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Preface

The extraordinary amount of attention being paid to extracellular matrices, and to
tissue engineering in general, reflects the enormous potential for significant medical
breakthroughs in this field for the foreseeable future.

A vast number of experts from a variety of specialized areas have already
contributed to the understanding of the nature and processes involved in the
extensive field of tissue regeneration and repair and initial steps have been taken in
the attempt to imitate, control, or stimulate some of the ordinary, yet complex,
biological processes, and interactions, in living cell-structures.

This book, which attempts to “photograph” the state of the art of extracellular
matrices and tissue engineering, features contributions from some very eminent
minds involved in this field of research and from those who will most probably be
helping to carry this investigative work forward over the next several decades. The
variety of content aims to provide both detailed specific information on salient
points and a broad context of the range of issues pertinent to the subject area, with
the hope of enhancing understanding and stimulating further interest.

Greater awareness of the specific roles of the extracellular matrix in tissue
growth and regeneration is continually furthering our ability to design and create
artificial matrices and to develop and refine the necessary techniques and materials
to facilitate their use in a wide range of clinical practice.

It is hoped that by perhaps reaching out across neighboring disciplines the
present work might in some small way contribute to the great developments yet to
come.

Pescara, Italy Anna C. Berardi
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Part I
Extracellular Matrix



Chapter 1
The Extracellular Matrix,
Growth Factors and Morphogens
in Biomaterial Design and Tissue
Engineering

Caterina Bason, Marialucia Gallorini and Anna C. Berardi

Abstract Cells, morphogens, growth factors, and custom scaffolds are the critical
ingredients for successful tissue regeneration in which morphogens and growth
factors function sequentially. Extensive studies, in vitro and in vivo, have been
made to explore the mechanisms and the roles played by these molecules. As a
consequence, precise, localized control over the signaling of these factors and
appropriate strategy selection, depending on the tissue or organ to be repaired or
regenerated, is known to permit specific management of regenerative processes.
The first part of the chapter examines natural ECMs which are a set of molecules
secreted by cells that provide structural and biochemical support to the surrounding
cells. ECMs also perform many other functions, such as actively regulating cell
function through the control of biochemical gradients, cell density, spatial organi-
zation, and ligand attachment, thus influencing various types of cell processes.
Subsequently, growth factors and morphogens are examined in greater depth to
clarify to what degree progress has been made into improving methodologies and
functionality and, perhaps, to hint at what remains to be done for the future of tissue
engineering.
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Introduction

Over recent years, the therapeutic approach to repairing, regenerating, or replacing
tissues or organs damaged by disease or injury has evolved, developing a specific
biomedical field called “tissue engineering” (TE) in which cells, scaffolds, and
biologically active molecules are combined to functional tissue and organs [1].

Thus, the TE prototype depends on the successful interaction between three
components: (1) autologous or xenogenic cells from which the tissue itself will be
formed, (2) synthetic scaffolds that hold the cells together and shape the physical
form of the tissue, and (3) biological signaling molecules, such as growth factors,
which instruct cells to express a desired phenotype.

Adult stem cells or induced pluripotent stem cells have most recently been
favored, which can directly provide replacement cells for tissue and organs.
Coupling these with synthetic or natural biomaterials which mimic the tissue/
organ architecture and signaling permits cell adhesion, proliferation, and differ-
entiation into specialized cells. These TE scaffolds should be porous,
three-dimensional structures (3D) so as to match the porosity, pore size, and
interconnectivity of native tissue/organs, allowing and enhancing cellular attach-
ment and proliferation, and providing space in which new tissue growth and
vascularization can occur.

The critical ingredients for tissue regeneration are cells, morphogens, growth
factors, and scaffolds. In tissue regeneration, morphogens and growth factors
function sequentially. Extensive studies, in vitro and in vivo, have been made to
explore the mechanisms and the roles played by these molecules. As a conse-
quence, precise, localized control over the signaling of these factors and appropriate
strategy selection, depending on the tissue or organ to be repaired or regenerated, is
known to permit specific management of regenerative processes.

Examples of engineered tissues are artificial skin and cartilage, and muscu-
loskeletal substitutes that have been approved by the Food and Drug Administration
(FDA); however, currently they have limited use in human patients. Many other
examples have been detailed in the literature including: ligaments, tendons, and
bone, as well as more complex organs like hearts, lungs, kidneys, pancreases, and
liver tissue. All of these exhibit structural, mechanical, or metabolic function [2].
The ultimate goal of tissue engineering is to orchestrate body regeneration by
specifically controlling the biological environment.

Key Molecular ECM Components

Tissue and organ regeneration in the adult are complex processes that often rep-
resent a recapitulation of embryonic development and patterning processes and
which seek to repair tissue and/or to maintain integrity and function. Increasing
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understanding of how cells and biological systems respond to stimuli continues to
inspire attempts to successfully apply biological concepts in tissue engineering. In
order to optimize the properties of synthetic materials, greater comprehension of
the native microenvironment of the cells is required, since it is the dynamic
interaction of tissue-generating cells with the surrounding microenvironment,
which is largely made up of the extracellular matrix and other cell types (including
fibroblasts, macrophages, and plasma), which regulates tissue formation
characteristics.

Various strategies including a variety of materials and modulating agents, such
as ECM-inspired, biomaterial scaffolds, cells, morphogens, and growth factors,
have been progressively investigated and explored [3], in the attempt to stimulate
regeneration and repair damaged sites [4].

Natural ECMs are a set of molecules secreted by cells that provide structural
and biochemical support to the surrounding cells. Not only do ECMs structurally
support the cells, but they also perform many other functions. They actively
regulate cell function through control of biochemical gradients, cell density,
spatial organization, and ligand attachment, influencing various types of cell
behavior, such as proliferation, adhesion, and migration, and regulating cell dif-
ferentiation and death [5]. They, further, contribute to the mechanical properties of
tissues and even actively participate in the establishment, maintenance, and dif-
ferentiation of tissue and organs, modulating growth factors, the level of hydra-
tion, and the pH of the local environment. These provide a degradable physical
environment which permits neovascularization and remodeling as a response to
dynamic tissue processes such as wound healing [6, 7]. All these varied functions
are achieved by means of complex chemical composition and organization.
Despite the fact that the main constituents of ECMs are water, proteins, and
polysaccharides, ECMs are highly specific in their structural and biochemical
composition for each tissue and organ. All this is a result of the innate properties
of the interaction of those constituent molecules with the activities of resident
cells. Furthermore, the structure and the composition of ECMs are not static but
dynamic in response to environmental stimuli which may be physiological in
origin or stress-related.

An ECM is a complex network composed of fibrous proteins (including the
different types of collagen and elastin), and an interstitial component formed by
glycoproteins of adhesive nature (such as fibronectin, laminins, vitronectin,
thrombospondin, chondronectin, osteonectin, and fibrin). This is embedded in a
well-hydrated, viscoelastic gel, consisting of anionic proteoglycan polymers and
glycosaminoglycans (such as heparan sulfate, chondroitin sulfate, dermatan sulfate,
keratin sulfate, and hyaluronic acid) [8]. Precise categorization into only structural
or functional components of the ECM is impossible because many molecules play a
role in both aspects in healthy functioning processes and in disease states.

1 The Extracellular Matrix, Growth Factors … 5



Prominent Role of the Proteoglycans
and Glycosaminoglycans

Proteoglycans (PG) are composed of a protein axis to which one or more gly-
cosaminoglycan chains (GAGs) are covalently linked. Usually the same protein
binds to a single type of GAG. However, more than one type of GAG exists, such
as those found in cartilage-based proteoglycans, which contain similar quantities of
chondroitin sulfate and keratan sulfate [8]. GAG variety depends on the location of
the ECM, age, and gender of the individual. GAGs promote water retention and
contribute to gel-like properties of the ECM. GAGs also bind cytokines and growth
factors and retain them in the ECM [9]. Around 36 ECM PGs have been identified
in mammals with multiple, diverse functions, which also vary in different types of
tissue. There are three main families of PG: (1) small leucine-rich proteoglycans
(SLRPs), (2) modular proteoglycans, and (3) cell surface proteoglycans [10].
SLRPs, which are ubiquitously expressed in most ECMs, are the largest class of
PGs. They can function as structural components and are involved in multiple
signaling pathways. SLRPs bind with various collagens, tyrosine kinase receptors
(RTK), and innate immune receptors, and, in so doing, they participate in several
biological functions [11], being able to regulate fundamental processes like
migration, proliferation, innate immunity, apoptosis, autophagy, and angiogenesis
[11].

Furthermore, they bind to and activate epidermal growth factor receptors
(EGFR), insulin-like growth factor 1 receptor (IGF1R), and low-density lipoprotein
receptor-related protein 1 (LRP1).

Hyalectans, which are modular PGs, are key structural components of central
nervous systems, cartilage, and blood vessels and can modulate cell adhesion,
migration, and proliferation, by binding hyaluronan to form complexes of high
viscosity. The hyalectan family, found in interstitial membrane matrices, contains
aggrecan, versican, neurocan, and brevican [10]. The essential role of aggrecan, the
principal load-bearing proteoglycan in cartilage, has been confirmed by several
studies. Versican, a large chondroitin sulfate proteoglycan, forms long filaments in
the ECM and has been shown to play an important role in modulating inflammatory
responses to tissue injury. Basement membrane modular PGs (perlecan, agrin, and
collagen type XVIII) have a dual function as pro- and anti-angiogenic factors [12],
mediate ligand, cell–matrix and cell–cell interactions, and interaction with integrins
and RTK.

Heparan sulfate (HS) binds a large number of extracellular proteins. The func-
tions of heparan sulfate-binding proteins range from extracellular matrix compo-
nents to enzymes and coagulation factors, as well as most growth factors, cytokines,
chemokines, and morphogens. For example, heparin sulfate proteoglycans (HSPGs)
bind FGFs and sequester these molecules for storage. HS regulates a wide range of
biological activities, including developmental processes, coagulation, and angio-
genesis [13].

6 C. Bason et al.



The heparan sulfate (HS) proteoglycan, perlecan, is ubiquitously found on the
apical cell surface and in the basement membrane of both vascular and avascular
tissues. Perlecan regulates a variety of biological processes, such as modulating cell
adhesion, thrombosis and cell death, skin and endochondral bone formation, and is
involved in the biomechanics of blood vessels and cartilage [14]. Perlecan binds
and modulates the activity of several growth factors and morphogens. It is a
complex regulator of vascular biology and tumor angiogenesis [11, 15, 16].
Moreover, several studies confirm the role of HS perlecan in modulating
pro-angiogenic factors such as FGF2, VEGF-A, and PDGF.

Cell surface PGs (syndecans and glypicans) connect the surface of cells to the
underlying extracellular matrix and can act as co-receptors, facilitating ligand
encounters with signaling receptors [10].

Fibrous Proteins and Adhesive Glycoproteins

ECMs are critical modulators of connective tissue remodeling by binding to and
activating TGF-b and bone morphogenic proteins (BMPs), which may then influ-
ence health or contribute to disease. TGF-bs, a family that includes TGF-b-1, -2, -3
and BMPs, have a prominent role in ECM metabolism, as a major inducer of
collagen synthesis [17–19]. Collagens are the most abundant proteins in the
mammalian ECM. Collagen consists of molecules that form a triple-stranded helix
to form stretch-resistant fibers that provide tensile strength to tissues. To date, 28
different types of collagen have been identified and described. Type I collagen is the
major protein present in ECM of most tissues, the other collagens being expressed
in lower quantities. For example, in tendons and ligaments, greater than 90% of the
connective tissue is composed of type I collagen. These different compositions
provide distinct mechanical and physical properties to the ECM and contribute to
the interaction between ligands and local cell population. Moreover, collagen is
closely associated with glycoproteins, growth factors, and other structural proteins,
such as elastin and laminin, in the generation of tissue types with specific char-
acteristics and/or properties.

Elastin is another significant component of elastic fibers in matrix tissue and
permits tissues to return to their original form after stretching or contracting. Elastin
is one of the most chemically resistant and durable proteins in the body because of
its high content of hydrophobic amino acids. PGs, including glycosaminoglycan
and in particular the heparin sulfate, have been detected within the elastic core and
they have been reported to regulate the assembly of elastin [20, 21]. Water man-
agement plays an important role in three-dimensional elastin organization and in
determining the degree of hydration and elasticity in tissue.

Fibronectin is second only to collagen within the ECM and may enhance cell
position, and, by spreading, support cell division and migration. Fibronectin is
necessary for the development and morphogenesis of a number of tissues and organs
throughout embryogenesis. Indeed, some studies report that, during cardiac
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development, precursor cells require fibronectin to complete their migration and in
the absence of this matrix protein epithelial organization is disrupted [22, 23]. It
probably also plays a role in cellular morphology, in directing cellular differentiation
[24], and wound repair. Fibronectin is important in cell adhesion through the
alpha5beta1 integrin, since it is secreted in an inactive soluble form and is activated
by interaction with an integrin [25]. The important role of this protein in matrix
assembly lies in its ability to bind simultaneously to cell surface receptors, such as
integrins, and to collagen, to PGs, and to other adhesion proteins. Fibronectin
domains have been found to bind to a number of different growth factors, including
vascular endothelial growth factor (VEGF) and hepatic growth factor (HGF).
Laminins are made up of a glycoprotein family with a cross-shaped structure, and
their interaction creates a network that provides adhesion between dissimilar tissues.
These proteins are required for the correct healing of tendons and other connective
tissues. Furthermore, laminins are an important, biologically active part of the basal
lamina, and they play important roles in tissue structure and maintenance and in cell
signaling, adhesion, and migration, among other functions [26–28].

Thrombospondins (TSPs) are a group of five modular glycoproteins and are
considered to be “adhesion-modulating” components of the ECM which are able to
modulate cell functions in a variety of tissues [29]. TSP-1 plays an important role in
wound healing by activation of TGF-b during early tissue repair, but in later stages
persistent production of TSP-1 may lead to fibrosis. Moreover, TSP-1 regulates the
activity of several other growth factors, such as VEGF, EGF, and PDGF. TSP-1
binds to a number of cell membrane receptors, integrins, and HS and has been
shown to upregulate type I collagen expression [30]. Contrastingly, TSP-2 is
involved in collagen fibril assembly, but is not able to activate TGF-b.

Fibrinogen is a complex fibrous glycoprotein and is converted by thrombin into
an insoluble fibrin polymer. Fibrinogen and fibrin bind specifically to a variety of
other proteins, like fibronectin, thrombospondin, von Willebrand factor, fibulin,
FGF-2, VEGF, and interleukin-1 (IL-1). This ability to bind to different com-
pounds, particularly to growth factors, gives fibrinogen an important role in car-
diovascular and extracellular matrix physiology [31].

