical and mechanical signaling cues, which greatly affect cell behavior and further
increase culture complexity. The properties of the ECMs mimicking those of in vivo tissues are
crucial for cells to maintain their phenotypes and behave as they do in their native tissues '],
To study these environment-dependent behavioral differences, CDMs are promising platforms
that effectively reproduce in vivo tissue conditions in vitro, providing powerful tools to
understand cell behavior. Although CDMs developmental stage, they also represent an

excellent way to evaluate the regenerative and healing capacity of therapies or drugs by

providing the correct physical and chemical signals to guide cell fate.
4.2. Tissue models for regenerative medicine and implants

When studying cell processes in 3D environments mimicking in vivo tissues, it is crucial to
understand the changes that cells undergo in tissue malfunction and regeneration. Thus, CDMs
are potentially useful models to study and identify these changes. In this section, we will discuss
the CDMs used in regenerative medicine approaches and those applied in disease progression

studies.

The application of CDMs as biological scaffolds in tissue regeneration is still in its infancy.

Nevertheless, there is increasing interest in the production of customizable ECM components
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to overcome the shortage of donor-derived ECM bioscaffolds and the issues regarding animal-

sourced biomaterials.

The use of CDMs as real implants has not been implemented yet due to the novelty of the
approach and the poor mechanical properties of CDMs. Moreover, since the production of
CDMs is still at the laboratory level, scalability and mass production are still lacking to respond
to the need for tissue implants. A thorough automated process will help to increase CDM
production. Furthermore, methods characterizing the matrices, as described in section 3, need
further advances to fully and reproducibly assess the composition and mechanical properties
without affecting the native structure of CDMs. There have been several attempts to use CDMs

as tissue implants, which are detailed below.
4.2.1. Skeletal tissue

Skeletal CDMs are one of the most studied matrices, with cartilage CDMs being widely
investigated 78], Several studies have assessed the effects of the matrices produced by
synovium-derived stem cells (SDSCs), BMSCs, NPCs, infrapatellar fat pad-derived stem cells
(IPFSCs), and chondrocytes in cartilage regeneration. Matrices produced by less differentiated
cells can reprogram cartilage cells for use in cartilage regeneration treatments. This was proven
after injecting these cells into pig knees with cartilage defects, which led to the CDMs
enhancing cell proliferation and the chondrogenic potential of SDSCs. Furthermore, collagen
type II and sulfated GAG expression was reported to be increased following implantation to

resolve partial-thickness cartilage defects.

Jin et al. implanted CDM scaffolds in vivo with chondrocytes. After 3 weeks, all the implanted
CDMs resembled normal cartilage 7!, Porcine chondrocytes were used to produce matrices
by freeze-drying supporting rabbit chondrocytes, which maintained their characteristic

phenotype and produced cartilage ECMs in vivo. The authors highlighted that CDMs
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maintained their volume during cultivation, ensuring a perfect fit to resolve chondrogenic

defects.

Li et al. fabricated cartilage CDM membranes produced by porcine chondrocytes. After
retrieval and decellularization, the membranes were used to form a multilayer structure with a
thickness of 30—-60 pm. The implantation of these membranes alongside bone marrow
stimulating therapy to address an articular cartilage defect improved cartilage regeneration in a
canine model. The authors linked the improvement to the actions of the membranes in
preserving blood clots and maintaining the MSCs therein. Cartilage tissue formation was faster

in decellularized CDM membranes with an increased hyaline-like characteristic 18],

In summary, CDMs have been demonstrated to be more effective in cartilage regeneration than

tissue dECMs and synthetic scaffolds coated with ECM (reviewed by Sun et al. [81),

Several approaches have been developed for using CDMs in bone regeneration. For instance,
Datta et al. produced CDMs using rat MSCs and seeded them onto titanium fiber mesh scaffolds
in a flow perfusion bioreactor. Previous in vitro results had demonstrated osteogenic
differentiation of the MSCs ['%2, However, decellularized constructs implanted intramuscularly

n 1831 Although mineralized deposits were observed

in a rat model did not induce bone formatio
in the ECM produced in vitro, this was not enough to stimulate endogenous cell recruitment to

elicit osteogenesis in vivo. Thus, the CDM had no osteoinductive properties, but it improved

implant vascularity.

Lu et al. fabricated a knitted PLGA mesh and used it as a sacrificial template for autologous
ECM scaffolds ['%, Human BMSCs, normal human articular chondrocytes (NHAC), and
normal human dermal fibroblasts (NHDF) were used to prepare their respective CDM scaffolds,

demonstrating high specificity of the produced ECMs depending on the cell type used. Mice
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fibroblast-CDM scaffolds were implanted in mice, which demonstrated excellent

biocompatibility and minimized undesirable host tissue responses.

A methodology was recently developed to overcome several issues related to the density and
lack of porosity of CDMs that inhibit cell infiltration. Zhu et al. developed a matrix by

[185] PCL microfibers were used to produce

subcutaneous implantation of sacrificial templates
microchannels in CDMs in vivo. After sacrificial scaffold removal, samples were decellularized
and the fibers removed. The CDMs produced were then implanted into a rat tibialis anterior
muscle with volumetric muscle loss, sciatic nerve, and abdominal artery with a critical size
defect. The implantation resulted in a regenerated vasculature and innervated neomuscle tissue,
vascularized neo-nerve, and pulsatile neo-artery with functional integration. Thus, the CDMs

elicited host endogenous recruitment, vascularization, and tissue innervation, overcoming some

of the bottlenecks in current tissue engineering strategies.
4.2.2. Cardiovascular tissue

One of the most popular applications of CDMs is in cardiovascular tissues due to the limited
availability of cadaveric allogenic tissues and issues related to cross-contamination when using
xenogeneic tissues. Prof. Okano, a pioneer in using cell sheets (described in section 2.1.1) and
their deposited ECM, used cell sheets in a rat myocardial infarction model, which significantly
improved cardiac function compared to cell injections, thus demonstrating the benefits of ECMs
produced by cells in vitro "%, Several clinical trials are currently underway. Similar uses of

cell sheets have been tested in the liver, pancreas, and cornea [+,

Other strategies have been developed for engineering blood vessels. Wystrychowski et al.
produced a fibroblast-derived vessel using three allogeneic lifeline grafts from Cytograft Tissue
Engineering, Inc. (CA, USA) !'37], The graft produced was stored at -80°C for 9 months and

devitalized, without endothelial cells or any other cultured cells after thawing. Only the
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fibroblasts that produced the graft were in the construct, but they did not survive the freezing

process. This was the first clinical use of an induced CDM for blood vessel regeneration.

Another study tested CDMs grown on a polymer scaffold for small vessel regeneration in 60
patients with end-stage renal disease. Polyglycolic acid (PGA) polymer scaffolds were seeded
with smooth muscle cells from donors, which were cultured in a perfusion bioreactor for 8
weeks before decellularization. Patients were followed up for 16 months. The CDM hybrid
scaffolds showed long-lasting performance and provided safe and functional hemodialysis

s U881 In another study, a cell-derived vascular graft was produced by seeding fibroblasts

acces
from a donor in a fibrin gel with a tube shape!'®”!. After decellularization, the construct was
grafted as a pulmonary artery in a growing young lamb. Normal tissue growth was observed,
and the graft maintained physiological strength and stiffness, showing excellent lumen
endothelization and extensive colonization by mature smooth muscle cells. Furthermore, proper

elastin and collagen deposition was maintained and there were no signs of undesired

mineralization, deformation, or blockage.

CDMs have also been applied to produce human tissue-engineered sinus cardiac valves
(hTESVs) 1 Clinically relevant off-the-shelf valves were produced using human neonatal
dermal fibroblasts (hDF), with different concentrations of transforming growth factor-pf1 (TGF-
B1) used to induce matrix production. After decellularization, in vivo evaluation was performed
in a translational sheep model. Although only three animals were implanted and follow up was
limited to 4 h, the results indicated that this was a safe and promising approach for producing

heart valves.
4.2.3. Skin wound healing

Lung human fibroblasts have been used to produce CDMs. This type of decellularized CDM

was combined with collagen, several angiogenic growth factors (VEGF, bFGF, and SDF-1),
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and HUVEC: for use in an in vivo skin wound healing model, which resulted in more effective
re-epithelialization, hair follicle regeneration, higher viability of the transplanted cells, and
improved neovascularization ['°!. A similar study combining an antibiotic and a skin patch
derived from decellularized human lung fibroblast-derived matrix (hFDM) demonstrated

reduced bacterial infections and increased wound healing in mice 192/,

Adipose ECM and the injection of fibroblasts differentiated from adipose-derived stem cells
(ADSCs) have been demonstrated to be more effective in wound healing than just ADSCs alone
(193] The combination of polymeric scaffolds with human CDMs has also been applied. An
electrospun fibrous membrane based on poly(L-lactide-co-caprolactone) (PLCL) and a
decellularized hFDM delivering HUVECs in a mouse wound healing model led to faster wound
closure, increased neovascularization, a nearly normal thickness of the epidermis, and hair

follicle regeneration [1%4,

Although dECMs have been used in some tissues like hepatocytes and nerve cells, CDMs have
not yet been tested due to difficulties associated with low cell expansion. Approaches are
currently underway to apply matrices derived from MSCs or fibroblasts to nervous, hepatic,

and renal tissues.

In conclusion, despite promising findings in musculoskeletal innervation, vascularization, and
cartilage regeneration, there are still significant limitations regarding CDM use. The poor
mechanical properties of CDMs hamper their use as skeletal implants or replacements, which
are required to have high resistance to loads, and fatigue. Combining CDMs with scaffolds
could overcome this issue. CDMs show great potential in cardiac, vascular, and skin tissue
regeneration as well as in wound healing. Nonetheless, we believe that research must focus on
the production of CDMs rich in biological cues that can promote cell recruitment and

proliferation in damaged areas over a sustained period. Cell recruitment is crucial in
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regenerating internal tissues and organs. Therefore, the successful application of CDMs in this
field could dramatically decrease the need for transplantation. Another limitation to overcome
is CDM scalability as large amounts of CDM sheets are needed in applications such as those

used in severely burnt patients.
4.3. CDMs as disease models for advanced personalized therapies

CDMs are also being used to study the mechanisms underlying diseases to identify potential
therapeutic targets as well as screen different therapies to develop personalized treatments 9%,
Their ability to mimic in vivo tissues makes CDMs excellent candidates to study how diseases
arise, develop, and progress in patients. These in vitro experiments will allow the study of
complex cell behaviors as well as the heterogeneity and changing nature of some diseases.

Ultimately, CDMs as disease models could be used as drug screening platforms either to test

new drugs or to screen for new treatments for personalized medicine.
4.3.1. Cancer

Damianova et al. studied the effect of CDM three-dimensionality on ERK1/2 activation via
Src/Ras/Raf pathways. ERK1/2 regulates cell processes such as proliferation, differentiation,
and death and is present in about a third of human cancers. The sustained activation of ERK1/2
through Src in CDMs is similar to that observed in in vivo tissues, demonstrating differences in
signal transduction between 2D and 3D cultures 1%, Senthebane et al. used CDMs to assess
the role of ECM proteins in cancer cell responses to chemotherapy. They cultured esophageal
cancer cells in fibroblastic CDMs and found that activated MEK-ERK and PI3K-Raf signaling
in CDMs affected cell apoptosis. This indicated that the ECM protected against anti-cancer
substances through its complex 3D architecture and the activation/downregulation of signaling
pathways. By contrast, the poor structural complexity of 2D cultures allows drugs to

successfully kill cancer cells. Consequently, new treatments targeting ECM proteins have been
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proposed for chemoresistant tumors #%!°7]. Gulvady et al. studied the role of the focal adhesion
protein Hic-5 in cancer cell morphology, migration, and plasticity in CDMs. They highlighted
the important role of this protein in regulating cancer cell phenotype, migration, and invasion
in 3D. By contrast, Hic-5 expression did not correlate with cell morphology and migration in
2D %81 Franco-Barraza et al. developed a protocol to prepare CDMs from cancer-associated
fibroblasts (CAFs) and proposed that they could be used to study whether they maintained an

(1991 Caley

active phenotype in any fibroblastic cell compared to CDMs from normal fibroblasts
et al. developed osteoblastic and fibroblastic CDMs to study cell plasticity and migration in
prostate cancer 2%, They demonstrated that the tumor-associated collagen receptor Endo180
and collagen crosslinking by lysyl oxidase (LOX) were crucial for cancer cell invasion and
proposed that these proteins could be targets for metastasis-limiting treatments. Hoshiba and
Tanaka studied the importance of generating CDMs from appropriate tissues to obtain specific
and individualized cancer models that effectively mimicked in vivo events such as tumor
chemoresistance for use in the development of more reliable chemoresistance assays and new
treatments [2°!]. Meanwhile, Cai et al. compared the different ECMs obtained from hBM-MSCs,
fibroblasts, osteoblasts, and MG-63 osteosarcoma cells 1?2, The adhesion, spreading, and
proliferation of MSCs and MG-63 cells seeded in the different matrices were evaluated. As
expected, the composition of the ECM varied with the cell source, showing different effects on
cell morphogenesis, attachment, and proliferation. Interestingly, both MSCs and MG-63 cells
showed lower adhesion and spreading on osteosarcoma-derived ECMs, while MG-63 cell
proliferation was inhibited in all the CDMs produced by non-cancerous cells. In another study,
the breast cancer cell lines MCF-7, MDA-MB-231 (metastatic cell line), and MCF10A (non-
tumorigenic cell line) were chosen to create different CDMs and study the different steps of in
vitro breast tumorigenesis and angiogenesis [?°*). The CDMs had to be assisted with fibroblast

co-cultures to produce enough deposited ECM components for the studies. The capillary

structures grown in the ECM derived from metastatic MDA-MB-231 cells had an intricate
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organization and showed the highest occupancy of the assessed area compared to those

cultivated in the other ECMs.
4.3.2. Hepatic disease

CDMs have been generated to mimic liver structures for the study of liver metabolism and
disease. Guo et al. studied endothelial CDMs as promoters of hepatocyte-like cells obtained
from adipose-derived stem cells (hASC-HLCs) by investigating the interactions between ECM
signals and different transcription and nuclear factors. They used this as a model to study
interactions between hepatocytes and non-parenchymal CDMs, as well as for hepatotoxicity
testing and for diseases such as liver fibrosis **. Hoshiba reviewed the potential of CDMs to
maintain hepatocyte-specific functions and the importance of adjusting the properties of CDMs
according to the needs of tissues *°!. These matrices are expected to be used in 3D hepatocyte

cultures to assess their phenotype in health and disease.
4.3.3. Neurodegenerative disease

CDMs could effectively regulate neural cell adhesion and proliferation to treat
neurodegenerative diseases. By providing nutrients and growth factors, CDMs could promote
a complex system of neurons, astrocytes, and oligodendrocytes that can be implanted into brain
lesions or be applied in regenerative medicine or used as disease models [!"*). One study
compared the mechanical properties of glaucomatous ECMs to those of non-glaucomatous
ECMs, studying the bidirectional interaction between trabecular meshwork cells and their

microenvironment 293,

4.3.4. Cardiovascular disease

In cardiovascular disease, CDMs have been used to expand and differentiate c-kit cells for the

regeneration of infarcted or injured areas of the heart. CDMs from MSCs upregulate cardiac
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gene expression in c-kit cells, promoting their survival and functions after in vivo

transplantation [*1,

Research in different diseases has evolved from using 2D substrates to 3D environments to
identify the mechanisms underlying diseases and their progression. We believe that CDMs are
excellent platforms to model the different aspects of a disease and identify possible treatment
targets, given that CDMs can mimic most of the properties of native tissues and provide cells
with a complex environment that is as close as possible to in vivo conditions. We hypothesize
that CDMs will be developed for a wide range of tissues to study diseases such as cancer,
neurodegenerative disorders, and cardiovascular diseases. This could also be used for research
in personalized medicine, with each patient’s disease studied in detail to provide more specific

and less toxic treatment to improve prognosis 4%/,

5. Future perspectives

Regularly used 2D cultures are becoming obsolete as they fail to reproduce the complexity of
tissue environments. A reliable ECM that mimics native tissues or emulates the
pathophysiological state is needed. CDMs have already demonstrated that this approach is
feasible and reproducible. The development of reliable CDMs will advance the field of
regenerative medicine and research on diseases, shortening the gap between in vitro and in vivo
experiments and improving the translation of treatments from animal models to clinical trials

in humans.