Since it enables cellular attachment, proliferation, and three-dimensional
arrangement, fibrin is generally considered to be a good basic scaffold material.
On one hand, fibrin’s high biocompatibility is advantageous; however, on the other
hand, it suffers from poor biomechanical stability.

Growth Factors

Growth factors (GFs) (soluble signals) are the major regulators of cell behavior;
they promote cell proliferation, migration, and differentiation through specific GF
receptor binding which stimulates cellular signal transduction pathways. GFs are
involved in several physiological and pathological processes, such as tissue repair
and maintenance [32]. GFs are secreted from the cells directly or are sequestered by
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ECM for presentation to cell surface receptors. Some studies demonstrate that GF
can be released from ECM by the degradation of ECM proteins, of GAGs, or of
PGs. The ability of growth factors to interact with the extracellular matrix is a
dynamic, tissue-specific property [33–35]. GFs, ECM components, and cell surface
receptors form complexes that may lead to additive or synergistic cell signaling
events. The ECM can regulate GF-mediated cell function [36] through many
insoluble (ECM-bound) and soluble (un-bound) cell secretions, through cell surface
proteins and through proteoglycans. Specifically, the ECM regulates GF activity by
sequestering soluble GFs and by cell-demanded release via enzymatic degradation
of the ECM, eliciting a variety of effects on GF signaling that are dependent on the
context and presentation of the GF to cells [36–38]. Both cytokines and growth
factors are present within the ECM in very small quantities, but act as potent
modulators of cell behavior. The list of GFs found within the ECM is substantial
and includes vascular endothelial cell growth factor (VEGF), transforming growth
factor beta (TGF-b), the fibroblast growth factor (FGF) family, insulin-like growth
factor (IGF), epithelial cell growth factor (EGF), keratinocyte growth factor (KGF),
hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), bone
morphogenetic proteins (BMPs), and many others. Multiple isoforms of these
molecules are present, each with its own specific biological activity. VEGF, which
has been the subject of a number of studies, is the major inducer of endothelial cell
homeostasis and of angiogenesis and is an example of context-dependent GF sig-
naling. Soluble and insoluble ECM components regulate VEGF activity in various
ways. Several distinct VEGF genes produce multiple VEGF isoforms which exhibit
variable binding domains for heparan sulfate (HS). Furthermore, every VEGF
isoform plays a distinct role in vascular patterning and arterial development in the
ECM [39, 40]. VEGF induces a1b1 and a2b1 integrin expression in microvascular
endothelial cells, as well as endothelial cell migration and proliferation. Although
the major role of VEGF is related to vascular tissue, several studies have shown
VEGF to also be implicated in bone cell recruitment, activity, and survival [41].
VEGF binding to the cell surface or to ECM and various MMPs and plasminogen
activators can generate diffusible, non-heparin-binding fragments. ECM component
fibronectin can be modified in the presence of heparin or HSPGs which expose a
binding site for VEGF [42–44]. The binding of VEGF to the ECM enhances
endothelial cell proliferation, probably through an increase in mitogen-activated
protein kinase (MAPK) activity [5, 45]. VEGFR-2 and VEGFR-1 tyrosine kinase
receptors mediate VEGF activity [40]. VEGFR-1 has minimal kinase activity, but a
high affinity for VEGF suggesting that it serves as a VEGF sink, preventing VEGF
binding to the active VEGFR-2 receptor [40]. While VEGFR-2 mediates most of
the endothelial growth and survival signals, VEGFR-1-mediated signaling plays an
important role in certain pathological conditions such as inflammation and cancer.
VEGF–VEGFR-2 binding on the cell surface leads to AKT activation and calcium
release, whereas internalization of the receptor complex triggers ERK signaling in
early endosomal compartments [46, 47]. Internalization and trafficking of
VEGFR-2 can be influenced by many factors, including neuropilin-1 (NRP-1),
syndecans, and hypothetically by b1-integrin [46, 47]. The activation of VEGFR-2
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and its downstream targets leads to increased permeability, proliferation, migration,
and survival of endothelial cells [40]. Matrix metalloproteinases (MMPs) have also
implicated in the release of VEGF from ECM stores. Degradation of VEGF by
MMPs, specifically MMP-1, -3, -7, -9, -16, -19, and MT1-MMP, regulates VEGF
bioavailability. Proteolytic cleavage of insoluble VEGF and FGF by MMPs
mobilizes these molecules, separating them from the ECM and allowing them to
become soluble and spread. Consequently, they are therefore able to interact with
specific cell membrane receptors and thus regulate their bioavailability [48].

TGF-bs family is crucial in development, wound healing, immune response, and
tumor genesis [49]. The ECM helps impose tight regulation over the activation and
activity of TGF-b, and there are multiple levels of posttranslational regulation.
During biosynthesis, pro-TGF-b is initially associated with its pro-peptide,
latency-associated peptide (LAP). This complex also binds to latent TGF-b-binding
protein (LTBP) to form the large latent complex, which then binds to ECM pro-
teins. MMPs and ADAMTSs help regulate TGF-b activity by cleaving ECM fibers
and increasing its bioavailability. It has been demonstrated that MMPs-2, -9, -13,
and MT1-MMP can proteolytically process the latent TGF-b, thus activating a
highly important biological factor. TGF-b availability may also be indirectly af-
fected by MMPs, by MT1-MMP, and MT3-MMP-regulated shedding of the
TGF-b-binding, membrane-anchored, proteoglycan b-glycan [50]. In addition,
several matrix proteases can activate TGF-b by cleaving latency peptides.
Interestingly, there is also evidence suggesting that the mechanical stiffness of the
ECM may lower the activation threshold of TGF-b. In this model, stiff ECM
provides additional resistance to cell pulling and induces a conformational change
in LAP facilitating release. During tissue repair, TGF-b stimulates fibroblasts and
myofibroblasts, signaling through the SMAD pathway, to express numerous
ECM-related genes including those encoding for collagens, TIMPs, and MMPs. In
this way, TGF-b contributes to the deposition of newly synthesized ECM following
tissue damage and remodeling of the ECM. Although TGF-b signaling is critical for
successfully repairing damaged tissues, dysregulation of this pathway can lead to
tissue fibrosis. Persistent inflammation, immune activation, and fibroblast stimu-
lation via TGF-b can lead to excess deposition of ECM proteins and the generation
of fibrotic tissue. TGF-b modulates nearly all stages of the immune response from
early immune to later adaptive response and modulates immune cell activation,
proliferation, and differentiation. Since active TGF-b participates in a number of
important biological processes such as embryogenesis and wound healing, its
deregulation has been correlated with numerous pathological states [50].

Insulin-like growth factor binding proteins (IGFBPs) are a family of proteins
with six distinct subgroups (IGFBP-1 to -6), which bind to insulin-like growth
factors (IGF-I and IGF-II) with high affinity and modulate the biological function of
IGFs. The N-terminus is the primary binding site for IGF. The C-terminus is also
required for IGF binding, as well as for binding to the extracellular matrix [51].
IGFBPs can stimulate the proliferation and migration of a number of cell popula-
tions and also play an important role in bone metabolism. Some studies have shown
a correlation between the local concentration of IGF and new bone formation and
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mineralization. Two mechanisms of IGF release have been identified: the ECM
binding and the IGFBP proteolysis [52]. These two actions lower the affinity of
IGFBPs for IGFs increasing the local concentration of bioactive IGF. IGFBP-2, -3,
-5, and -6 interact with GAGs [53–55]. IGFBP-2 interacts with heparin-binding
surface-pH-dependent and with GAGs; these process may be relevant where
extracellular pH is low, like in site of wound healing. Interestingly, IGFBP-2 and -6
bind a broad range of GAGs whereas IGFBP-3 and -5 preferentially bind to hep-
arin, heparan sulfate, dermatan sulfate, and minimally to chondroitin sulfates and
hyaluronic acid [56]. These differences in GAG binding specificity confer
tissue-specific actions upon the IGFBPs. GAG binding can also alter IGFBP
interactions with other ligands, thereby modulating the IGF-independent actions of
IGFBPs. For example, activation of plasminogen to plasmin is promoted by the
interaction of IGFBP-5 and plasminogen activator inhibitor-1 (PAI-1), leading to
ECM degradation and remodeling independently of IGF-I. This process is impor-
tant in mammary gland involution. Further interaction with ECM proteins via
IGFBP C-domains has been reported [57]. For example, IGFBP-3 binds fibrin/
fibrinogen, fibronectin, vitronectin [58], and plasminogen, which then can influence
both its IGF-dependent and IGF-independent actions. Also, fibronectin binds
IGFBP-5 and inhibits its ability to promote IGF-dependent cell migration [59].

IGFBPs are well-known MMP substrates. MMPs cleave IGFBPs predominantly
in the linker domain and are not dependent on IGF binding [52, 60]. Proteolysis
provides a mechanism by which the concentration of freely bioavailable IGFs is
increased, leading to subsequent activations of IGF1R. Specifically, the processing
of IGFBP-3 and -5 by MMP-1,-2, -3,-7, and -19 and IGFBP-1 by MMP-3, -9, and -
11 releases active forms of IGFs [50]. The dual effect of IGFs on MMP expression
has also been observed: IGF-1 can upregulate MMP-2 synthesis via PI3-kinase/Akt/
mTOR signaling while concomitantly transmitting a negative regulatory signal via
the Raf/ERK pathway [50].

Protease Activity and Role of Proteolytic Enzyme in ECM

Remodeling enzymes, which are capable of modifying and degrading ECM pro-
teins, are central to the interactions between host immune systems and ECMs.
Migration of immune cells into areas of disease-induced tissue damage is facilitated
by localized ECM breakdown. Additionally, the innate immune system initiates
responses to infection; thanks to products of ECM degradation which can serve as
early signals. In response to injury and infection, ECM remodeling enzymes con-
tribute to modulation of inflammation and tissue repair processes. In this case, most
of these remodeling enzymes are produced by immune cells, and in particular
myeloid lineage immune cells [61].

There are a large number of molecules which play a role in protease activity and
are also involved in proteolytic processes in the ECM, which can be divided into
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three main groups: (1) serine proteases; (2) matrix metalloproteinases (MMPs),
which are a large family of highly conserved, Zn-dependent endopeptidases;
(3) bone morphogenetic protein 1 (BMP1), which is a member of the tolloid family
of metalloproteinases.

These proteinases have been linked to cellular differentiation and pattern for-
mation through a role in activating latent growth factors in the TGF-b superfamily.

Further, a disintegrin and metalloprotease proteins (ADAMs) are a family of
transmembrane glycoproteins with diverse roles in cell–cell adhesion and proteol-
ysis. MMPs/ADAMs are a family of zinc-dependent, ECM-degrading endopepti-
dases that share common functional domains, activation mechanisms, and,
collectively, have the capability to degrade all types of ECM protein [61]. In
addition to playing a central role in ECM macromolecule turnover, within tissue
microenvironments MMPs/ADAMs can modify extracellular, soluble, or
membrane-bound proteins and induce their rapid release or inactivation. MMPs,
which were initially recognized for collagen remodeling, have now been shown to
play a significant role in the control of immune responses. These enzymes can
proteolytically activate or degrade a variety of non-matrix substrates, including
signaling molecules such as growth factors, chemokines, and cytokines.

Moreover, the main proteolytic enzyme families, MMPs and ADAMs, are
considered to be the predominant proteases in ECM pathophysiological regulation.
Each individual MMP influences the properties of ECMs differently, generating
distinct chemical, biomechanical, and morphological features in the ECM [61]. The
effects produced by a specific MMP through selective ECM degradation uniquely
influences cell behavior, including migration, morphology, gene expression profile,
and activation of intracellular cascades. In addition to degrading ECM proteins,
MMPs modulate a variety of biological factors and non-ECM molecules, directly
influencing tissue homeostasis. Collagenolysis and elastolysis by MMPs occur
during development, wound healing, and in major inflammatory diseases. MMP-2,
MMP-7, MMP-9, MMP-12, and MT1-MMP have been suggested to be elastolytic.
Controlled proteolytic cleavage of ECM protein-release growth factors, such as
FGFs, contributes to localized cell proliferation and differentiation.

Studies have shown that certain cytokines and growth factors, including insulin
growth factors (IGFs), epidermal growth factors (EGFs), vascular endothelial
growth factor (VEGF), transforming growth factor beta (TGF-b), fibroblast growth
factors (FGF), tumor necrosis factor-a (TNF-a), and interleukin-1b (IL-1b), can
stimulate expression of MMPs and ADAMs [61].

Extracellular Vesicles in the ECM Structure/Organization

Extracellular vesicles (EVs) are lipid bilayer membrane-enclosed vesicles released
by virtually all cells types as mediators for intercellular communication. They are
highly heterogeneous in size (ranging from *50 nm to >1 µm, with the vast
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majority <200 nm) and in molecular composition, carrying functional proteins,
DNA, miRNA, ncRNA, and lipids that they transfer into the target cells. Based on
recent studies, EVs can be considered to be one of the structural and functional
components of the ECM that participate in matrix organization, in the regulation of
cells within the ECM, and in determining the physical properties of soft connective
tissues, bone, cartilage, and dentin. Studies have demonstrated that a variety of
mechanisms regulate EVs-ECM communication: EVs act as key structural and
functional components of the ECM and are able to transport and distribute the
components of the ECM, in terms of both original structure and target tissue
modulation and reorganization, and, furthermore, EVs modulate the matrix com-
position by means of the proteinases and signaling molecules which they carry.
Extracellular vesicles are integral and functional components of the extracellular
matrix [63]. More recently, it has been shown that the structural components of a
decellularized heart have direct effects on the differentiation of stem/progenitor cells
and better preserve the mechanical properties of the heart compared to synthetic
scaffolds [64]. Minae An et al. found EVs with a large amount of microRNA
(miRNA) and exosomal protein derived from decellularized cardiac ECM
(ECM-EVs) [65]. A miRNA is a small noncoding RNA molecule containing about
22 nucleotides that mediates RNA silencing and posttranscriptional regulation of
gene expression [66]. A large number of miRNAs have been reported to play a role
in modulating cardiac regeneration; and a similar range of miRNAs is present in
ECM-EVs from decellularized hearts. An et al. [65] demonstrated that
ECM-derived miRNAs could participate in cardiac regeneration. In the context of
the extracellular matrix, a great deal of further research into EV function and
interaction will be crucial to understanding the range of biological effects and
consequences of EVs and in revealing their full impact on countless potential
applications for a wide range of diagnoses and therapies, including on tissue
engineering.