CDMs are still in the developmental stage and present some significant limitations. There is a
need to improve the composition and mechanical features of CDMs. Therefore, new fabrication
strategies must be developed to produce CDMs with specific and modifiable properties as well
as with non-aggressive processes that will preserve their composition and structure and allow

remodeling by cells. Genetically modified cells and MMC can help accomplish this objective.
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Biomaterials as templates in combination with CDMs or with specific characteristics
(conductive/optical/magnetic materials) could also be used to overcome the limitations
associated with current CDMs. On a higher level, a combination of different CDMs to create

multi-organ or multi-tissue platforms for tissue repair or modeling will be essential.

Finally, to translate CDMs from the bench to clinical use, industrial scalability in terms of
standardization, costs, time, sterilization, and storage is crucial. By addressing these current
limitations, CDMs have the potential to become very useful for tissue regeneration and disease
modeling. The ability to generate CDMs from different types of cells and tissues supports their
use as a gold standard 3D platform for personalized in vitro drug screening. Further advances
in state-of-the-art approaches in CDM technology will be important in understanding complex
physiological and pathological processes, which will improve diagnostics and personalized
therapy. CDMs could also be applied in other fields such as pharmaceuticals, patient-specific
drug screening, biomolecule production, and in vitro food production. For example, cell-based
meat production could have a huge impact on global society, with significant environmental

implications.

Acknowledgments

1 Gerard Rubi-Sans and Oscar Castano contributed equally. The authors acknowledge the
Severo Ochoa Programme for Centres of Excellence in R&D 2016-2019, the European
Commission-ERANET (nAngioderm JTC2018-103), The Spanish network of cell therapy
(TERCEL), Biocardio (RTI2018-096320-B-C21) and Neur-on-a-chip (RTI2018-097038-B-
C22) projects through Ministerio de Ciéncia Innovacion y Universidades (MCIU), Agencia
Estatal de Investigacion (AEI), the European Regional Development Fund (FEDER), and La

Caixa Foundation (Caixaimpulse LCF/TR/CN18/52210003) as funding institutions.

References

38



[1]
(2]
[3]
[4]

[3]
[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]
[14]

[15]

[16]

WILEY-VCH

C. Frantz, K. M. Stewart, V. M. Weaver, J. Cell Sci. 2010, 123(24), 4195.

M. L. Kutys, A. D. Doyle, K. M. Yamada, Exp. Cell Res. 2013, 319, 2434.

W. P. Daley, S. B. Peters, M. Larsen, J. Cell Sci. 2008, 121(3), 255.

H. C. Ott, T. S. Matthiesen, S.-K. Goh, L. D. Black, S. M. Kren, T. I. Netoff, D. a
Taylor, Nat. Med. 2008, 14(2), 213.

S. L. M. Dahl, J. Koh, V. Prabhakar, L. E. Niklason, 2003, /2, 659.

J. Cortiella, J. Niles, A. Cantu, A. Brettler, A. Pham, G. Vargas, S. Winston, J. Wang,
S. Walls, J. E. Nichols, Tissue Eng. Part A 2010, 16, 2565.

R. Chen, H. Ho, Y. Tsai, M. Sheu, 2004, 25, 2679.

G. Mazza, K. Rombouts, A. R. Hall, L. Urbani, T. V. Luong, W. Al-akkad, L. Longato,
D. Brown, P. Maghsoudlou, A. P. Dhillon, B. Fuller, B. Davidson, K. Moore, D. Dhar,
P. De Coppi, M. Malago, M. Pinzani, Nat. Publ. Gr. 2015, 1.

L. Edgar, A. Altamimi, M. G. Sanchez, R. Tamburrinia, A. Asthana, C. Gazia, G.
Orlando, L. Edgar, A. Altamimi, M. G. Sanchez, R. Tamburrinia, L. Edgar,
Organogenesis 2018, 00, 1.

D. A. Taylor, L. C. Sampaio, Z. Ferdous, A. S. Gobin, L. J. Taite, Acta Biomater. 2018.
G. R. Fercana, S. Yerneni, M. Billaud, J. C. Hill, P. VanRyzin, T. D. Richards, B. M.
Sicari, S. A. Johnson, S. F. Badylak, P. G. Campbell, T. G. Gleason, J. A. Phillippi,
Biomaterials 2017, 123, 142.

A. Kornmuller, C. F. C. Brown, C. Yu, L. E. Flynn, 2017, 1.

M. E. Furth, A. Atala, M. E. Van Dyke, Biomaterials 2007, 28, 5068.

H. Lu, T. Hoshiba, N. Kawazoe, G. Chen, Biomaterials 2011, 32, 2489.

K. M. Hakkinen, J. S. Harunaga, A. D. Doyle, K. M. Yamada, Tissue Eng. Part A
2011, 77, 713.

H.-W. Cheng, Y.-K. Tsui, K. M. C. Cheung, D. Chan, B. P. Chan, Tissue Eng. Part C.

Methods 2009, 15(4), 697.
39



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

WILEY-VCH

N. Datta, Q. P. Pham, U. Sharma, V. I. Sikavitsas, J. a Jansen, A. G. Mikos, Proc. Natl.
Acad. Sci. U. S. A. 2006, 103(8), 2488.

Q. P. Pham, F. K. Kasper, L. Scott Baggett, R. M. Raphael, J. a Jansen, A. G. Mikos,
Biomaterials 2008, 29, 2729.

J. Liao, X. Guo, K. J. Grande-Allen, F. K. Kasper, A. G. Mikos, Biomaterials 2010, 31,
8911.

Y. Kang, S. Kim, J. Bishop, A. Khademhosseini, Y. Yang, Biomaterials 2012, 33,
6998.

H. Lu, T. Hoshiba, N. Kawazoe, I. Koda, M. Song, G. Chen, Biomaterials 2011, 32,
9658.

J. S. Liu, Z. J. Gartner, Trends Cell Biol. 2012, 22(12), 683.

J. W. Nichol, A. Khademhosseini, Soft Matter 2009, 5, 1312.

P. Zorlutuna, N. E. Vrana, A. Khademhosseini, /EEE Rev. Biomed. Eng. 2013, 6, 47.
R. Levato, J. Visser, J. A. Planell, E. Engel, J. Malda, M. A. Mateos-Timoneda,
Biofabrication 2014, 6, 035020.

M. J. Landry, F. Rollet, T. E. Kennedy, C. J. Barrett, 2018.

A. D. Dikina, H. A. Strobel, B. P. Lai, M. W. Rolle, E. Alsberg, Biomaterials 2015, 52,
452.

H.-W. Sung, W.-H. Chang, C.-Y. Ma, M.-H. Lee, J. Biomed. Mater. Res. Part A 2003,
644, 427.

M. Ventre, V. Coppola, C. F. Natale, P. A. Netti, J. Biomed. Mater. Res. Part A 2019,
107, 2536.

R. Subbiah, M. P. Hwang, P. Du, M. Suhaeri, J.-H. Hwang, J.-H. Hong, K. Park,
Macromol. Biosci. 2016, 16, 1723.

G. Tour, M. Wendel, 1. Tcacencu, Tissue Eng. Part A 2010, 17, 127.

C. W. Cheng, L. D. Solorio, E. Alsberg, Biotechnol. Adv. 2014, 32, 462.
40



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]
[46]
[47]

[48]

[49]

WILEY-VCH

H. Lu, T. Hoshiba, N. Kawazoe, G. Chen, J. Biomed. Mater. Res. Part A 2012, 1004,
2507.

L. T. Saldin, M. C. Cramer, S. S. Velankar, L. J. White, S. F. Badylak, Acta Biomater.
2017, 49, 1.

T. Okano, N. Yamada, H. Sakai, Y. Sakurai, J. Biomed. Mater. Res. 1993, 27, 1243.
K. Nakajima, S. Honda, Y. Nakamura, F. Lopez-Redondo, S. Kohsaka, M. Yamato, A.
Kikuchi, T. Okano, Biomaterials 2001, 22, 1213.

M. C. Prewitz, F. P. Seib, M. von Bonin, J. Friedrichs, A. Sti}el, C. Niehage, K.
Miiller, K. Anastassiadis, C. Waskow, B. Hoflack, M. Bornhduser, C. Werner, Nat.
Methods 2013, 10, 788.

F. Tatsuhiro, T. Seiko, T. Yusuke, T. T. Reiko, S. Kazuhito, Int. J. Mol. Sci. 2018, 19.
W. H. Ng, R. Ramasamy, Y. K. Yong, S. H. Ngalim, V. Lim, B. Shaharuddin, J. J.
Tan, Regen. Ther. 2019, 11, 8.

D. Loessner, B. M. Holzapfel, J. A. Clements, Adv. Drug Deliv. Rev. 2014, 79, 193.
E. R. Porrello, A. I. Mahmoud, E. Simpson, J. A. Hill, J. A. Richardson, E. N. Olson,
H. A. Sadek, Science 2011, 331, 1078.

K. Sakaguchi, T. Shimizu, T. Okano, J. Control. Release 2015, 205, 83.

K. Matsuura, R. Utoh, K. Nagase, T. Okano, J. Control. Release 2014, 190, 228.

R. Levato, J. A. Planell, M. A. Mateos-Timoneda, E. Engel, Acta Biomater. 2015, 18,
59.

J. N. Harvestine, J. Saiz Augustine M., J. K. Leach, Biomater. Sci. 2019, 7, 2091.

M. Yuan, P.-J. Pai, X. Liu, H. Lam, B. P. Chan, Sci. Rep. 2018, 8, 1512.

J.-H. Jang, O. Castano, H.-W. Kim, Adv. Drug Deliv. Rev. 2009, 61, 1065.

K.-C. Tang, K.-C. Yang, C.-W. Lin, Y.-K. Chen, T.-Y. Lu, H.-Y. Chen, N.-C. Cheng,
J. Yu, Polymers (Basel). 2019, 11.

S. E. Navone, L. Pascucci, M. Dossena, A. Ferri, G. Invernici, F. Acerbi, S. Cristini, G.
41



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

WILEY-VCH

Bedini, V. Tosetti, V. Ceserani, A. Bonomi, A. Pessina, G. Freddi, A. Alessandrino, P.
Ceccarelli, R. Campanella, G. Marfia, G. Alessandri, E. A. Parati, Stem Cell Res. Ther.
2014, 5, 7.

H. Lee, S. Yang, M. Kim, G. Kim, RSC Adv. 2016, 6, 29697.

R. Shtrichman, N. Zeevi-Levin, R. Zaid, E. Barak, B. Fishman, A. Ziskind, R.
Shulman, A. Novak, R. Avrahami, E. Livne, L. Lowenstein, E. Zussman, J. Itskovitz-
Eldor, Tissue Eng. Part A 2014, 20, 2756.

X. Zhou, A. Yang, Z. Huang, G. Yin, X. Pu, J. Jin, Colloids Surfaces B Biointerfaces
2017, 149, 217.

N. J. Panetta, D. M. Gupta, N. Quarto, M. T. Longaker, Panminerva Med. 2009, 51, 25.
F. Pati, T.-H. Song, G. Rijal, J. Jang, S. W. Kim, D.-W. Cho, Biomaterials 2015, 37,
230.

D. Choudhury, H. W. Tun, T. Wang, M. W. Naing, Trends Biotechnol. 2018, 36, 787.
K. Dzobo, K. S. C. M. Motaung, A. Adesida, Int. J. Mol. Sci. 2019, 20, 4628.

S. Y. Nam, S.-H. Park, Noh, I., Ed.; Springer Singapore: Singapore, 2018; pp. 335—
353.

H.J. Lee, Y. B. Kim, S. H. Ahn, J.-S. Lee, C. H. Jang, H. Yoon, W. Chun, G. H. Kim,
Adv. Healthc. Mater. 2015, 4, 1359.

F. Pati, J. Jang, D.-H. Ha, S. Won Kim, J.-W. Rhie, J.-H. Shim, D.-H. Kim, D.-W.
Cho, Nat. Commun. 2014, 5, 3935.

M. Pei, M. Shoukry, J. Li, S. D. Daffner, J. C. France, S. E. Emery, Spine (Phila. Pa.
1976). 2012, 37.

R. Londono, S. F. Badylak, In Biomaterials from Nature for Advanced Devices and
Therapies; John Wiley & Sons, Inc.: Hoboken, New Jersey, 2016; pp. 190-210.

H. O. Ozguldez, J. Cha, Y. Hong, 1. Koh, P. Kim, Biomater. Res. 2018, 22, 32.

S. B. H. Timraz, R. Rezgui, S. M. Boularaoui, J. C. M. Teo, Procedia Eng. 2015, 110,
42



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]
[78]

[79]

WILEY-VCH
29.

L. R. Smith, S. Cho, D. E. Discher, Physiology 2017, 33, 16.

J. K. Leach, J. Whitehead, ACS Biomater. Sci. Eng. 2018, 4, 1115.

S. M. Ruff, S. Keller, D. E. Wieland, V. Wittmann, G. E. M. Tovar, M. Bach, P. J.
Kluger, Acta Biomater. 2017, 52, 159.

S. Nellinger, S. Keller, A. Southan, V. Wittmann, A.-C. Volz, P. J. Kluger, Curr. Dir.
Biomed. Eng. 2019, 5, 393.

J. C. Silva, M. S. Carvalho, X. Han, K. Xia, P. E. Mikael, J. M. S. Cabral, F. C.
Ferreira, R. J. Linhardt, Glycoconj. J. 2019, 36, 141.

T. Hoshiba, T. Yamada, H. Lu, N. Kawazoe, G. Chen, J. Biomed. Mater. Res. Part A
2012, 100A4(3), 694.

S. Riis, A. C. Hansen, L. Johansen, K. Lund, C. Pedersen, A. Pitsa, K. Hyldig, V.
Zachar, T. Fink, C. P. Pennisi, Methods 2019.

R. Cai, T. Nakamoto, T. Hoshiba, N. Kawazoe, G. Chen, Acta Biomater. 2016, 35, 185.
E. Amann, P. Wolff, E. Breel, M. van Griensven, E. R. Balmayor, Acta Biomater.
2017, 52, 130.

T. Hoshiba, H. Lu, T. Yamada, N. Kawazoe, T. Tateishi, G. Chen, Biotechnol. Prog.
2011, 27, 788.

K. Takahashi, S. Yamanaka, Cell 2006, 126, 663.

Y. Shamis, K. J. Hewitt, S. E. Bear, A. Alt-Holland, H. Qari, M. Margvelashvilli, E. B.
Knight, A. Smith, J. A. Garlick, Vitr. Cell. Dev. Biol. - Anim. 2012, 48, 112.

R. Grant, D. Hay, A. Callanan, Biomed. Phys. Eng. Express 2018, 4, 65015.

Z.J. Rutnam, T. N. Wight, B. B. Yang, Matrix Biol. 2013, 32, 74.

D. A. Tumbarello, M. R. Andrews, J. D. Brenton, PLoS One 2016, 11, €0162698.

G. Theocharidis, Z. Drymoussi, A. P. Kao, A. H. Barber, D. A. Lee, K. M. Braun, J. T.

Connelly, J. Invest. Dermatol. 2016, 136, 74.
43



[80]

[81]

[82]
[83]
[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

WILEY-VCH

D. Senthebane, T. Jonker, A. Rowe, N. Thomford, D. Munro, C. Dandara, A. Wonkam,
D. Govender, B. Calder, N. Soares, J. Blackburn, M. Parker, K. Dzobo, Int. J. Mol. Sci.
2018, 79, 2861.