Importance of ECM–Integrin Interactions

In addition to serving as a reservoir of growth factors and cytokines that modulate
cell functions, the ECM interacts directly with cells and directs cell motility through
integrins expressed on the surface of numerous cell types. The ECM itself provides
a scaffold that cells utilize for their migration. While the ECM serves as a guide for
some cell types, it can also serve as an obstacle, for example, to neutrophils that
migrate to the site of infection. Integrins are a family of heterodimeric, trans-
membrane glycoproteins, are the most abundant cell surface receptors, and are
expressed in all cell types except for erythrocytes. Integrins are composed of two
type I transmembrane glycoproteins, the a and the b subunits, by non-covalent
association. The extracellular domain interacts with ECM proteins such as laminins
and collagens in basement membranes or with fibronectin in connective tissue
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components, while the intracellular domain interacts with the cytoskeletal proteins
like actin, affecting polarization and motility. For example, some integrins appear to
only be linked to one type of ECM protein (fibronectin or laminin), whereas others
may interact with a number of types (such as collagen, fibronectin, and laminin). It
is also possible that a single integrin may bind to several distinct ligands and that an
individual ligand may be recognized by more than one type of integrin.
A significant number of cytoskeletal and signaling proteins have been reported to
bind to b-cytoplasmic tails, and some have also been found to interact with specific
a tails. Moreover, alternative mRNA splicing, in extracellular, as well as in intra-
cellular, regions, produces a large number of variant forms of a and b subunits.
Differently spliced isoforms of both a and b subunits can differ in their effect on
signal transduction pathways, or in their specificity and affinity for ligands and
interaction with cytoskeletons. The preferential selection of various splice variants
in specific types of cells at precise differentiation stages leads to significant func-
tional differences. For example, a7b1 integrin can be detected in proliferating and
adult myofibers [67], and it is reported that a7A has a minor function in mature
muscle fibers, but a relevant role in regenerating muscle fibers [68, 69].
Furthermore, integrin-mediated adhesion modulates signaling cascades in the
control of cell survival, proliferation, differentiation, and motility. Migration of
adhesive mesenchymal cells depends on ECM proteolysis and the interaction of
integrins with ECM proteins. In addition, integrins are also involved in leukocyte
interactions with the endothelial basement membrane and the transmigration of
these cells to sites of inflammation. Some integrins even bind to receptors present
on other cell types, such as intercellular adhesion molecules (ICAMs) or vascular
cell adhesion molecules (VCAMs) which are expressed on leukocytes and
endothelial cells. There is evidence suggesting that lymphocyte motility and
retention in certain compartments is influenced by integrin–ECM interactions, in
particular, in inflamed tissues with altered ECM composition and integrin expres-
sion, for example in the context of influenza infection. Another important role of
integrins is in the activation of ECM-bound cytokines and growth factors. For
example, the a4b6 integrin activates latent TGF-b regulating the spatial bioavail-
ability of the growth factor. Integrin activation introduces another level of regula-
tion of ECM-bound molecules. The effect of a4b6 activation of TGF-b is likely to
be context dependent. An early study found that mice lacking a4b6 develop airway
hyper-responsiveness due to infiltration of inflammatory cells into the lungs and
skin. Activation of TGF-b by a4b6 may also contribute to fibrotic lung disease
following influenza infection due to increased collagen deposition. Integrins con-
tribute to development and tissue morphogenesis and also play a key role in tissue
homeostasis and tissue repair. The presence of cytokines and growth factors in the
ECM provides a means for host cells to rapidly respond to infection or injury as
these molecules are released and/or activated. In this manner, these ECM-bound
molecules may represent some of the earliest signals to the host immune system to
further rapid responses.
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Mechanical Signals Inside the ECM

The process of translating mechanical signals into a cellular response is called
mechano-transduction [70]. Our cells actively sense and respond to a variety of
mechanical signals. They experience numerous mechanical stimuli, like shear
stresses from blood flow and stretching forces from tissues associated with mus-
cular activity [71]. ECM stiffening in disease states (e.g., cancer and fibrosis), or
due to aging processes, can adversely affect cell migration, differentiation, and
proliferation [72, 73]. In this light, the ECM is more than just a passive network of
ligands for cell attachment. It carries different types of mechanical signals, and it
provides dimensionality. Focal adhesions (FAs) result from the complex interaction
of hundreds of different trans-plasma membrane integrins and cytoplasmic proteins,
and their exact composition varies in response to physical stimuli
(mechano-transduction). The complexity of the composition and the dynamics of
FA implicate intelligently designed, intricate, molecular interplay. FAs mediate the
strength of cell adhesion, and cell migration, as well as mechano-sensing and
signaling. Moreover, FAs transmit information in a bidirectional manner between
the ECM and cytoplasm [74, 75]. At adhesion sites, integrins connect the ECM to
the F-actin cytoskeleton and transduce the mechanical forces (generated by the actin
retrograde flow and by myosin II) to the ECM through a group of
mechano-sensitive FA proteins, termed “molecular clutch” [76]. Vinculin, which is
prevalent at the distal ends of microfilament bundles on the cell membrane, binds a
variety of FA proteins, thus mediating certain distinct cellular functions [77]. Since
being identified as a component of focal adhesions and adherens junctions, vinculin
has emerged as one of the principal components of the mechano-sensory machinery
[78]. While it is clear that mechanical stimuli can have profound effects on cell
behavior, the mechanisms that translate these forces into biochemical signaling
remain largely unknown.

YAP and TAZ represent a signaling nexus which integrates mechanical and
biochemical signals, influencing the stiffness of the ECM, adhesion ligand density,
and cell–cell contacts. They are powerful regulators of cell proliferation and sur-
vival and play important roles in controlling organ growth, stem cell self-renewal,
and cell differentiation [76, 79, 80].

The sensitivity of cells to forces and substrate stiffness has been recognized as a
powerful tool in tissue engineering, where it can be harnessed to design biomate-
rials that optimally guide stem cells or resident cells toward generating functional
replacement tissue. For instance, cell-derived matrices (CDM) are becoming an
attractive alternative to conventional biological scaffolding platforms due to their
unique ability to closely recapitulate the native extracellular matrix [81].
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Morphogenesis

Morphogenesis is the developmental cascade of pattern formation, body plan
establishment, and tissue differentiation which culminates in the adult form, and its
principles are applicable to tissue engineering for regenerative medicine and sur-
gery. Responding stem cells, morphogens, (morphogenetic protein signals), and
other bioactive ECM components can be integrated into materials for functional
tissue restoration.

Morphogenesis not only concerns the formation of embryonic tissues and organs
but also maintenance, degeneration, and regeneration in adult tissues.

As mentioned before, ECMs play an important role in many cellular processes,
such as growth, differentiation, and survival, and their precise characteristics can
play a critical role during morphogenesis. The ECM affects cell morphogenesis and
differentiation, providing support, tensile strength, and scaffolding for tissues and
cells, as well as supplying biochemical signals (i.e., growth factors, chemokines,
and cytokines). Cells remodel and reshape the ECM by degrading and reassembling
it, thus playing an active role in sculpting their surrounding environment and
directing their own phenotypes [82].

Integrins contribute to most, if not all, of the morphogenetic events that shape a
complex, multicellular organism in development, in tissue formation, homeostasis,
and repair [82]. For example, during vasculogenesis, endothelial cells migrate,
proliferate, and form 3D tubular structures. This tubular morphogenesis requires
integrin receptor signaling to regulate cell shape through changes in the
cytoskeleton and cell–cell interactions that control the shape of the tubules [83].
Similarly, morphogenesis of branching organs, such as the salivary gland, lung,
breast, and kidney, as well as prostate and pancreas, is dependent on the multiple
downstream activities related to ECM and integrin receptor interactions [84].

Cell adhesions participate in these dynamic rearrangements and maintain tissue
integrity throughout adult life. During collective cell movements that drive changes
in tissue shape, cell–cell adhesions must be remodeled, broken down, or reinforced
depending on the cellular behavior required. For example, cell adhesion to specific
ECM proteins may modify gene expression and alter levels of adhesion molecules
or other regulating proteins [85]. Alternatively, engagement or disengagement of
one type of adhesion might modify the functional activities of another by effecting
changes in membrane trafficking, cytoskeletal association and/or avidity or binding
affinity [86]. For a given morphogenetic movement, the regulation of
cadherin-based adhesions may be implicated in establishing cell polarity,
mechanically coupling neighboring cells, and/or directing cell migration. These
interactions involve the convergence of independently initiated cell signaling
events, often involving downstream effectors that are common to both cadherin
adhesions and integrin. Cadherin adhesions and integrin, which often share sig-
naling effector molecules, are both transmembrane adhesion receptors, both link to
common scaffolding and cytoskeletal elements and can both influence certain
crucial downstream functions, such as cell growth, survival, and transcriptional
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activity [87]. However, integrin and cadherin interaction may involve not only
shared cytoskeletal linkages, cell–cell, or cell–ECM engagement, but can also
potentially interact with adaptor proteins [i.e., tetraspanin or growth factor receptors
like insulin growth factor I receptor (IGF1R)] which facilitate lateral association of
integrins and cadherin. RhoGTPases are central to cell signaling pathways both
upstream and downstream of cadherin and integrin adhesions [88, 89], making
them prime candidates for mediating integration of adhesion-dependent
signals [90].

Bone morphogenesis is induced by bone morphogenetic proteins (BMPs), which
play a role in pattern formation, cell differentiation, maintenance, and regeneration
of tissues. BMPs are pleiotropic and act on chemotaxis and mitosis and can dif-
ferentiate progenitor cells and stem cells, which may also be programmed by
BMPs. The name is slightly misleading as their range of action also extends beyond
simple bone formation in that they play a role in the development of the teeth, heart,
kidneys, eyes, skin, and brain. The ECM, the native scaffold, can be used to deliver
morphogens such as BMPs for tissue engineering [91].

Morphogenesis of 3D Tissue Architecture in Vivo: Folds,
Tubes, and Branches

Many morphogenetic processes begin with a flat or curved sheet of cells that
eventually gives rise to complex topologies such as folds. Folds can be generated by
a monolayer of cells, by stratified cell sheets, or by multiple interacting tissues.
Consequently, cell–cell adhesions must play different roles depending on the cel-
lular behaviors required. Although the precise mechanism remains unclear,
E-cadherin, for example, is required for fold formation during embryogenesis [92].
It may be involved in transmitting mechanical cell–cell cues and could play a role in
establishing appropriate cell polarity.

Tubulogenesis is generally initiated by tissue folding, usually generating tubes of
larger diameters, and is completed by the formation of new adhesions to seal the
tube [93]. Proper distribution and transmission of tension require precisely con-
trolled adhesion between cells, in blood vessel tubulogenesis; for example, cell–cell
adhesions participate in establishing polarity and may also act as mechano-sensors
linking blood flow to vascular remodeling. Vascular endothelial (VE)-cadherin and
apical–basal polarity are required for endothelial cells to form lumena [94, 95].
Polarity is established through interactions between VE-cadherin and cell polarity
complex proteins Par3 and Pals1 [95]. Without proper localization of cell–cell
junctions and establishment of cell polarity, lumen formation and, therefore, blood
flow are prevented and blood flow is, itself, a major determinant of vascular
morphogenesis, including sprouting and lumen elongation [96, 97]. Pressure and
shear stress cause changes in endothelial cell behavior. These mechanical signals
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may be transduced (via VE-cadherin), leading to cytoskeletal and junctional
remodeling [98].

Branching morphogenesis requires the coordinated interplay of multiple cell
types with the ECM. Organs morphology is highly varied, ranging from “lobular”
in salivary glands to “tubular” in blood vessels [99]. The morphogenesis of a
branched organ requires both formation of new branches and remodeling of existing
branches. Branch formation in organs occurs through “budding” or “clefting.”
Budding is novel branching from the surface of an epithelium or from the side of a
branch, whereas clefting splits a branch tip into, usually, two or three tips.

Branched organs contain multiple cell types plus their ECM. The core structure
of all branched organs consists of tightly bound epithelial cells. The epithelium is
surrounded by the basement membrane, a dense network of ECM glycoproteins
and proteoglycans, beyond which there is a loosely organized mixture of mes-
enchymal cells. During branching, epithelial cells actively interact, both bio-
chemically and biophysically, with the ECM and other cell types. Although
mechanisms remain unclear, numerous growth factors and regulatory signaling
pathways have been implicated, in branching morphogenesis. The formation of
most branched organs requires one or more tyrosine kinase receptor
(RTK) signaling pathway [40, 100–102]. RTK signaling modulators have been
identified in the mesenchyme (which produces the ligands) and in the epithelium
itself (where the corresponding RTK receptors are expressed) [40, 103–109].

Growth Factors and Morphogens for Tissue Engineering

In the complexity of the ECM, with the vast range of physical, biological, and
chemical interactions, signaling pathways and networks all producing a host of
specific responses to given stimuli, mimicking or recreating these processes through
tissue engineering and regeneration techniques requires a number of different
components. Vital among these are growth factors which, as described above, play
fundamental roles in a variety of tissue and organ formation mechanisms and
processes. The properties of the ECM itself, as a reservoir, have a pivotal role in the
physiological delivery of GFs, crucial to the regenerative process [32]. While the
use of GFs has had some clinical success, their potential as therapeutic agents has
generally been hindered by certain limitations. Many growth factors are intrinsically
unstable, with very brief functional activity [110], while the absence of suitable
delivery methods excludes others. For instance, some GFs like BMP-2 and VEGF
have minimal interaction in their native form with the surrounding ECM, which in
clinical situations requiring repeated dosage due to rapid outward diffusion and fast
proteolysis makes them unsuitable [111, 112]. Therefore, some form of GF engi-
neering may be required in order for regenerative applications to overcome these
limitations [32].

Similarly, given that morphogens are another essential regulatory mechanism in
the creation of improved human tissue models, researchers over the past two
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decades have used them to develop a variety of hydrogel compositions which can
envelop 3D cell cultures, or modified, synthetic biomatrices, in order to better
deliver both GFs and morphogens into the target tissue [113].