A. Satyam, P. Kumar, X. Fan, A. Gorelov, Y. Rochev, L. Joshi, H. Peinado, D. Lyden,
B. Thomas, B. Rodriguez, M. Raghunath, A. Pandit, D. Zeugolis, Adv. Mater. 2014,
26, 3024.

P. Benny, M. Raghunath, J. Tissue Eng. 2017, 8, 2041731417730467.

A. P. Minton, J. Biol. Chem. 2001, 276, 10577.

T. P. Silverstein, K. Slade, J. Chem. Educ. 2019.

R. R. Lareu, K. H. Subramhanya, Y. Peng, P. Benny, C. Chen, Z. Wang, R.
Rajagopalan, M. Raghunath, FEBS Lett. 2007, 581, 2709.

J.-Y. Dewavrin, N. Hamzavi, V. P. W. Shim, M. Raghunath, Acta Biomater. 2014, 10,
4351.

X. M. Ang, M. H. C. Lee, A. Blocki, C. Chen, L. L. S. Ong, H. H. Asada, A. Sheppard,
M. Raghunath, Tissue Eng. Part A 2014, 20, 966.

M. H. Lee, A. G. Goralczyk, R. Kriszt, X. M. Ang, C. Badowski, Y. Li, S. A.
Summers, S.-A. Toh, M. S. Yassin, A. Shabbir, A. Sheppard, M. Raghunath, Sci. Rep.
2016, 6, 21173.

G. Rivas, J. A. Fernandez, A. P. Minton, Proc. Natl. Acad. Sci. 2001, 98, 3150 LP.

L. Breydo, K. D. Reddy, A. Piai, I. C. Felli, R. Pierattelli, V. N. Uversky, Biochim.
Biophys. Acta - Proteins Proteomics 2014, 1844, 346.

K. A. Sharp, Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 7990.

J. Graham, M. Raghunath, V. Vogel, Biomater. Sci. 2019, 7, 4519.

D. Gaspar, K. P. Fuller, D. 1. Zeugolis, Acta Biomater. 2019, 88, 197.

T. Hoshiba, M. Wakejima, C.-S. Cho, G. Shiota, T. Akaike, J. Biomed. Mater. Res. A

2008, 85(1), 228.
44



WILEY-VCH

[95] T. Hoshiba, J. Mater. Chem. B 2017, 5, 4322.

[96] N. K. Weidenhamer, D. L. Moore, F. L. Lobo, N. T. Klair, R. T. Tranquillo, J. Tissue
Eng. Regen. Med. 2015, 9, 605.

[97] P. A. Soucy, J. Werbin, W. Heinz, J. H. Hoh, L. H. Romer, Acta Biomater. 2011, 7, 96.

[98] J.Jeon, M. S. Lee, H. S. Yang, Biomater. Res. 2018, 22, 4.

[99] A. Furuyama, K. Kimata, K. Mochitate, Cell Struct. Funct. 1997, 22, 603.

[100] A. Furuyama, K. Mochitate, J. Cell Sci. 2000, /13, 859 LP.

[101] L. Wang, M. Zhao, S. Li, U. J. Erasquin, H. Wang, L. Ren, C. Chen, Y. Wang, C. Cai,
ACS Appl. Mater. Interfaces 2014, 6, 8401.

[102] D. H. Cortes, D. M. Elliot, Kassab, G. S.; Sacks, M. S., Eds.; Springer US, 2016; p.
491.

[103] L. G. Zhang, A. Khademhosseini, T. J. Webster, Zhang, L. G.; Khademhosseini, A.;
Webster, T. J., Eds.; 2014; p. 822.

[104] D. Caballero, J. Samitier, ACS Appl. Mater. Interfaces 2017, 9, 4159.

[105] M. D. Guillemette, B. Cui, E. Roy, R. Gauvin, C. J. Giasson, M. B. Esch, P. Carrier, A.
Deschambeault, M. Dumoulin, M. Toner, L. Germain, T. Veres, F. A. Auger, Integr.
Biol. 2009, 1, 196.

[106] R. M. Gouveia, V. Castelletto, S. G. Alcock, I. W. Hamley, C. J. Connon, J. Mater.
Chem. B 2013, 1, 6157.

[107] B. K. Robinson, E. Cortes, A. J. Rice, A. Del R16 Hernandezhernandez, 2016.

[108] Y. Liu, A. Keikhosravi, G. S. Mehta, C. R. Drifka, K. W. Eliceiri, In Methods in
Molecular Biology; Humana Press Inc., 2017; Vol. 1627, pp. 429-451.

[109] L. Cacopardo, N. Guazzelli, R. Nossa, G. Mattei, A. Ahluwalia, J. Mech. Behav.
Biomed. Mater. 2019, 89, 162.

[110] O. Chaudhuri, L. Gu, D. Klumpers, M. Darnell, S. A. Bencherif, J. C. Weaver, N.

Huebsch, H. Lee, E. Lippens, G. N. Duda, D. J. Mooney, Nat. Mater. 2016, 15, 326.
45



WILEY-VCH

[111] N. Sachot, E. Engel, O. Castafio, Curr. Org. Chem. 2014, 18.

[112] J. Alcaraz, J. Otero, 1. Jorba, D. Navajas, Semin. Cell Dev. Biol. 2018, 73, 71.

[113] R. Kocen, M. Gasik, A. Gantar, S. Novak, Biomed. Mater. 2017, 12, 025004.

[114] A.V.N.T. A.G.C.M. G.-D.J. C. T. P.-B. C. C. O. C. E. E. F.-M. E. Martinez,
Biofabrication 2019.

[115] J. Y. Chueh, A. K. Wakhloo, G. H. Hendricks, C. F. Silva, J. P. Weaver, M. J. Gounis,
Am. J. Neuroradiol. 2011, 32, 1237 LP.

[116] J. M. Zuidema, C. J. Rivet, R. J. Gilbert, F. A. Morrison, J. Biomed. Mater. Res. Part B
Appl. Biomater. 2014, 102, 1063.

[117] D. P. Allison, N. P. Mortensen, C. J. Sullivan, M. J. Doktycz, Wiley Interdiscip. Rev.
Nanomedicine Nanobiotechnology 2010, 2, 618.

[118] A. Giménez, J. J. Uriarte, J. Vieyra, D. Navajas, J. Alcaraz, Microsc. Res. Tech. 2017,
80, 85.

[119] L Jorba, J. J. Uriarte, N. Campillo, R. Farré, D. Navajas, J. Cell. Physiol. 2017, 232, 19.

[120] J. R. Tse, A. J. Engler, Curr. Protoc. Cell Biol. 2010, Chapter 10, Unit 10.16.

[121] L Jorba, M. J. Menal, M. Torres, D. Gozal, G. Pifiol-Ripoll, A. Colell, J. M.
Montserrat, D. Navajas, R. Farré, I. Almendros, J. Mech. Behav. Biomed. Mater. 2017,
71, 106.

[122] S. H. Kwon, T. J. Lee, J. Park, J. E. Hwang, M. Jin, H. K. Jang, N. S. Hwang, B. S.
Kim, Tissue Eng. - Part A 2013, 19, 49.

[123] B. Antebi, Z. L. Zhang, Y. Wang, Z. D. Lu, X. D. Chen, J. Ling, Tissue Eng. - Part C
Methods 2015, 21, 171.

[124] J. Fernandez-Pérez, M. Ahearne, Sci. Rep. 2019, 9, 1.

[125] Y. Chen, K. Lee, N. Kawazoe, Y. Yang, G. Chen, J. Mater. Chem. B 2019, 7195.

[126] M. S. Carvalho, J. C. Silva, R. N. Udangawa, J. M. S. Cabral, F. C. Ferreira, C. L. da

Silva, R. J. Linhardt, D. Vashishth, Mater. Sci. Eng. C 2019, 99, 479.
46



WILEY-VCH

[127] S. K. Goh, P. Olsen, 1. Banerjee, PLoS One 2013, §.

[128] S. Sart, T. Ma, Y. Li, Tissue Eng. - Part A 2014, 20, 54.

[129] B. Xiao, F. Rao, Z. Y. Guo, X. Sun, Y. G. Wang, S. Y. Liu, A. Y. Wang, Q. Y. Guo, H.
Y. Meng, Q. Zhao, J. Peng, Y. Wang, S. B. Lu, Neural Regen. Res. 2016, 11, 1172.

[130] G. D. Kusuma, S. P. Brennecke, A. J. O’Connor, B. Kalionis, D. E. Heath, PLoS One
2017, 12, 1.

[131] S. Thakkar, C. A. Ghebes, M. Ahmed, C. Kelder, C. A. Van Blitterswijk, D. Saris, H.
A. M. Fernandes, L. Moroni, Biofabrication 2013, 5.

[132] Q. Xing, K. Yates, M. Tahtinen, E. Shearier, Z. Qian, F. Zhao, Tissue Eng. - Part C
Methods 2015, 21, 77.

[133] J. Kim, T. Ma, J. Cell. Biochem. 2013, 114, 716.

[134] A. L. Hellewell, S. Rosini, J. C. Adams, J. Vis. Exp. 2017, 2017, 3.

[135] L. Yang, Z. Jiang, L. Zhou, K. Zhao, X. Ma, G. Cheng, RSC Adv. 2017, 7, 45587.

[136] C. Hughes, L. Radan, W. Y. Chang, W. L. Stanford, D. H. Betts, L. M. Postovit, G. A.
Lajoie, Mol. Cell. Proteomics 2012, 11, 1924.

[137] A.Naba, K. R. Clauser, R. O. Hynes, J. Vis. Exp. 2015, 2015, 1.

[138] A.Harvey, T. Y. Yen, I. Aizman, C. Tate, C. Case, PLoS One 2013, §.

[139] L. E. Fitzpatrick, T. C. McDevitt, Biomater. Sci. 2015, 3, 12.

[140] H. Ragelle, A. Naba, B. L. Larson, F. Zhou, M. Priji¢, C. A. Whittaker, A. Del Rosario,
R. Langer, R. O. Hynes, D. G. Anderson, Biomaterials 2017, 128, 147.

[141] M. Tello, C. Spenl¢, J. Hemmerlé, L. Mercier, R. Fabre, G. Allio, P. Simon-Assmann,
J. G. Goetz, Methods 2016, 94, 85.

[142] H. O. Ozguldez, J. Cha, Y. Hong, 1. Koh, P. Kim, Biomater. Res. 2018, 22, 1.

[143] M. Kapatczynska, T. Kolenda, W. Przybyta, M. Zajaczkowska, A. Teresiak, V. Filas,
M. Ibbs, R. Blizniak, t.. Luczewski, K. Lamperska, Arch. Med. Sci. 2018, 14, 910.

[144] A.D. Doyle, R. J. Petrie, M. L. Kutys, K. M. Yamada, Dimensions in cell migration.
47



WILEY-VCH

Curr. Opin. Cell Biol. 2013, 25, 642—649.

[145] E. Cukierman, Methods Mol. Biol. 2005, 294, 79.

[146] T. Mseka, J. R. Bamburg, L. P. Cramer, J. Cell Sci. 2007, 120, 4332.

[147] T. O. Ihalainen, L. Aires, F. A. Herzog, R. Schwartlander, 2016, /4, 1252.

[148] K. M. Yamada, E. Cukierman, Cel/l/ 2007, 130, 601.

[149] K. Duval, H. Grover, L. H. Han, Y. Mou, A. F. Pegoraro, J. Fredberg, Z. Chen,
Modeling physiological events in 2D vs. 3D cell culture. Physiology 2017, 32, 266—
277.

[150] R. Kaukonen, G. Jacquemet, H. Hamidji, J. Ivaska, Nat. Protoc. 2017, 12, 2376.

[151] H. Lin, G. Yang, J. Tan, R. S. Tuan, Biomaterials 2012, 33, 4480.

[152] M. A. Wozniak, K. Modzelewska, L. Kwong, P. J. Keely, Focal adhesion regulation of
cell behavior. Biochim. Biophys. Acta - Mol. Cell Res. 2004, 1692, 103—119.

[153] A. Huttenlocher, A. R. Horwitz, Cold Spring Harb. Perspect. Biol. 2011, 3, 1.

[154] J. Solon, I. Levental, K. Sengupta, P. C. Georges, P. A. Janmey, Biophys. J. 2007, 93,
4453.

[155] C. G. Galbraith, K. M. Yamada, M. P. Sheetz, J. Cell Biol. 2002, 159, 695.

[156] J. S. Harunaga, K. M. Yamada, Matrix Biol. 2011, 30, 363.

[157] E. Cukierman, R. Pankov, D. R. Stevens, K. M. Yamada, Science (80-. ). 2001, 294,
1708.

[158] A.Rahman, S. P. Carey, C. M. Kraning-Rush, Z. E. Goldblatt, F. Bordeleau, M. C.
Lampi, D. Y. Lin, A. J. Garcia, C. A. Reinhart-King, Mol. Biol. Cell 2016, 27, 1431.

[159] F. Grinnell, Trends Cell Biol. 2017, 13, 264.

[160] P. H. Wu, A. Giri, S. X. Sun, D. Wirtz, Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 3949.

[161] R.J. Petrie, K. M. Yamada, Curr. Opin. Cell Biol. 2016, 42, 7.

[162] N. Gjorevski, A. S. Piotrowski, V. D. Varner, C. M. Nelson, Sci. Rep. 2015, 5, 11458.

[163] W.F. Liu, Cardiovasc. Res. 2012, 95, 215.
48



WILEY-VCH

[164] R.J. Petrie, K. M. Yamada, J. Cell Sci. 2012, 125, 5917.

[165] R. Edmondson, J. J. Broglie, A. F. Adcock, L. Yang, Three-dimensional cell culture
systems and their applications in drug discovery and cell-based biosensors. Assay Drug
Dev. Technol. 2014, 12, 207-218.

[166] A. Birgersdotter, R. Sandberg, 1. Ernberg, Gene expression perturbation in vitro - A
growing case for three-dimensional (3D) culture systems. Semin. Cancer Biol. 2005,
15,405-412.

[167] Y. Lai, Y. Sun, C. M. Skinner, E. L. Son, Z. Lu, R. S. Tuan, R. L. Jilka, J. Ling, X.-D.
Chen, Stem Cells Dev. 2010, 19, 1095.

[168] R. O. Hynes, Science (80-. ). 2009, 326, 1216.

[169] R. G. Wells, Hepatology 2008, 47, 1394.

[170] G. Keller, Embryonic stem cell differentiation: Emergence of a new era in biology and
medicine. Genes Dev. 2005, 19, 1129-1155.

[171] T. Matsubara, S. Tsutsumi, H. Pan, H. Hiraoka, R. Oda, M. Nishimura, H. Kawaguchi,
K. Nakamura, Y. Kato, Biochem. Biophys. Res. Commun. 2004, 313, 503.

[172] X. D. Chen, V. Dusevich, J. Q. Feng, S. C. Manolagas, R. L. Jilka, J. Bone Miner. Res.
2007, 22, 1943.

[173] 1. Aizman, C. C. Tate, M. McGrogan, C. C. Case, J. Neurosci. Res. 2009, 87, 3198.

[174] H. Rosenfeldt, F. Grinnell, J. Biol. Chem. 2000, 275, 3088.

[175] R. Graf, M. Freyberg, D. Kaiser, P. Friedl, Apoptosis 2002, 7, 493.

[176] P.C. Georges, P. A. Janmey, J. Appl. Physiol. 2005, 98, 1547.

[177] J.J. Tomasek, G. Gabbiani, B. Hinz, C. Chaponnier, R. A. Brown, Nat. Rev. Mol. Cell
Biol. 2002, 3, 349.