Growth Factor and Morphogen Delivery
Through Engineered ECM

The major issue when a signaling delivery system has to be improved is how to best
mimic naturally occurring, inductive signal sequestering which serves as a template
for the design of synthetic molecules that can sequester GFs and morphogens [36].
“Biomimicry,” which is the underlying mechanism of GF sequestration, was first
used in studying the interaction between a2-M and TGF-b1, a2-M and PDGF-BB,
and TGF-1b and TGF-1b receptor III [114–116] and can be used to identify GF
sequestering moieties. Researchers have demonstrated that moieties engineered to
mimic known proteins, or proteoglycans such as fibronectin and fibrinogen,
exhibited GF or heparin-like sequestering [117]. In addition to soluble approaches,
GFs can be sequestered at 2D and 3D interfaces in the ECM environment. Surfaces
presenting proteoglycans and glycoproteins in a synthetic functionalized monolayer
can sequester GFs and modulate GF-related cell response. As an example, it has
been demonstrated that GFs can be sequestered by a self-assembled monolayer
modified with a HEPpep peptide derived from the heparin-binding domain of
FGF-2 and an Arg-Gly-Glu (RGD), derived from a sequence of fibronectin which
allows integrin-mediated cell adhesion [118].

A 3D interface design, however, requires the optimum choice of an appropriate
biomaterial which must retain GFs. Controlled tailoring of physical properties, like
density, porosity, viscosity, and charge, is essential for the implementation of GF
sequestration inside the scaffold [110]. Additionally, GF activity must be preserved
when incorporated within the biomaterial, which can easily be done by designing
formulations which mimic the ECM, such as hyaluronan, chitosan, collagen/gelatin,
and fibrin-based scaffolds. Moreover, natural biomaterials are cell-growth-friendly
and they avoid limitations such as pathogen transmission or ethical considerations
which can arise using animal or human sources in a clinical situation. Furthermore,
in a 3D matrix scenario, the proximity of the cells to the sequestering event and the
source of the sequestered GF (cell secreted or supplemented into the growth
medium) can influence the final cell response [36]. Hydrogels are excellent sub-
stitutes for native ECM because they can mimic its physical structure and bio-
chemical functions. They are increasingly used for GF sequestering and to control
release for a variety of purposes, such as to increase angiogenesis, and nerve and
bone regeneration [119–121]. However, most organoids are currently formed by
envelopment within Matrigel hydrogels, which are a poorly defined, heterogeneous
mixture of soluble basement membrane proteins from mouse sarcomas. Some
researchers have shown that chemically well-defined hydrogels could be used to
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support organ morphogenesis, like hyaluronan–chitosan hydrogel blend which has
been used with rudimentary cerebral organoids, or pure PEG hydrogels which can
entrap a single mouse embryonic stem cell for neural tube morphogenesis
[122–124].

Engineering Growth Factors and Morphogens
for Interaction with Exogenous Biomaterials
and for Delivery Through the Native ECM

A large number of strategies permit covalent attachment of GFs to biomaterials,
among which the carbodiimide-mediated conjugation reaction has been used suc-
cessfully, for example, in the cross-linking of VEGF-A/angiopoietin-1 onto colla-
gen scaffolds which has been found to improve vascularization [125]. Instead of
chemical coupling, GFs can be enzymatically conjugated to exogenous matrices
and the incorporation of a substrate sequence in the scaffold allows site-specific
control of the cross-linking location within the GF and minimizes non-specific
interference with other sites of bioactivity [126]. Heparin-binding GFs can associate
with GAGs, leading to the fusion of heparin-binding domains to
non-heparin-binding factors. As an example, the heparin-binding (HB) domain of
EGF has been added to IGF-1 creating the HB-IGF-1 formulation which has been
demonstrated to interact with chondroitin sulfate GAGs within the cartilage matrix
after intra-articular knee injection [127]. Furthermore, abundant collagen fibers are
also a good target for GF binding as demonstrated by the fusion of collagen binding
domain (CBD) and nerve growth factor-b (NGF-b) in order to improve nerve
regeneration after nerve crush injury [128].

Light is beginning to be thrown on the extraordinary role of the ECM in the vast
and complex mechanism underlying tissue and organ generation and in mainte-
nance processes. In the present book we discussed critical aspects of the native
ECM as well as application of innovative engineering methodology which would
get an advancement towards tissue regeneration.
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Chapter 2
ECM Hydrogels for Regenerative
Medicine

Michael J. Sawkins, Lindsey T. Saldin,
Stephen F. Badylak and Lisa J. White

Abstract The ECM is a highly complex mix of structural and functional proteins
and other biomolecules. These molecules are secreted by the cells resident in every
tissue in the body but can also influence their behavior through a process of “dy-
namic reciprocity.” As a result, there has been significant interest in utilizing ECM
as a biologic scaffold material in tissue repair and replacement. Numerous pre-
clinical and clinical studies have demonstrated the efficacy of ECM biomaterials,
and more than 4 million patients have now been treated with these scaffold mate-
rials. The discovery that these materials could be formed into hydrogels promised to
further expand their clinical utility by offering minimally invasive delivery and the
ability to fill irregularly shaped defects. This chapter will briefly outline the history
and characterization of ECM biomaterials and their evolution from single sheet to
multisheet, powder, and ultimately hydrogel form. The first studies describing the
production of early-generation ECM hydrogels used well-characterized porcine
small intestinal submucosa and urinary bladder matrix, and these materials will be
discussed in the context of the general methods used to produce and characterize
ECM hydrogels. A detailed consideration of the many second-generation hydrogels
which have since been produced from a wide range of tissues will then be discussed
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in the context of tissue specificity. The hydrogels discussed in this chapter have
been evaluated in vitro or in small scale in vivo animal studies. More substantial
evaluation is required before these materials can be considered ready for clinical
application, but these hydrogels provide the possibility for minimally invasive
delivery, treatment of irregularly shaped defects in anatomic sites that prove
challenging for invasive surgical procedures, and may provide an ECM formation
that delivers immediate bioactivity as a consequence of its distinctive biomolecular
composition.

Keywords Adipose � Brain � Cartilage � Central nervous system
Cornea � Decellularization � Demineralized bone matrix � Dermis
Extracellular matrix � Hydrogel � Intervertebral disk � Ligament
Liver � Myocardium � Nucleus pulposus � Pericardium � Regenerative medicine
Skeletal muscle � Skin � Spinal cord � Small intestinal submucosa
Tendon � Tissue engineering � Tissue specificity � Urinary bladder matrix
Vocal fold

Historical Development of ECM-Derived Materials

Once considered to be a passive bystander in tissue morphology, the extracellular
matrix (ECM) is now understood to instruct cell behavior through “dynamic
reciprocity” [13, 59]. Specifically, cell surface receptors transduce signals from the
microenvironmental niche to the cytoskeleton, the nuclear matrix, and the chro-
matin, thereby affecting gene expression, and then signal back to the niche.

Mechanical dissection and tissue decellularization have been widely used to
generate biologic scaffold materials from the native ECM. These ECM-derived
materials release natural factors upon degradation that alter the default immune
response to injury, and recruit endogenous cells for the formation of site-specific
functional tissue (constructive remodeling). The safety and efficacy of ECM scaf-
folds have been demonstrated in numerous preclinical animal studies and clinical
human studies for a wide variety of tissues, including musculoskeletal, cardio-
vascular, and urogenital. ECM-derived materials represent an attractive tissue
engineering solution because they are FDA approved, “off the shelf,” and obviate
the need to add exogenous growth factors or cells, representing nontrivial regula-
tory hurdles for clinical translation [71]. Moreover, the use of ECM-derived
materials bypasses the issues of cell sourcing and engineering immune acceptance
since the cells populating the scaffold are the patient’s own cells [60]. Currently,
more than 4 million patients have benefited from the use of ECM scaffolds.
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Biochemical Content

The ECM consists of the structural and functional proteins secreted by the cells
resident in each tissue and organ and is a primary component of the cell’s
microenvironmental niche. ECM is comprised primarily of fibrillar collagen but
also contains glycoproteins (laminin, fibronectin), proteoglycans, glycosaminogly-
cans (GAGs), and growth factors. The 3D arrangement and biochemical compo-
sition of these proteins are specific to tissue type [59]. Ideally, an ECM-derived
material would preserve the components of native tissue ECM. However, the choice
of decellularization agents, techniques, and post-processing terminal sterilization
steps to produce ECM-derived materials will unavoidably affect the ECM bio-
chemical properties. The balance lies in achieving decellularization and sterility
criteria while best preserving ECM composition and structure [28]. Thin tissues
such as urinary bladder matrix (UBM) and small intestinal submucosa (SIS) may be
effectively decellularized with mechanical scraping, agitation in a dilute acidic
solution (0.1% peracetic acid), and subsequent rinsing with deionized water. UBM
and SIS contain growth factor and GAG levels similar to native ECM after de-
cellularization [3, 88]. Brown et al. [18] reported the urinary bladder matrix con-
tained an intact basement membrane after decellularization.

In contrast, denser tissues such as porcine dermis require a harsher decellular-
ization protocol, usually involving a combination of detergents, organic solvents,
and enzymatic solutions. Reing et al. [67] tested the effect of different processing
steps on the properties of porcine dermal matrix. While a trypsin/Triton X-100
protocol moderately affected ECM properties, the addition of a sodium dodecyl
sulfate (SDS) processing step more severely affected ECM mechanical strength,
growth factor, and GAG content, and the ability of the ECM to support cell growth
in vitro. The results may not be surprising considering Triton X-100 is a relatively
gentle nonionic detergent and trypsin is an enzyme that selectively cleaves cell
adherent proteins to detach cells from the tissue surface. In contrast, SDS is a more
harsh ionic detergent that can disrupt protein covalent bonding.

When processed appropriately, ECM-derived materials have many advantages
compared to their synthetic counterparts. ECM-derived materials recapitulate the
rich natural diversity of proteins, unlike matrices that are manufactured from
individual molecular components of the extracellular matrix (e.g., laminin or col-
lagen gels). Furthermore, the GAGs in the ECM-derived material present growth
factors to cell surface receptors in biologically relevant ratios and 3D conformations
[3]. It is well known that growth factors have an important impact on regulating cell
behavior [83]. Finally, non-chemically cross-linked ECM-derived materials degrade
and release biochemical signals at a similar rate to native tissue ECM.

2 ECM Hydrogels for Regenerative Medicine 29



Bioinductive Properties

ECM-derived materials act as an inductive template for the formation of
site-specific functional tissue through the following identified mechanisms: the
release of sequestered growth factors and cytokines [3] and the release of cryptic
peptide motifs which possess diverse biological activities including antimicrobial
activity [16, 73], chemoattraction of endogenous stem/progenitor cells [2, 68], and
modulation of the host immune response toward an M2/Th2 phenotype [6].
Interestingly, it appears that degradation of the ECM-derived material is essential
for the bioinductive properties of ECM. For example, ECM degradation products
show bactericidal activity, while intact ECM does not show the same antimicrobial
effects. Furthermore, if the scaffold is chemically cross-linked such that it cannot be
degraded, the immune response will be directed toward an M1/Th1 phenotype and a
fibrous capsule will form as opposed to constructive remodeling.

Antimicrobial Properties

ECM-derived materials have displayed consistent resistance to bacterial infection in
clinical applications and even demonstrated resistance to deliberate bacterial
infection in preclinical studies [4, 10, 16, 43, 79]. It has been shown that naturally
occurring gene-encoded antimicrobial peptides (AMPs)/polypeptides such as
defensins [39], cecropins [58], and magainins [12] are found in vertebrates and
invertebrates. These peptides, present in native tissue, act as a potent first line of
defense in the innate immune response to pathogens [21].

At least 18 AMPs have been identified in porcine tissues which are the primary
source of SIS and UBM [15]. Sarikaya et al. [73] showed the antimicrobial peptide
activity of ECM was retained after processing. UBM and SIS degradation products
demonstrated a strong antibacterial effect against gram-negative Escherichia coli
and gram-positive Staphylococcus aureus and completely inhibited the growth of
both bacterial strains after 13 h. Similarly, Brennan et al. [16] tested multiple
fractions of UBM and liver ECM degradation products on their ability to inhibit
S. aureus and E. coli growth. The results suggested multiple antibacterial molecules
are present in ECM degradation products and the profile of these molecules differs
between ECMs derived from different tissues.

Chemoattraction

Badylak et al. [7] used a mouse model to show that a population of bone marrow
cells contributes to constructive tissue remodeling. Briefly, mice deficient for the
b-galactosidase gene were lethally irradiated and received both a transplantation of
b-galactosidase+ bone marrow cells, and one of 4 scaffold implants. The mice
received ECM-derived materials (SIS or urinary bladder submucosa) or control
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scaffolds (collagen or degradable synthetic material PLGA). All scaffolds showed
the presence of b-galactosidase+ mononuclear cell infiltration at 7 days. At 56 days,
the ECM-derived material was completely degraded and replaced with highly
organized tissue, with b-galactosidase+ epithelial cells and fibroblasts. In contrast,
the collagen control and PLGA showed chronic inflammatory reaction around the
implants with little to no b-galactosidase+ epithelial cells and fibroblasts present
within each scaffold. This study identified that bone marrow cells were capable of
being recruited and could later differentiate into endothelial and fibroblast cells.

Reing et al. [67] demonstrated that enzymatically digested UBM in vitro pos-
sessed chemotactic and mitogenic activities for human multipotent progenitor cells
with a fivefold increase in migration over control digest buffer and 67% increase in
3-day proliferation over negative control. The digested UBM also inhibited
chemotaxis and proliferation of differentiated endothelial cells.

Chemoattraction by enzymatically digested UBM was illustrated in vivo [1] by
recruitment of a population of multipotent cells (e.g., Sca1+, Sox2+, Rex1+) in a
mammalian model of digit amputation. A single matricryptic peptide with positive
chemotactic potential was subsequently identified [2]. Briefly, ECM degradation
products were serially fractionated by different biochemical properties (i.e., ionic
charge, size, and hydrophobicity) and tested for chemotactic activity in a transwell
assay. The fraction with the greatest chemotactic potential was isolated for sequence
analysis by mass spectroscopy, which identified a single peptide from the alpha
subunit of the collagen III molecule. A synthesized version of the peptide showed
positive chemotactic activity toward several types of stem, progenitor, and differ-
entiated cells in vitro. The peptide was also chemotactic in vivo for the same cell
types in a mouse model of digit amputation [2].

Macrophage Polarization

ECM-derived materials have been shown to facilitate the functional reconstruction
of many tissue types including cardiac, esophageal, dermal, and musculotendinous
structures, among others [48]. Mechanisms underlying the clinical success of
ECM-derived materials are still not fully understood. However, it is logical to
assume the innate immune cells (e.g., neutrophils and macrophages), the first cells
to infiltrate the site of the implanted biomaterial, play a key role in the host response
and subsequent tissue remodeling outcome.