[178] M. Pei, F. He, J. Li, J. E. Tidwell, A. C. Jones, E. B. McDonough, Tissue Eng. Part A
2013, 79, 1144.

[179] C.Z.Jin, S. R. Park, B. H. Choi, K. Park, B.-H. Min, Artif. Organs 2007, 31, 183.
49



WILEY-VCH

[180] T. Z. Li, C. Z. Jin, B. H. Choi, M. S. Kim, Y. J. Kim, S. R. Park, J. H. Yoon, B.-H.
Min, Adv. Funct. Mater. 2012, 22, 4292.

[181] Y. Sun, L. Yan, S. Chen, M. Pei, Acta Biomater. 2018, 74, 56.

[182] N. Datta, H. L. Holtorf, V. I. Sikavitsas, J. A. Jansen, A. G. Mikos, Biomaterials 2005,
26,971.

[183] Q. P. Pham, F. K. Kasper, A. S. Mistry, U. Sharma, A. W. Yasko, J. A. Jansen, A. G.
Mikos, J. Biomed. Mater. Res. Part A 2009, 884, 295.

[184] H. Lu, T. Hoshiba, N. Kawazoe, G. Chen, Biomaterials 2011, 32, 2489.

[185] M. Zhu, W. Li, X. Dong, X. Yuan, A. C. Midgley, H. Chang, Y. Wang, H. Wang, K.
Wang, P. X. Ma, H. Wang, D. Kong, Nat. Commun. 2019, 10, 4620.

[186] H. Sekine, T. Shimizu, I. Dobashi, K. Matsuura, N. Hagiwara, M. Takahashi, E.
Kobayashi, M. Yamato, T. Okano, Tissue Eng. Part A 2011, 17, 2973.

[187] W. Wystrychowski, T. N. McAllister, K. Zagalski, N. Dusserre, L. Cierpka, N.
L’Heureux, J. Vasc. Surg. 2014, 60, 1353.

[188] J. H. Lawson, M. H. Glickman, M. Ilzecki, T. Jakimowicz, A. Jaroszynski, E. K.
Peden, A. J. Pilgrim, H. L. Prichard, M. Guziewicz, S. Przywara, J. Szmidt, J. Turek,
W. Witkiewicz, N. Zapotoczny, T. Zubilewicz, L. E. Niklason, Lancet 2016, 387,
2026.

[189] Z. Syedain, J. Reimer, M. Lahti, J. Berry, S. Johnson, R. Bianco, R. T. Tranquillo, Nat.
Commun. 2016, 7, 12951.

[190] S. E. Motta, V. Lintas, E. S. Fioretta, P. E. Dijkman, M. Putti, E. Caliskan, H.
Rodriguez Cetina Biefer, M. Lipiski, M. Sauer, N. Cesarovic, S. P. Hoerstrup, M. Y.
Emmert, npj Regen. Med. 2019, 4, 14.

[191] P. Du, M. Suhaeri, S. S. Ha, S. J. Oh, S.-H. Kim, K. Park, Acta Biomater. 2017, 54,
333.

[192] M. Suhaeri, M. H. Noh, J.-H. Moon, I. G. Kim, S. J. Oh, S. S. Ha, J. H. Lee, K. Park,
50



[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]
[202]
[203]
[204]

[205]

WILEY-VCH

Theranostics 2018, 8, 5025.

7.-Q. Zhou, Y. Chen, M. Chai, R. Tao, Y.-H. Lei, Y.-Q. Jia, J. Shu, J. Ren, G. Li, W.-
X. Wei, Y.-D. Han, Y. Han, Int. J. Mol. Med. 2019, 43, 890.

P. Du, C. Casavitri, M. Suhaeri, P.-Y. Wang, J. H. Lee, W.-G. Koh, K. Park, ACS
Biomater. Sci. Eng. 2019, 5, 900.

K. A. Fitzgerald, M. Malhotra, C. M. Curtin, F. J. O’Brien, C. M. O’Driscoll, J.
Control. Release 2015, 215, 39.

R. Damianova, N. Stefanova, E. Cukierman, A. Momchilova, R. Pankov, Cell Biol. Int.
2008, 32, 229.

L. Li, G. D. Zhao, Z. Shi, L. L. Qi, L. Y. Zhou, Z. X. Fu, The Ras/Raf/MEK/ERK
signaling pathway and its role in the occurrence and development of HCC (Review).
Oncol. Lett. 2016, 12, 3045-3050.

A. C. Gulvady, F. Dubois, N. O. Deakin, G. J. Goreczny, C. E. Turner, Mol. Biol. Cell
2018, 29, 1704.

J. Franco-Barraza, D. A. Beacham, M. D. Amatangelo, E. Cukierman, Curr Protoc
Cell Biol. 2017, 71, 10.9.1.

M. P. Caley, H. King, N. Shah, K. Wang, M. Rodriguez-Teja, J. H. Gronau, J.
Waxman, J. Sturge, Clin. Exp. Metastasis 2016, 33, 151.

T. Hoshiba, M. Tanaka, Biochem. Biophys. Res. Commun. 2015, 457, 353.

R. Cai, N. Kawazoe, G. Chen, Colloids Surfaces B Biointerfaces 2015, 126, 381.

A. C. Hielscher, C. Qiu, S. Gerecht, Am. J. Physiol. Physiol. 2012, 302, C1243.

X. Guo, W. Li, M. Ma, X. Lu, H. Zhang, J. Cell. Mol. Med. 2017, 21, 2809.

V. Raghunathan, R. Benoit, JuliaKasetti, G. Zode, M. Salemi, B. S. Phinney, K. E.
Keller, J. A. Staverosky, C. J. Murphy, T. Acott, J. Vranka, Acta Biomater. 2018, 71,

444,

51



WILEY-VCH

A
_—— L _—————_ Decellularization
e — T — =
Cell culture Decellularized ECM sheet
B

. MMCs

Decellularization

‘ MP removal
.-7-\\___
Cell culture on MP Cell adhesion Micro-tissue formation Decellularized ECM

Decellularization
Cell culture on scaffold ECM deposition ECM coated scaffold

Figure 1. Biomanufacturing strategies of cell-derived ECM. Cells are cultured to form (A) cell
sheets, (B) decellularized microtissues applying microparticle-based templates, (C) tissues on
a 3D substrate’s surface followed by decellularization.
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Figure 2. SEM images of fibroblast/MSCs-produced CDMs. A-C) Human dermal fibroblast

produced CDMs. Magnifications of CDMs developed using microparticles as 3D scaffolds.
Scale bars: A=20pm; B=50pm; C=500um. D-E) MSCs-produced CDMs. Magnifications of
CDMs developed using microparticles as 3D scaffolds. Scale bars: A=20um; B=50um;
C=300um.
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Figure 3. Immunofluorescent staining of fibroblasts/MSCs produced CDMs. A) Human dermal
fibroblast produced CDM. B) MSCs-produced CDMs. Fluorophores: Red-Collagen type I;
Green-Collagen type III; Blue-DAPI. Scale bars = 100pm.
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Figure 4. The effect of matrix stiffness in cell phenotype, function, and cancer progression.
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Table 1. Summary of the main methods to produce CDMs.