ECM-derived materials polarize macrophages away from the classically acti-
vated pro-inflammatory “M1” macrophages and toward the alternatively activated
immunomodulatory or “M2” macrophages [6]. M1 and M2 represent the extremes
of the continuum for macrophage phenotypic polarization, with markedly different
physiologic roles. M1 macrophages secrete copious amounts of nitric oxide,
reactive oxygen species, and pro-inflammatory cytokines such as interleukin (IL)-
12, IL-6, and tumor necrosis factor alpha. In contrast, M2 macrophages secrete
large amounts of IL-10, TGF-b, and arginase and scavenge debris, promote
angiogenesis, and recruit cells involved in constructive tissue remodeling.
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The host remodeling response to SIS and its chemically cross-linked form has
been characterized using autologous graft tissue as a control [8]. SIS elicited a
predominantly “M2” profile (CD163+) when implanted into a rat model, with
long-term constructive remodeling evidenced by vascularization, new skeletal
muscle fiber formation, and organized connective tissue at 16 weeks. Conversely,
the chemically cross-linked SIS elicited a predominantly “M1” profile (CD80+,
CCR7+) with chronic inflammation at 16 weeks evidenced by fibrosis and scarring
around the implant, presence of multinucleated giant cells, and the associated
classic foreign body response. The autologous tissue graft elicited a mixed M1/M2
profile at 16 weeks with moderately well-organized scar tissue, but no detectable
new muscle fibers. A subsequent study showed that the presence of a cellular
component, even an autologous one, polarized macrophages to an M1 profile [20].
Furthermore, the M2:M1 ratio for 14 commercially available ECM-derived mate-
rials was shown to correlate with in vivo constructive remodeling histologic scores
at 14 and 35 days post-implantation, an indication of the broad applicability of this
concept [19].

Types of ECM-Derived Materials

The first ECM scaffolds were intact sheets (60 lm), reflecting “skilled decellular-
ization” [3]. The fragile tissue layer of interest had to be carefully separated from
other layers and withstand the scraping and decellularization process without
tearing. These initial sheets were typically stored as lyophilized sheets and hydrated
before use [5]. ECM sheets are commonly used for wound repair (e.g., partial and
full thickness wounds, ulcers, second-degree burns, trauma wounds). A common
misconception in the use of ECM-derived materials is the requirement of the
material to replace volumetric tissue loss and provide mechanical strength at the
wound site. Instead, the ECM sheets are intended to serve as a bioinductive tem-
plate that degrades as the tissue is restored.

Single-layer ECM sheets may be insufficient for regenerative medicine appli-
cations with load-bearing requirements (e.g., esophagus repair, laryngeal recon-
struction, abdominal wall reconstruction, hernia repair, pelvic floor). ECM-derived
materials were vacuum compressed to form multilayer devices (4–8 layers) to
increase the strength of the material. Collagen fiber orientation has been used
advantageously in sheet stacking to improve the strength of the material device. For
example, a 10-layer ECM device (Restore®, DePuy Orthopedics) was stacked with
collagen fibers at 72° angles every 2 layers resulting in an isotropic construct that
matched the strength of the tendon tissue it was intended to replace [5]. In addition,
vacuum pressing allowed for the creation of a variety of 3D shapes for certain
applications (e.g., tube for trachea, funnel for esophageal anastomosis) [9].

ECM-derived materials can be powdered to apply topically to the wound site and
fill irregular defects (e.g., digit amputation) [40]. The particulates derived from
powdering are of the order of 50–200 um in diameter and retain the surface
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topology of the native matrix [5, 72]. The ECM powder may also be suspended in a
pharmacologically approved carrier (e.g., saline, water). High concentrations of
ECM powder suspension (e.g., 500 mg/mL) can form a putty with complex rhe-
ological behavior which has been applied to fill tissue defects [22].

ECM Hydrogel Formation

The discovery that extracellular matrix-derived materials could be formed into
hydrogels was a notable advance that further expanded the clinical utility of
ECM-derived materials [38]. ECM hydrogels retained the inherent bioactivity of
the matrix and provided nanofibrous structural support to guide cellular behavior
[45]. Additionally, key advantages compared to sheets include minimally invasive
delivery, i.e., injection as a viscous pre-gel fluid via catheter, followed by gelation
in situ and the filling of irregularly sized defects. Compared to a suspension of ECM
powder, the ECM hydrogel could be injected with a more homogenous concen-
tration and with greater ease [40].

Hydrogels derived from ECM-derived materials occupy a specific niche as a
diverse class of biomaterials. “Hydrogels” are defined as highly hydrated polymer
materials (>30% water by weight) [34] composed of synthetic or natural polymer
chains with cross-links to maintain the structural integrity of a solid [50]. Hydrogels
from naturally derived materials containing one or more molecules of the extra-
cellular matrix (e.g., collagen, agarose, alginate, chitosan, fibrin, gelatin, and hya-
luronic acid) are often called “ECM mimics” and have been extensively
characterized [34]. The limitation of reducing the complex cellular microenviron-
ment to one or more ECM proteins prompted the development of more complex
hydrogels: in particular Matrigel (reconstituted basement membrane extract) from
Engelbreth–Holm–Swarm tumor, and gels from decellularized tissue. When the
present chapter cites “ECM hydrogels,” the term is applied specifically to ECM
hydrogels derived from decellularized mammalian tissue.

The first ECM hydrogels were composed of porcine small intestinal submucosa
(SIS) (Voytik-Harbin [87] or porcine urinary bladder matrix (UBM) [38]. SIS and
UBM are two of the most well-characterized ECM-derived materials. The first
studies of SIS and UBM hydrogels determined whether the materials retained
bioactivity and the ability to promote constructive remodeling in non-heterologous
tissues; properties characteristic of the 2D sheet forms of SIS and UBM [38]. The
first studies also demonstrated feasibility of ECM hydrogel production and
described test methods for characterization of these materials and thus established a
precedent for the production of the next-generation ECM hydrogels for homologous
tissue applications.

2 ECM Hydrogels for Regenerative Medicine 33



Methods for ECM Hydrogel Production

Gelation of the first SIS and UBM hydrogels was based on well-established pro-
tocols for collagen gelation. Native collagen is a main constituent of the ECM
hydrogel, and its gelation characteristics have been extensively characterized [42,
46, 47, 62]. Although ECM hydrogel preparation has been described with respect to
collagen biochemistry and fibrillogenesis, it is important to note that ECM hydrogel
formation is undoubtedly influenced by the presence of other ECM components
[42]. While bulk mechanical properties of the hydrogel can be described, further
work is required to understand microscale differences that affect collagen poly-
merization and are manifested in distinct viscoelastic properties.

The pepsin enzyme is used in both the SIS and UBM digestion protocols. While
pepsin, derived from the gastric juices, is not a physiologically relevant method for
ECM degradation, biochemists have been using pepsin since 1972 to solubilize a
substantial portion (up to 99%) of the acid-insoluble collagen [33, 57]. It has been
shown that pepsin selectively cleaves telopeptides, the protein domains external to
the triple helix-body of the tropocollagen molecule [42]. These telopeptides form
the intramolecular bonds between the collagen fibril aggregates [33, 70]. The
unraveling of the collagen fibril aggregates by pepsin digestion produces almost
entirely monomeric segments [70]. Visible changes are observed as the pepsin in
dilute acid solubilizes the ECM powder and the suspension transforms into an
opaque, viscous solution (“solubilized ECM”). The solubilized ECM is ready for
gelation when the liquid is homogenous, with no visible particles [45].

Another general method of protein solubilization which has been applied to
ECM materials is homogenization, either by pestle and mortar or high-speed shear
mixer. This is carried out in the presence of a high salt buffer and acts to physically
break down the ECM particles and disrupt the collagen fiber structure [23, 25, 37,
64, 65, 84, 85]. Prior to this physical processing, the material is often treated with
dispase, a specific protease which cleaves fibronectin, collagen IV, and collagen I
[23, 64, 65, 84, 85]. The treatment is used primarily to decellularize the tissue but
will also begin to digest the ECM protein structure. After dispase treatment and
homogenization, the ECM is then typically further processed via one or more urea
extraction steps [23, 37, 64, 65, 84, 85]. Urea in high concentrations acts to disrupt
the non-covalent bonding which is essential to protein folding and structure and
thereby denatures many proteins and increases their solubility. Centrifugation can
be used to remove any remaining insoluble ECM components leaving a viscous,
cloudy solution similar to that obtained by pepsin digestion.

The solubilized ECM is neutralized to physiologic pH and salt concentration and
is referred to as “pre-gel solution.” Gelation is chiefly determined by the poly-
merization of fibrillar collagen as the primary ECM constituent. When the tem-
perature is raised to physiologic conditions (37 °C), solubilized collagen can
self-assemble in an entropy-driven process. It is energetically favorable for collagen
monomers to lose surface water and bind to aggregates in order to bury
hydrophobic residues within the fibril [42, 62]. Self-assembly follows four
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characteristic growth phases: a nucleation phase, a lag phase (collagen monomers
form metastable nuclei), a rapid growth phase (fibrils mediate from the nuclei), and
plateau phase [42]. At the end of this process, the solubilized ECM is now an “ECM
hydrogel.”

ECM Hydrogel Characterization

The unique biological, biochemical, mechanical, and topological properties of SIS
and UBM hydrogels have been well characterized using the techniques described
below.

Biocompatibility

At minimum, a biocompatible hydrogel should not cause detrimental effects on
cells interacting with the material and should exist within the body without eliciting
a pro-inflammatory response [53]. Beyond the minimum requirements of biocom-
patibility, the ECM hydrogel should induce or maintain tissue-specific differenti-
ation of cells to promote an appropriate host response.

Cell response to SIS hydrogels has been characterized in vitro and compared to
intact SIS and common tissue culture substrates including tissue culture plastic,
pure collagen gel, and MatrigelTM [87]. Specifically, cell shape, morphology, and
proliferation were characterized for four cell types: squamous epithelial cells
(pulmonary artery), fibroblasts (Swiss 3T3), glandular epithelial cells (adenocarci-
noma), and smooth muscle-like cells (urinary bladder). All cells were able to
adhere, survive, proliferate, and invade the SIS gel. SIS gels promoted similar cell
shapes as the intact SIS. The SIS gel also promoted more cell–cell contact than
collagen and tissue culture plastic, with cells spreading on the surface of the gel and
invading to form three-dimensional multilayers. This cell growth pattern was
markedly different compared to the other substrates where MatrigelTM induced the
formation of aggregates with limited to no cell proliferation for each of the cell
types, tissue culture plastic induced formation of cell monolayers, and collagen gels
displayed mixed 2D and 3D morphologies and restricted matrix penetration.

In another study, SIS hydrogel was characterized as a tissue culture substrate for
cardiac cells and compared to MatrigelTM [30]. Neonatal rat cardiac cells were
combined with SIS gel and MatrigelTM on a porous, elastomeric scaffold. The SIS
gel and MatrigelTM both permitted cell contraction on days 3–4, which continued
for 10 days. Compared to cardiac cells cultured in MatrigelTM, those cultured in SIS
gels displayed significantly higher mean contraction rate (more closely mimicking
native rat myocardium), expression of cardiac-specific marker Troponin-T, and a
more homogenous distribution within the construct. MatrigelTM exhibited greater
cell adhesion compared to SIS gel, likely attributed to the high laminin content of
the former. Overall, the superior performance of SIS gel for tissue-specific cell
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differentiation and function is likely attributable to the biochemical composition of
the SIS gel more closely mimicking that of native myocardium, i.e., high content of
collagen I and III.

UBM gels were also characterized for their ability to support growth of rat
aorta-derived smooth muscle cells. Similarly to SIS gels, the smooth muscle cells
were able to adhere, proliferate, form multilayers, and contract. After 10 days,
UBM gels promoted significantly greater cell numbers than collagen gels, but lesser
numbers than intact UBM. The authors proposed the difference between intact
UBM and the UBM gel could be attributed to the loss of certain bioactive peptides
during the hydrogel formation process [38]. UBM gels also have been shown to
support the growth of NIH 3T3 fibroblasts, with almost 100% cell viability after
7 days and gel infiltration [90].

Biochemical Composition

Studies of UBM and SIS gels provided confirmation that the hydrogels possessed
similar biochemical compositions to the intact UBM and SIS scaffolds in terms of
collagen and GAG content [17, 38, 90]. Intact SIS contained 90% collagen, pri-
marily collagen I, with minor amounts of collagen III, IV, V, and VI. Intact UBM
had a similar composition to intact SIS, but with greater amounts of collagen III and
the additional presence of collagen VII [5]. SIS hydrogels were shown to contain at
least three types of collagen (predominantly collagen I and collagen III with minor
amounts of collagen IV), and sulfated GAGs [17]. Gel electrophoresis of the UBM
gel displayed similar bands to purified collagen I, with additional bands present for
other ECM proteins [38].

Recognizing the biochemical complexity of ECM hydrogels, mass spectroscopy
is beginning to be used to determine the proteomic profile of pepsin-solubilized
ECM [14, 76]. Published studies to date have used reversed-phase
high-performance liquid chromatography interfaced with tandem mass spec-
troscopy (LC-MS/MS) and compared the peptide fragments generated with a
protein data bank (Swiss Protein data bank). SIS and UBM hydrogels have yet to be
characterized by LC-MS/MS.

Gelation Kinetics and Mechanical Properties

The delivery of solubilized ECM via catheter or syringe to irregularly shaped
anatomic sites provides increased clinical utility of ECM-derived materials [5]. The
kinetics of gelation and the viscoelastic properties of the gel can be designed to be
similar to those of the tissue being repaired. For instance, desired mechanical
properties important for cell behavior can be achieved by changing the ECM
concentration [90]. The biochemical composition of the ECM (e.g., collagen,
glycoproteins, GAGs, growth factors) is specific to tissue type, and microscale
differences in intermolecular bonding/microstructure are manifested in distinct
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viscoelastic properties of the gels. Furthermore, the viscoelastic properties are
affected by any modifications to the gel, including changes in the decellularization
treatment and the addition of exogenous cells or biologics.

The turbidimetric gelation kinetics and rheological behavior of UBM gels have
been well characterized [38, 90]. Gelation kinetics for UBM showed a sigmoidal
shape, similar to that achieved with collagen type I gels. The lag phase and time
required to reach half the final turbidity were greater in the UBM gels than the
collagen type I gels [38]. This difference between the ECM gel and the purified
collagen gel is presumably due to the presence of GAGs and other molecules such
as fibronectin which may modulate self-assembly. The role of GAGs in the gelation
kinetics of ECM-derived gels was investigated by time-lapse confocal reflection
microscopy and spectrophotometry of purified components of SIS hydrogels [17].
A decrease in final turbidimetric absorbance and changes in gelation kinetics,
including increased lag phase, occurred when collagen type I gels were mixed with
different GAGs [17].