WILEY-VCH

Processing Culture template Cell type for. CDM Combil.led Outcome Reference
method synthesis material
Hydroxyapatite rat primary calvaria Same e Improve osteogenesis in bone
microparticles osteoblasts and dermal hydroxyapatite e Template sphericity have a strong effect regulating 51
fibroblasts microparticles chemotactic CXCR4 receptor
No template hBM-MSCs PLGA e Attraction of cells from BMA
microspheres- e Reduction of CD45+ myeloid cells
based scaffold ¢ Increase of CD31+CD45—endothelial cells [45]
Microparticles and bone e Increase of 143-fold increase in the MSCs number
marrow aspirate
(BMA)
Encapsulation inrat ~ porcine chondrocytes e Seeded hMSCs acquired a chondrogenic phenotype without
tail collagen type I supplemented media el
microspheres
rat tail collagen type  primary nucleus pulposus e Seeded human dermal fibroblasts change their phenotype
I microspheres cells (NPCs) e Increase of the expression of collagen II and the non- [46]
chondrogenic NPC marker CA12
PIPAAm-coated Multiple e High viability and long-term engraftment of cell sheets [43]
surface
poly(octadecene-a/t- hBM-MSCs e ECM coatings can work as ex vivo niche for hHSCs
Cell sheets ) .
maleic anhydride)
(POMA )/fibronectin B7)
coated plates
Electrospun PCL hDF Electrohydrodyn e Improved the proliferation of reseeded hDF compared to the
| mats amic deposited control.
Electrospinning PCL fibrous B0
mats
Silk fibroin Mesenchymal adipose stem Same Silk e Improve in the angiogenesis process when HUVECs were 49]
electrospun fibers cells fibroin co-cultured on the non-decellularized meshes.
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3D printing

Bioprinting

PCL and PCL/PLGA
electrospun
nanofibers

PCL electrospun
mats

Electrospun (PLLA)
fibers and
electrochemical
deposited

polypyrrole (PPy)
nanoparticles

Electrospun PLGA

PCL, PLGA, and
beta-tricalcium
phosphate (TCP).

mesenchymal progenitor
cells (MPCs) derived from
human embryonic stem cells
(hESCs) and human-induced
pluripotent stem cells from
hair follicle keratinocytes
(HFKTs -hiPSCs)

bovine chondrocytes

L929 mouse fibroblasts cells

human adipose stem cell
(hASCs)

human nasal inferior
turbinate tissue MSCs

Preosteoblasts MC3T3-El

electrospun
fibers
Same nanofibers

Same PCL
fibers

Same fibers and
nanoparticles

Same PLGA
fibers

Same scaffold

WILEY-VCH

Construct was feasible, biocompatible and biodegradable
when subcutaneously implanted in SCID beige mice and
Sprague-Dawley rats

PCL/ECM Scaffolds with the addition of TGF-bl better
supported chondrogenic differentiation

Rat PC12 cells onto the combined PLLA/PPy/ECM
scaffolds could differentiate to protrude neurites.
Evidence of a better cell adhesion, neurite-bearing and

alignment rates on conductive scaffolds combined with the
CDM

L929 mouse fibroblasts cells showed excellent survival and
proliferation

Wound healing was improved in a full-thickness skin
excision mouse model

Same seeded MSCs Increase amount of produced ECM in
vitro and in vivo,

Properties of the ECM can be preserved and mechanically
supported

Mechanical resistance and ink viscosity increased with the
ECM culture time associated not only to a more mature
ECM, but to an increase in cell number

(51]

[19]

(48]

[54]

[58]
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e Longer culture times increased viscosity and mechanical
resistance
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Table 2. Methods to tailor CDMs’ properties.

Method Main Outcomes Reference

e Production of a unique and particular CDM [6:24,77-81]

¢ Influences composition and production rate

e Modification of the adhesion, morphogenesis and proliferation of seeded cells on the
Different cell type, cell passage, and age of the cell source produced CDM

¢ Influence differentiation through the modification of the CDM signal-based stimuli

e Modulation of the CDM’s collagen fibers package

e Modulation of the angiogenic resultant capillaries structure and distribution .

¢ Control and modulation of the CDM’s composition
Use IPSCs

e Adjust and modulation of the CDM’s composition (nephronectine, collagen I, II, II1, [83-88]
IV, fibronectin, versican and other proteoglycans, different cytokines and GF, and
different integrins and non-integrin ECM receptors)
e Modification of the mechanical properties
Genetically transfected cells and RNA interference e Modification of the ECM’s degradation and remodeling by the interaction with
matrix metalloproteinases (MMPs) and their inhibitors (TIMPs)
e Regulate ECM’s signaling concentration and response

e Relevant increase amount of CDM produced with higher stiffness [89-93]

e Enhances collagen type I deposition
e C(Creation and modulation of defined microenvironments to direct cell fate and cell
Macromolecular crowders differentiation

e Improves the assembling of the CDM proteins to collagen-backbone at the CDM

Influences fiber orientation, elastic properties and CDM composition (394971

Increases the deposition of collagen type I from human fibroblasts
Serum proteins can be adsorbed to the ECM masking other proteins
ECM-control of differentiation

Culture media composition
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Cell cross-talking and/or addition of an exogenous ECM

Introduction of ECM signaling

O; concentration, the mechanoinductive environment of the
template substrate and topography

WILEY-VCH

Modifies the quality of the expressed CDM [98-100]
Modification of concentration and distribution of the CDM’s components
Control of the seeded cell fate

(75,101
Better angiogenic response
Modulation of the ECM signals to control the cell fate 071

Adjust and modulation of the CDM’s composition
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Table 3. Biochemical characterization of CDMs

WILEY-VCH

Characterization method

Purpose

Reference

DAPI (4',6-diamidino-2-phenylindole)
Hoechst 33258

Quantitating double-stranded DNA (dsDNA)
Alexa Fluro 488-labeled phalloidin

Dil (1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate)

Immunofluorescence

Immunohistochemistry

Immunocytochemistry

Alcian Blue staining

Picrosirius red

Blyscan

Colorimetric assays

Enzyme-linked immunosorbent assay (ELISA)
SDS-PAGE (Coomassie, silver, Ponceau staining)
Western blot

Mass spectrometry

Nano-liquid chromatography tandem mass
spectrometry (nLC-MS/MS)

Nuclei staining
Nuclei staining
DNA quantification

F-actin staining
Cell membrane staining

Protein staining

Protein staining

Protein staining

Acidic polysaccharides staining
Collagen types I and III staining
Glycosaminoglycans staining
Collagen and elastin quantification
Protein quantification

Protein profile identification
Protein profile identification

Protein profile identification

Protein profile identification

[122]
[123]
[124]

[14]

[14]

[46,125-129]
[46,125-129]
[46,125-129]
[130]
[131]
[130]
[132]
[133]
[134]
[135]

[136,137]

[46,135,138]

61



WILEY-VCH

Author biographies and photographs

Gerard Rubi-Sans completed his B.Sc. in biosystems engineering at
the Technical University of Catalunya (UPC) in Spain. Then, he
received his M.SC. in Bioengineering from Chemical Institute of
Sarria — Ramon Llull University in Barcelona. Currently, he is now
working on his Ph.D. at the Institute for Bioengineering of Catalonia
(IBEC) in the group of Biomaterials for regenerative therapies, under
the supervision of Prof. Elisabeth Engel. His research interest is
focused on the development of three-dimensional in vitro cell-derived
matrices for disease modeling.

Oscar Castaiio received his B.Sc. degree in chemistry from the UB
and carried out his Ph.D. in material science at ICMAB. He joined
Prof. Planell’s and, later, Prof. Engel’s group at IBEC in 2007 to work
on the design and development of biomaterials for tissue engineering
with a “Ramon y Cajal” tenure-track contract from the Spanish
~ Ministry. In 2014, he was awarded as the Best Young Biomaterials
Researcher in Spain by CIBER-BBN-YSF. Currently, he is an
associate professor at the UB. His research interests cover new
approaches to structure and process 3D biomaterials as tissues, and
fundamental bioengineering applying organ-on-a-chip technology.

Elisabeth Engel studied biology at the UB in Barcelona. She carried
out her Ph.D. in Bone metabolic diseases and graduated summa cum
laude. She obtained a post-doctoral grant from the Spanish Ministry
to start a cell biology lab Prof. Planell‘s group at the UPC in
Barcelona. Since then, the group has focused its research on
regenerative therapies highlighting the effect of biomaterials®
properties in changing the tissue microenvironment to induce
endogenous tissue engineering. She became PI of the group of
Biomaterials for Regenerative at IBEC in Barcelona in 2012. She is
also a full professor at the Materials science department at UPC.

62



WILEY-VCH

Table of contents

The engineering of cell-derived matrices has already evidenced to be a feasible and
reproducible approach. Beyond the 2D to 3D transition considering the in vivo tissue as
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