ECM hydrogels are thermosensitive viscoelastic materials that display
mechanical properties similar to a viscous liquid at 10 °C and mechanical prop-
erties intermediate between that of a solid and liquid at 37 °C. The mechanical
response of ECM hydrogels can be described as a combination of the elastic (en-
ergy storing) and viscous (energy dissipating) components and can be measured by
rheology. The elastic response of ECM hydrogels may be described by Hooke’s
law, i.e., strain is proportional to applied stress, and the sample quickly returns to its
original shape when the stress is removed. The viscous response of ECM hydrogels
may be described by Newton’s law, i.e., the strain rate is proportional to applied
stress, and the sample will continue to strain with time. Viscoelastic ECM hydro-
gels display intermediate behavior that is time-dependent: The hydrogel is able to
instantaneously strain, but further deformation of the polymer chains is
time-dependent.

Rheological measurements for UBM gels have been reported [38, 90].
Solubilized ECM was loaded onto a parallel-plate rheometer at 10 °C, and defor-
mation in response to constant shear stress was measured to determine viscosity
(“pre-gel creep test”). At 10 °C, UBM gels exhibited low viscosity [38]; the tem-
perature was rapidly increased from 10 to 37 °C to measure the gelation kinetics
and viscoelastic properties of the forming ECM hydrogel (“time sweep test”). An
oscillatory strain at fixed frequency (x) of 1 rad/s was applied to the UBM hy-
drogel, and the stress response characterized. At time zero, UBM hydrogels
exhibited low storage (G′) and loss (G″) moduli. As temperature was raised, G′ and
G″ followed a sigmoidal shape over time and reached a plateau in *12 min,
indicating that gelation was complete. Solid-like behavior was confirmed since the
storage modulus (G′) was greater than the loss modulus (G″) by approximately a
factor of 10 after gelation [38].

Freytes et al. [38] undertook a frequency sweep analysis of UBM hydrogels
which indicated “shear thinning” behavior, i.e., the complex viscosity decreased
with increasing shear rate. This may be a useful property for ECM hydrogels which
are to be directly injected or delivered via catheter. Recently, Wolf et al. [90]
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undertook post gelation creep analysis of UBM in comparison with a hydrogel
derived from dermal extracellular matrix. Both hydrogels displayed a viscoelastic
strain profile characterized by a rapid initial strain increase with creep ringing and a
subsequent slower increase over time.

Gel Topology

Upon gelation, SIS, and UBM hydrogels form porous, nanofibrous structures,
which provide cells with a dynamic 3D environment. In contrast to other forms of
ECM-derived materials (sheet and powder), the ECM hydrogels lose the native 3D
structure. However, the complex nanoscale mesh of ECM fibers guides cellular
behavior via contact guidance and fibril-bound proteins that interact with cell
membrane-bound integrin receptors.

Visualization of the SIS and UBM gel topology with scanning electron micro-
scopy (SEM) showed that both hydrogels formed loosely organized, interwoven
networks of fibers [38]. D’Amore et al. [31] developed a MATLAB algorithm that
enables high-throughput, automated analysis of SEM images to more accurately
assess the characteristics of the overall fiber network. Using the image-based
algorithm, UBM hydrogel characteristics were assessed [90]. The UBM hydrogels
had a fiber diameter of 0.074 ± 0.004 lm and pore size of 0.112 ± 0.005 lm,
which is within biological criteria for hydrogel design. Fiber alignment was ran-
domly organized (isotropic) as characterized by fiber alignment close to 0% with
respect to any axis. The described metrics were concentration-independent for
UBM hydrogels, but ECM concentration has been shown to be an important
covariate of fiber diameter and porosity for other ECM hydrogels, such as dermal
matrix hydrogels [90].

Tissue-Specific Hydrogels

Recent studies of ECM-derived biomaterials in various forms have demonstrated
significant tissue specificity in achieving complex biological functions [27, 63, 78,
86]. As a result, having established that SIS and UBM could be processed into
hydrogels, the next step for researchers was to demonstrate hydrogel formation
from a wide range of tissues and establish the efficacy of these materials in tissue
repair. Published studies to date which have contributed to this process will be
discussed in detail in the following sections, grouped according to their target
tissue. The mechanical properties, fiber structures, and gelation kinetics of many of
these novel ECM hydrogels have been characterized using techniques similar to
those described in Section “ECM Hydrogel Characterization,” albeit with
tissue-specific testing conditions and parameters. However, as discussed earlier, the
primary purpose of an ECM hydrogel is to act as a bioinductive template for new
tissue formation, and as a result, the focus of this chapter will be on the biological
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performance of the novel gels rather than their physicochemical characteristics. It is
only a matter of a few years since the first publication detailing the production of an
ECM-derived hydrogel. As a result, data published to date in this field have typi-
cally arisen from in vitro experiments and small-scale proof-of-principle studies
in vivo, rather than from fully developed preclinical or clinical evaluations.

Heart

Among the most frequently targeted tissues is cardiac muscle, primarily with the
aim of restoring heart function after myocardial infarction (MI), which is the
leading cause of death in most industrialized countries (Rosamond et al. [69].
Hydrogels from heart tissue have been developed, characterized, and applied to
tissue repair in a number of studies published by Christman and colleagues [44, 45,
75–77, 80, 81]. A protocol was developed for the production of decellularized
matrix from porcine myocardium via a detergent-based technique using sodium
dodecyl sulfate (SDS) and Triton X-100 [80]. Pepsin digestion of this matrix
resulted in a solution which underwent thermoresponsive gelation both in vitro and
in vivo after catheter-based delivery, thus suggesting that the material had good
clinical handling properties. As with many other ECM materials, the myocardial
matrix was shown to be composed predominantly of collagen, but also to contain a
significant amount of GAGs. The most important result of this initial study, how-
ever, was that both smooth muscle cells and endothelial cells migrated toward the
matrix in vitro and in vivo to a greater degree than toward collagen or fetal bovine
serum (FBS). The cell-free material may therefore be sufficient to recruit appro-
priate cell types to defect sites and to ultimately form appropriate new tissue.
Further development of myocardial matrix was shown in a subsequent study which
demonstrated that the fiber size and structure, mechanical properties, and gelation
kinetics could be modulated by alterations of the pH, temperature, ionic strength,
and concentration used for gelation [45]. Modification of the hydrogel in this
fashion could allow the handling properties and cell response to be tailored to
specific applications.

Most recently, the treatment efficacy of the material has been evaluated in both
rat and porcine preclinical models of MI [77, 81]. In the rat model, myocardial
matrix was injected into the infarcted area 1 week after MI and led to significantly
increased numbers of cardiomyocytes and proliferative cells 1 month after injection
when compared to saline-injected controls [81]. Cardiac function was also signif-
icantly increased at this time point as measured by parameters such as the ejection
fraction, end-diastolic dimension, and end-systolic volume. In a later study in the
porcine model [77], myocardial matrix was delivered into the affected tissue
2 weeks after the induction of MI. Treatment contributed to an increased muscle
volume in the affected area when compared to saline-injected controls 3 months
post-MI, and significant increases in cardiac function were again observed. Taken
together the results of these studies suggest great promise for this material in
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post-MI cardiac regeneration. This promise is further supported by positive results
obtained during examination of the safety and immune response to myocardial
matrix. In response to injection into healthy rat hearts, no significant increase in
infiltrating inflammatory cell numbers was seen relative to saline-injected controls.
Finally, in vitro hemocompatibility studies showed no effect of myocardial matrix
on platelet activation and clotting.

A recent study sought to evaluate the production of a similar material from
human, rather than porcine myocardium, in order to eliminate the use of xenogenic
material [44]. The efficacy of the two materials was compared in vitro, and it was
shown in principle that the human myocardial matrix could undergo in vivo
gelation. In order to effectively decellularize the human myocardium, the incubation
time in SDS had to be significantly extended relative to the porcine tissue process
and additional DNA and lipid removal steps had to be included. This was attributed
to the accumulation of additional lipids and fibrous tissue in the myocardial matrix
of the human tissue, which was harvested, relatively speaking, from older donors.
As a result of this additional processing, the sulfated GAG content of the
human-derived material was significantly lower than that of the porcine material,
suggesting the complex matrix composition and architecture may be less well
maintained. Both rat aortic smooth muscle cells and human coronary artery
endothelial cells proliferated more rapidly over 5 days on human myocardial matrix
than porcine. However, less than half of the human donors tested gave rise to matrix
solutions which would undergo gelation, and very significant donor-to-donor
variability was observed. As a result, the ability to translate this approach to
large-scale clinical application may be limited.

An alternative material has been developed by the same researchers, but derived
from the pericardium rather than cardiac muscle. A similar approach was taken to
evaluate the potential of this material, with both porcine and human pericardium
decellularized using SDS and solubilized with pepsin [76]. Again, these materials
were composed primarily of collagen, though with significant components of GAG
and other proteins. In vitro chemotaxis assays demonstrated that, as with
myocardial matrix, both endothelial and smooth muscle cells migrated toward
pericardial matrix, with porcine-derived material significantly outperforming human
in this analysis. The in vivo results of injecting these matrices into healthy rat
myocardium also showed significant infiltration by both cell types, and the for-
mation of arterioles, with the human ECM-derived gel outperforming porcine.
Finally, positive staining for c-kit indicated the presence of stem cells in both
materials, suggesting their ability to direct stem cell homing.

The utility of the pericardial matrix in a preclinical MI rat model was evaluated
[75]. In this study, an additional function of the matrix was assessed, in the form of
its ability to sequester and then slowly release basic fibroblast growth factor (bFGF)
in an effort to boost cardiac regeneration. The in vitro release of bFGF from
pericardial matrix was significantly delayed relative to collagen. This delay was
attributed to the ability of GAGs, and more specifically heparin in the matrix to bind
the growth factor, though the specific presence of heparin was not demonstrated at
this stage. Greater retention of bFGF in the infarcted tissue in vivo was shown when
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the protein was delivered in matrix than in collagen or saline, and this resulted in
significant increases in arteriole density. Most importantly, the newly formed
vasculature was anastomosed with that preexisting in the host, allowing it to
function to restore oxygen supply to the ischemic tissue. The next stage for the
development of pericardial matrix will be to demonstrate that the observed
improvements in neo-vessel formation result in recovery of cardiac function, as
observed for myocardial matrix.

In addition to the heart-derived materials described thus far, porcine bone
marrow has also been considered as a source tissue for hydrogel biomaterials to
treat MI [66]. A series of nuclease, ethylenediaminetetraacetic acid (EDTA), vortex
and centrifuge steps were used to produce a bone marrow ECM extract which
contained a number of growth factors important in angiogenesis and cardiac repair.
Coating non-tissue culture-treated polystyrene (non-TCPS) with this extract was
found to significantly increase endothelial cell adherence relative to fibronectin.
Fibronectin is an effective single component substrate coating containing many
RGD peptide sequences which can interact with integrins on the cell surface. The
ability of the bone marrow ECM-derived material to support greater cell attachment
is therefore a highly significant result. For three-dimensional hydrogel studies, the
bone marrow extract was reinforced with methylcellulose in order to improve
material handling and retention at the injection site in vivo. When this reinforced
material was delivered into a rat MI model, the infarct area was rapidly reduced
relative to untreated controls, with associated increases in cardiac function.
Furthermore, 3 weeks post-intervention there was a significant reduction in the
numbers of apoptotic cells and macrophages present, alongside increases in stem
cell and blood vessel numbers. This bone marrow-derived ECM material may
therefore be a useful supplement to other biomaterials utilized for cardiac repair
post-MI.

As one of the most heavily targeted tissues for the development of ECM-derived
hydrogel biomaterials, it is perhaps unsurprising that proposed therapies in the area
of post-MI cardiac repair are also among the most well-developed. All three distinct
materials, developed from different source tissues, have shown, in principle at least,
that they can contribute to the generation of functional repair tissue in vivo.

Fat

Like cardiac tissue, fat has also been widely studied as a target for repair by
extracellular matrix biomaterials [23, 65, 85, 92]. If a successful therapy could be
developed, then it could be used in a large number of procedures following trauma
and tumor resection which require the reconstruction of significant volumes of
adipose tissue. The use of ECM hydrogels to support adipogenesis was first
explored in a pair of studies by Brey and coworkers [23, 84]. In the first of these
studies, a combination of dispase digestion, high salt homogenization, and urea
extraction were used to produce rat adipose tissue extracts which underwent
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thermo- or pH-responsive gelation [84]. When seeded with pre-adipocytes in vitro
adipose-derived gels supported significantly greater adipogenic differentiation than
MatrigelTM based on histological staining for lipid loading. These results were
echoed in vivo when the matrix was implanted around a rat epigastric pedicle
bundle. Hydrogels formed by changes in temperature or pH were implanted but
only those formed by pH changes supported increased adipogenesis relative to
MatrigelTM at time points greater than 6 weeks post-implantation.

An alternative rat dermis-derived hydrogel, produced by the same protocol, has
also been assessed for its ability to support adipogenesis [23]. As was found for
adipose-derived materials, the dermis-derived gels supported significantly more fat
tissue formation in vivo than MatrigelTM. In vitro experiments, however, showed no
difference between the two in this case. The results of in vitro evaluation in these
two studies suggested that in order to promote adipogenesis, an ECM hydrogel
must be sourced from fat tissue. However, gels from both sources considered here
were highly effective substrates for fat tissue formation in vivo. This highlights the
uncertainty inherent in forming conclusions about tissue specificity based on a
single model and more particularly in relying exclusively on in vitro studies.

Porcine fat tissue extracts have also been prepared using various combinations of
high salt homogenization, dispase treatment, urea extraction, and pepsin digestion.
By combining a number of such extracts, a thermoresponsive gel-forming material
known as adipose-derived matrix (ADM) was produced [65]. A number of relevant
growth factors such as FGF-2 and TGF-b1 were quantified in ADM, which
prompted no significant inflammatory cytokine production by in vitro macrophage
cultures. Adipose-derived stem cells (ASCs) were differentiated on ADM in the
absence of adipogenic medium supplements with greater than 90% efficiency.
Furthermore, when ADM, with or without ASCs, was implanted subcutaneously in
rats, it resulted in significantly more adipose tissue generation than MatrigelTM.
This was the case even when the latter was supplemented with FGF-2 in an effort to
increase adipogenesis. The ADM containing groups also both showed significantly
fewer activated immune cells, echoing the in vitro macrophage results.

More recently, a thermoresponsive matrix has also been generated from human
lipoaspirate by a combination of surfactant and enzymatic treatments, with pepsin
digestion to fully solubilize the protein mixture [92]. This material underwent
gelation upon subcutaneous injection in rats and supported proliferation of
patient-matched ASCs in vitro. However, the growth rate on this novel matrix was
not significantly enhanced relative to collagen or TCPS. It is interesting to note that
the ECM-derived hydrogel was not able to exert a mitogenic effect on relevant stem
cells, but studies of cell differentiation and matrix production may be necessary to
allow comparison with studies of ECM-derived materials from other species.

The results of the studies discussed herein indicate that extracts from both
dermal and subcutaneous adipose tissues may provide useful scaffolds for the
generation of fat tissue in a range of reconstructive surgical procedures.
Nonetheless, it may be instructive to determine whether the lack of benefit seen
with human lipoaspirate was due to the source species or the extraction protocol.
With a readily available tissue such as subcutaneous fat, there is a clear case for
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autologous or allogeneic, rather than xenogeneic tissue as the ideal source for
scaffold material as it carries less risk of disease transmission or adverse immune
response.

Skin

In an attempt to generate biomaterials for wound healing and skin repair, hydrogels
have been derived from rat dermis by a combination of dispase treatment, high salt
homogenization, and urea extraction to produce tissue extracts to undergo thermo-
or pH-responsive gelation [64, 85]. In the first of these studies, it was shown that
both endothelial cells and fibroblasts could proliferate on these dermis-derived
biomaterials and that endothelial cells formed tubule networks as an indicator of the
potential for blood vessel formation [85]. However, it is noteworthy that fibroblasts
placed into the gels as spheroids were unable to migrate into the substrate as they
did when cultured in MatrigelTM.

The second study examined the effects of glutaraldehyde cross-linking on the
dermis-derived hydrogels [64]. Cross-linking was shown to significantly increase
the elastic moduli and yield stresses of the hydrogels and to significantly slow
enzymatic degradation in vitro and also after subcutaneous implantation in the rat.
Cross-linked gels exhibited minimal cytotoxicity provided they were adequately
washed prior to exposure to cells or tissue. Furthermore, glutaraldehyde
cross-linking led to significantly increased blood vessel density in the tissue formed
after implantation, suggesting that it has the potential to improve the performance of
these materials in wound healing.

Dermis-derived hydrogels show promise for application in wound healing as
they permit proliferation of relevant cell types and can support new blood vessel
formation both in vitro and in vivo. Nevertheless, it remains to be established that
fibroblasts can migrate into and deposit ECM proteins within these materials. This
is a necessary step if the appropriate structural matrix is to be deposited around the
neovasculature formed in these scaffolds.

Liver

Liver is another tissue in which the potential for ECM-derived hydrogels to support
tissue formation has been established in principle [52, 78]. Initially, a porcine liver-
derived gel was produced using a combined surfactant and enzyme-based approach
to decellularize the tissue, followed by pepsin digestion to solubilize the protein
mixture [78]. It was shown that primary human hepatocytes grown in a sandwich
culture between two layers of liver-derived matrix expressed relevant genes and
proteins as highly as those grown between layers of MatrigelTM, the gold standard
substrate. Subsequently, promising hydrogel materials were generated from rat liver
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using Triton X-100 and ammonium hydroxide for decellularization and
pepsin-based solubilization of the ECM proteins [52]. During in vitro culture
experiments, primary rat hepatocytes showed greater cell adhesion and viability on
liver-derived substrate coatings than on collagen I or MatrigelTM. Viability and
hepatocyte functions of albumin secretion and urea synthesis were all significantly
enhanced when cells were grown within three-dimensional ECM gels relative to
collagen controls. More promising from a potential clinical standpoint is that ASCs
were also shown to more highly express hepatocyte genes such as albumin and
hepatocyte growth factor when grown on the ECM-derived hydrogels. This material
was also utilized in an early demonstration of in vivo treatment efficacy. Primary
hepatocytes were delivered subcutaneously into mice in either collagen or liver-
derived ECM pre-gel solutions which underwent gelation post-injection. The results
of this investigation echoed those of the in vitro experiments, with hepatocyte
marker expression and function being significantly enhanced in the tissue-specific
material. This latter study in particular suggests great potential for liver-derived
hydrogels being applied to liver regeneration, but orthotopic, functional in vivo
studies are required before any definitive conclusions can be drawn.

Skeletal Muscle

The use of hydrogels for the repair and regeneration of damaged skeletal muscle has
been investigated using two distinct materials in two distinct models [32, 91].
Firstly, a hydrogel material was developed from porcine skeletal muscle and
evaluated in a rat hindlimb ischemia model [32]. The source tissue was decellu-
larized by the action of SDS, with pepsin digestion used for ECM solubilization.
The solution resulting from this process was found to significantly enhance pro-
liferation of both rat smooth muscle cells and C2C12 myoblasts relative to
pepsin-digested collagen as an in vitro culture supplement. The results of in vivo
experiments in which the muscle-derived hydrogel was injected intramuscularly
into ischemic tissue were also positive. Relative to collagen gels, those derived
from skeletal muscle matrix resulted in significant increases in arteriole density,
endothelial cell numbers, and proliferating muscle cell numbers at all time points
over a 2-week period post-injection.

The second type of hydrogel considered for skeletal muscle repair was devel-
oped from porcine dermis by a combined enzyme, surfactant, and peracetic acid
treatment, followed by pepsin digestion [91]. The performance of this material was
compared to that of a gel derived from UBM both in vitro and in a partial-thickness
rat abdominal wall defect. In vitro results clearly suggested that dermal ECM was a
superior scaffold material for this application. The C2C12 myoblast cell line more
efficiently fused to form myotubes on this substrate, and it was found to be sig-
nificantly more resistant to fibroblast-mediated contraction. The same resistance to
contraction was also found after in vivo implantation, and this is important in
ensuring scar-free wound healing. However, UBM hydrogels contained
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significantly more cells expressing muscle markers 5-week post-implantation. It is
interesting to note that, as for studies examining adipogenesis in ECM-derived
hydrogels, tissue specificity was observed in some, but not all, evaluations of
muscle repair. Longer-term studies of functional tissue formation would be needed
to definitively establish the ability of these materials to repair skeletal muscle.
Nevertheless, the results presented thus far demonstrate potential for both dermis-
and muscle-derived ECM hydrogels in promoting recovery after skeletal muscle
injury.

Central Nervous System

A more recent development in the application of ECM-derived hydrogels to tissue
repair is their use to regenerate tissue in the central nervous system (CNS). The first
study to address this used UBM due to its ready availability and history of use [93].
As per previous studies, porcine UBM was produced by peracetic acid treatment
and pepsin digestion was then used to solubilize the material for the formation of
hydrogels. Injection of these hydrogels into healthy rat brain tissue was found to
generate no adverse response. It did not trigger significant activation of microglia,
astrocytosis, or neurodegeneration. Further analysis was conducted in a rat model of
mechanically induced traumatic brain injury. In this setting, the gels were found to
significantly reduce lesion volume relative to PBS injected controls 3-week
post-intervention. More importantly, significant functional recovery of improved
motor function was seen in the treatment group relative to controls. This
improvement was mediated by the ability of UBM hydrogel to prevent myelin
disruption after injury. Although cognitive recovery was not observed, these results
suggest fundamental promise in the application of ECM-derived hydrogels in the
repair of CNS tissue.

A subsequent pair of studies from Badylak and coworkers has sought to build on
this potential by first developing hydrogels from the ECM of the CNS itself and
subsequently comparing their performance to that of UBM [29, 54]. The hydrogels
were produced from the ECM of porcine brain and spinal cord by a combined
surfactant, enzyme, and peracetic acid treatment, followed by solubilization with
pepsin [54]. Rheological measurements and SEM imaging showed significant
structural and mechanical differences between the CNS-derived hydrogels and
those produced from UBM. Nevertheless, when the materials were added as pre-gel
solutions to the culture medium of murine neuroblastoma cells, all three increased
the proportion of cells exhibiting neurite extensions in a dose-dependent manner.
No significant differences between materials were observed based on this measure,
suggesting that all three could promote a neuronal phenotype. However, only brain
ECM gels induced an increase in mean neurite length, indicating that tissue repair
by ECM hydrogels exhibits at least some degree of tissue specificity.

This concept was explored further in a subsequent study examining the effects of
the three matrices on two types of adult human stem cells in vitro [29]. Once again,
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the pre-gel solutions were tested as culture medium additives to assess the effects of
ECM-derived soluble peptides. None of the three materials adversely affected the
viability of either neural stem cells (NSCs) or perivascular stem cells at concen-
trations of up to 100 lg mL−1. Furthermore, all three were able to exert positive
chemotactic effects on both cell types relative to FBS controls, though both the
presence and size of these effects were dose- and source tissue-dependent. UBM
pre-gel solutions were also able to significantly increase the proliferation rate of
both stem cell types at all concentrations, while the CNS-derived solutions
exhibited more complex, dose-dependent effects. However, both CNS-derived
solutions were able to direct neuronal differentiation of NSCs with equivalent
efficiency to the positive control differentiation medium. The observed expression
of bIII-Tubulin and neurite extension suggested that the CNS-derived materials
promote a less proliferative, more differentiated, and functional phenotype and
could drive tissue repair by endogenous stem cells. The conclusions of this
investigation suggest that in the case of CNS repair, a match between the source and
target tissues may be important for cell maturation and tissue formation.

Cartilage

The first ECM-derived material considered for cartilage repair was an extract from
human lipoaspirate, produced by homogenization, followed by SDS and nuclease
treatment [25]. A number of relevant growth factors were identified in this tissue
extract, including transforming growth factor-b1 (TGF-b1), an important mediator
of chondrogenic differentiation. Pellet cultures of this material in combination with
ASCs showed that the cells retained high viability across a culture period of more
than 6 weeks. The inclusion of the adipose-derived material in the pellets, with or
without the addition of TGF-b1, led to significant increases in total protein, col-
lagen, and sulfated GAG content of cultures indicating greater new matrix syn-
thesis. Important cartilage markers such as SOX9, aggrecan, and collagen types II
and X were expressed by cells in all ECM-containing pellets, though more strongly
in those cultured in the presence of TGF-b1. This suggests further that the matrix
being synthesized in these constructs had an appropriate, cartilage-like composition.
Although in vivo studies are necessary for progression, the fact that this material
could direct both stem cell differentiation and cartilage-like tissue formation in vitro
is nonetheless promising. It may be instructive to consider whether the positive
results obtained here are specific to the use of ASCs in conjunction with a hydrogel
of the same tissue origin. For a number of practical or biological reasons, it may be
desirable to design therapies using cells from other sources, such as chondrocytes or
mesenchymal stem cells. In these cases, it would be necessary to assess whether the
benefits observed here were retained.

A material derived from cartilage itself has also been considered for use in
cartilage repair, though its evaluation is at an earlier stage than that for the adipose-
derived hydrogel [51]. Porcine articular cartilage was decellularized by the use of
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hypotonic buffer, SDS, and nuclease and subsequently solubilized by the action of
pepsin. This study extended the “classical” ECM-derived hydrogel approach by
including lyophilization of the pre-gel solution to form a powder which was sub-
sequently soluble in PBS. Gel formation by subcutaneous injection of reconstituted
material into rats was shown in principle, as was the capability of the ECM-derived
material to bind bovine serum albumin as a model protein and subsequently release
it in vivo over 2–3 weeks. This ability can presumably be attributed to the presence
of GAGs such as heparin in the material, but the exact mechanism has yet to be
conclusively deduced. A dose-dependent inflammatory response was observed for
the cartilage-derived matrix when implanted subcutaneously in rats, but the pro-
portions of activated immune cells within implant sites were low in all cases. This
study demonstrated the fundamental safety of the approach. Future work will be
required to show that endogenous and/or exogenous cells interacting with the
cartilage-derived material can proliferate and deposit appropriate matrix.

Tendon and Ligament

As was the case for cartilage, the first study aiming to demonstrate ECM-derived
hydrogel mediated tendon/ligament repair relied on the use of an already
well-characterized ECM material, namely porcine SIS [36]. This study used a large
animal (goat) model of anterior cruciate ligament (ACL) repair involving the
suturing of a surgically transected ligament with no tissue removal. In an effort to
augment repair, the sutured ligament was wrapped with a bilayered sheet of SIS and
fibrin sponge, and an SIS-derived pre-gel solution, produced by pepsin digestion,
was injected into the defect area. In ECM treated groups, the ACL cross-sectional
area was restored to equivalence with the sham-operated controls 12-week
post-intervention, which was several times the area of ligaments sutured without
augmentation. Furthermore, significant recovery of mechanical strength was seen
relative to suture-only tissue, though these ligaments still only withstood around
half of the load supported by the sham-operated tissues. It is unclear what pro-
portion of the benefit derived in this study is attributable to the gel, rather than the
bilayered sheet scaffold. Additionally, it will be necessary to address more chal-
lenging models before it becomes clear what promise SIS-derived hydrogels may
hold for the repair of damaged tendons and ligaments.

A subsequent study established that human tendon tissue could also be pro-
cessed to form hydrogels [35]. Decellularization using SDS and EDTA was fol-
lowed by pepsin digestion, resulting in a thermoresponsive gelling solution
composed primarily of collagen type I. Pre-gel solutions were delivered subcuta-
neously into rats to demonstrate in vivo gel formation and the host cell response.
Histological staining of explanted gels revealed that they were infiltrated by mac-
rophages and other immune cells around the periphery. Fibroblasts were also seen
throughout the hydrogels, elongated and aligned along the material fiber structure,
indicating the ability of the scaffold to direct cell behavior. Additionally, it was
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shown that ASCs could remain viable during in vitro culture either on the surface of
preformed gels or after encapsulation within them. This demonstrates the potential
of this material to be used in cell-seeded form in addition to the off-the-shelf,
cell-free alternative.

A third and final study sought to demonstrate that this human tendon-derived
hydrogel material could contribute to improved functional recovery after tendon
injury [49]. Defects 5 mm in length were created in the Achilles tendons of rats, and
the injection of tendon derived pre-gel solutions compared to contralateral controls
of injected saline. Histological analysis suggested that tendon-derived gel was able
to promote accelerated wound healing, with greater amounts of collagen seen in
gel-treated tendons 2-week post-injection than those injected with saline. At
4 weeks, this difference was still apparent, with a good degree of alignment seen in
the matrix deposited in gel-treated tendons; however, by 8-week post-injection,
there was no discernable difference. Functional mechanical evaluation of the
healing tendons revealed a similar trend, with gel treatment leading to significantly
increased ultimate failure load at the 4-week time point, with no differences seen at
2 or 8 weeks.

As with many other tissues, ECM-derived materials show promise for applica-
tion in tendon and ligament repair and regeneration. They appear to be well tol-
erated in vivo and may be able to accelerate defect healing. However, more
extensive studies are required to determine whether long-term tissue repair is
significantly enhanced by the presence of these hydrogels.

Intervertebral Disk

The nucleus pulposus (NP) of the intervertebral disk (IVD) exists in a naturally
gel-like state and does not therefore require the extensive processing used to gen-
erate hydrogels from other tissues. This has been exploited by Simionescu and
colleagues who have developed decellularized porcine NP as a scaffold for the
reconstitution of the IVD [55, 56]. They showed that both the mechanical properties
and relative concentrations of protein and GAG constituents of the decellularized
NP were unchanged relative to the native tissue [55]. When ASCs were seeded on
the surface of decellularized NP, they remained highly viable over the culture
period of 7 days and were able to migrate into the scaffold. This latter result
suggests that decellularized NP scaffolds could support the infiltration of appro-
priate host cell types for tissue repair after cell-free implantation.

In a second study by the same authors, decellularized NP was further studied to
elucidate the effects of the material on ASC differentiation and tissue repair in vivo
[56]. When ASCs were cultured on decellularized NP scaffolds, they expressed a
number of markers of the NP cell phenotype at significantly higher levels than on
TCPS. This study was conducted in basal growth medium in the absence of soluble
cues, indicating some inherent capacity for the material to direct appropriate stem
cell differentiation. The cells remained predominantly viable across 2 weeks,
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contracted the hydrogel scaffold, and deposited a matrix containing collagen and
GAGs, leading to significant increases in scaffold mechanical properties.
Histological staining of scaffolds after subcutaneous implantation in rats indicated
that 4-week post-implantation the material was infiltrated by immune cells and
contained newly formed vasculature and newly deposited collagen. These results
established in principle that the material was well tolerated and the next step would
be to extend the in vivo analysis to include longer-term demonstrations of appro-
priate functional tissue formation.

Others

As described earlier, skeletal muscle-derived ECM hydrogels have been applied in
the reconstruction and regeneration of damaged muscle tissue [32], but their
potential for corneal repair has also been examined [37]. In a proof-of-principle
study, high salt homogenization and urea extraction were used to process human
muscle tissue and form coatings for plastic cell culture substrates. Cells from pri-
mary human limbal epithelial explants were used in this study which aimed to
develop novel substrates for human limbal epithelial stem cell transplantation and
corneal repair. The growth rate of cells on the skeletal muscle extract was equiv-
alent to that on amniotic membrane, the gold standard substrate for this application.
Moreover, this material significantly outperformed MatrigelTM and a corneal stro-
mal extract. Cells grown on the ECM-derived gel also expressed the limbal
epithelial stem cell marker ABCG2, which did not occur on the amniotic mem-
brane. These results must now be extended to thicker gels which can be surgically
manipulated and function as biomaterials, rather than quasi-two-dimensional
coatings. This muscle tissue extract may offer a new and improved substrate for
treating limbal stem cell deficiency which also has the potential to alleviate the
issues of availability and variability encountered in the use of amniotic membrane.

As a mineralized tissue, bone presents a unique challenge from the point of view
of decellularization and subsequent solubilization. Harsh demineralization and lipid
extraction steps are required to expose the underlying protein structure for further
processing. The demineralized bone matrix (DBM) which results from this initial
process is widely used clinically and generally considered to be an acellular bio-
material. However, in the only study to date to address the aim of generating a
hydrogel from mineralized bone tissue it was found that an additional decellular-
ization step was necessary to ensure efficient cell lysis and debris removal [74].
Biochemical characterization showed that both the ECM and DBM gels were
composed predominantly of collagen. Turbidimetric and rheological analysis
demonstrated further that the bone-derived hydrogels had similar gelation kinetics
and mechanical properties to collagen gels. However, when the three materials were
utilized as culture substrates for murine primary calvarial cells only the ECM
hydrogel promoted cell proliferation, leading to significantly higher cell numbers
than on the other substrates. This represents a preliminary study, but nevertheless
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this bone ECM hydrogel has potential as a carrier and supplement for existing bone
graft materials such as DBM and allogeneic bone.

The vocal fold (VF) is another tissue, where SIS hydrogel has been evaluated. In
an in vivo proof-of-principle study, SIS gel showed promise, primarily as a carrier
for mesenchymal stem cells rather than as a therapy in its own right [26]. This
publication details the production of an SIS hydrogel by mechanical dissociation
and saline washing of the small intestine, followed by pepsin digestion to solubilize
the resulting material. As in an earlier study targeting cartilage repair (see
Section “Cartilage”), hydrogels formed from this solubilized material were lyo-
philized and milled to form a PBS soluble powder. A rabbit model of VF scar
formation and regeneration was used to evaluate injectable therapies composed of
rabbit MSCs, SIS gel, or both components together. The combined therapy led to
increased MSC retention and engraftment at the injection site, with fluorescently
labeled cells visible 3-week post-injection by in vivo imaging. Significantly, more
cells were observed histologically in defects treated with SIS at both 3- and 8-week
time points, although by this method cells were visible in all MSC-treated groups.
The combined therapy also promoted increased accumulation of sulfated GAGs and
significantly decreased collagen deposition relative to all other groups, indicating
the propensity for more effective regeneration and reduced scar formation. Finally,
these compositional changes were reflected in the assessment of functional regen-
eration of the tissue, as combined treatment led to significantly increased vibratory
capacity relative to other groups. Longer-term large animal studies are needed to
further establish the potential of combined SIS-gel and MSCs as a therapy to
prevent vocal fold scarring, but this study is nevertheless an effective proof of
principle.

Hybrid Hydrogels

A recent evolution in the use of hydrogels derived from decellularized tissue has
been the combination of these materials with other natural or synthetic hydrogels, to
provide mechanical reinforcement and/or enhanced biological activity [41, 82].
Other approaches have utilized particulate ECM materials as additives to synthetic
hydrogels [24, 61] or applied tissue derived hydrogels as coatings for solid bio-
materials [89], but these will not be considered further in this chapter.

The first application of this next-generation concept occurred in liver repair and
utilized extracts from liver cross-linked to the natural ECM components collagen
type I and hyaluronic acid (HyA) [82]. Liver tissue was decellularized using Triton
X-100 and ammonium hydroxide; non-decellularized liver was used as a com-
parator to deduce any adverse effects of the residual cellular and genetic compo-
nent. Both materials were solubilized by the action of pepsin and combined with
collagen or HyA and the cross-linker prior to gel formation. In sandwich culture of
primary human hepatocytes, the addition of liver tissue extracts was found to result
in significantly increased cell numbers. This effect was especially pronounced at
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later time points in the 4-week experiment. Decellularized liver extract had a greater
effect than that from non-decellularized tissue, which can be attributed to the higher
concentrations of both structural ECM constituents and growth factors. Although it
is promising that these materials can boost primary cell proliferation, the data in this
study show no significant effect on hepatocyte functions such as albumin and urea
secretion despite the increase in cell numbers. To fully establish their potential, it
must be shown that they can aid functional recovery in damaged tissue.

The second example of this hybrid approach again utilized chemical
cross-linking to conjugate ECM-derived peptides to supplementary polymers, based
on poly(ethylene glycol) (PEG), and intended to offer enhanced mechanical prop-
erties and delayed degradation. These materials were used to reinforce a porcine
myocardial matrix generated by SDS-based decellularization [41]. Incorporation of
PEG-based polymers in the hydrogel network provided significant mechanical
reinforcement alongside structural changes which were dependent on the incor-
poration method and the polymer molecular weight. Experiments with a murine
fibroblast cell line showed that cells seeded on the surface of preformed hydrogels
could migrate into the gels and proliferate on the surfaces regardless of the presence
of the PEG component. This is despite the fact that PEG is an inert synthetic
polymer that generally does not interact with cells as it contains no binding sites for
cell surface receptors such as integrins and cadherins. It was also shown that cells
encapsulated within gels could proliferate rapidly across all conditions, with no
inhibitory effect due to the synthetic component. The fibroblast cell line used has
broad relevance to a range of tissues and the cross-linking methods could be used
with a range of tissue extracts, containing a significant collagen component and
similar functional groups. This technique could therefore potentially be used to
overcome current limitations and tailor the mechanical and degradation properties
of naturally derived hydrogel biomaterials.

Future Directions

The lessons learned from the manufacturing and application of ECM-derived
scaffolds must be applied to ECM hydrogels in order to permit clinical use of these
materials. Since the ECM of each tissue or organ is produced by the unique
combination of cell types resident within it, it is intuitive that a substrate composed
of a tissue-specific ECM may be favorable for regeneration and repair. However, in
some cases the need to use a tissue-specific matrix may be questioned as more
readily available SIS and UBM may have similar effects. A recent comparison of a
tissue-specific muscle ECM and SIS demonstrated constructive remodeling in a
rodent muscle defect model; there was no apparent advantage to using the
tissue-specific ECM despite differences in structure and composition [91]. The use
of non-homologous ECM has many advantages: SIS and UBM are produced by
established standardized protocols, tissue is more accessible, and xenogeneic tissue
is available in large volumes. Furthermore, SIS ECM has been thoroughly
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evaluated both in vitro and in vivo and is used clinically [11]. In addition, SIS and
UBM hydrogels have been well characterized in terms of biocompatibility, bio-
chemical composition, gelation kinetics, viscoelastic properties, and gel topology.

The choice to use a tissue-specific ECM hydrogel must therefore be driven by
significantly increased efficacy or additional functionality in specific applications.
The small-scale proof-of-principle studies undertaken to date do not sufficiently
demonstrate tissue specificity in order to justify the additional time and cost
involved in developing clinical grade products for therapeutic application. In all
cases, longer-term preclinical studies are required to fully inform this
decision-making process. It is important that researchers are able to determine the
biochemical and structural factors driving cell responses and tissue formation in
these novel ECM hydrogels. In particular, it is important to consider the effect of
the tissue source (species and anatomical location where appropriate) and the
macrophage polarization response to tissue-specific ECM hydrogels as part of the
global inflammatory and immune response. These factors have been studied for
ECM materials in powder and sheet form but not yet for hydrogels, which have
altered three-dimensional architecture and subtle differences in biochemical
composition.

The knowledge derived from these further characterization studies and pre-
clinical trials may allow the development of optimized homologous and
non-homologous ECM hydrogels for a wide range of applications. These novel
materials may then provide a new hope for the treatment of defects with complex
architecture.
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Chapter 3
Biologically Relevant Laminins
in Regenerative Medicine

Anna Domogatskaya and Sergey Rodin

Abstract Need for biologically relevant coatings in regenerative medicine.
Recent advances in stem cell-based regenerative medicine allow to expand human
cells in almost unlimited amounts. However, expanded cells become devoid of
natural niche cues and, therefore, may become prone to risks of function loss and
malignant transformation. In order to maintain the expanded cells in a safe and
functional way, one has to imitate in vitro the natural niche, comprising biologically
relevant extracellular matrix molecules. For majority of cell types, including neu-
rons, insulin-producing b-cells and vascular endothelial cells, biologically relevant
laminins are essential part of natural niche. Laminins: 16 tissue-specific isoforms
that mediate cell maintenance and behavior. Laminins (LM) are large,
cross-shaped molecules that convey extracellular matrix cues via cell receptors to
cell signaling systems and thus affect cell maintenance and behavior. Laminins can
mediate behavior of associated cells, such as survival, adhesion, migration, pro-
liferation, phenotype maintenance or differentiation. Each of known 16 laminin
isoforms has unique biological function; mutations in laminin-encoding genes often
result in severe pathologies or lethality. Despite molecular structure similarity and
evolutionary homology, certain laminin isoforms may exert antagonistic effects on
cell behavioral patterns. Importantly, biologically relevant laminins act in synergy
with specific growth factors and cell–cell contact molecules, such as E-cadherin.
Lack of either may result in malfunctioning cell culture systems. Lack of biolog-
ically relevant laminins may result in cell apoptosis, phenotype loss, or malignant
transformation. Survival pathways for majority of mammalian cells depend on
niche-specific extracellular matrix anchorage. Lack of such anchorage or irrelevant
anchorage triggers apoptotic pathways and results in anoikis (apoptosis, caused by
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lack of relevant anchorage). In the absence of biologically relevant matrix cues,
cells may undergo apoptosis or activate malignant pathways of
anchorage-independent anti-apoptotic signaling. Majority of mammalian cell types
depend on interaction with biologically relevant laminins. Biologically relevant
laminins benefit quality cell culture in vitro. In vitro, cell culture systems based on
use of niche-specific laminins are described for human and mouse embryonic stem
cells, hematopoietic stem cells, neurons and Schwann cells, insulin-producing b-
cells, and other cell types. We shall discuss success criteria and possible pitfalls for
generating laminin-based safe, robust, and efficient technologies for culturing other
cell types needed to treat various diseases.

Keywords Laminin � Embryonic stem cell � Stem cell � Extracellular matrix
Regenerative medicine � Neuron � Pancreatic islets � Insulin-producing beta cell
Stem cell technologies � Proliferation � Survival � Apoptosis � Differentiation
Adhesion � Safety � Cell culture � Signaling � Integrin

Introduction

Since traditional approach of organ transplantation in medicine is limited due to
shortage of donor material, cell therapies technologies based on possibility to
expand donor or autologous cells in vitro are rapidly developing. Recent advances
in stem cell technologies allow to expand the pool of human stem cells to almost
unlimited amounts, which would ease the need for donor material. Ethical concerns
regarding human embryonic stem cell derivation are finally resolved by technolo-
gies that allow to isolate a single blastomere without harming the embryo and
expand it in vitro into a human embryonic stem cell line [67]. Cell banks can be
generated to serve a source of immunohistocompatible stem cell lines. Use of
induced pluripotent stem cells (iPS) that imitate properties of embryonic stem cells
is another attractive alternative, since it allows autologous cells use [67, 68]. Third
alternative is to expand the tissue-specific adult cell lines, stem cells or differenti-
ated, and it is successfully implemented in medicine. In future perspective, cell
therapies approach seems to be more practical alternative compared to traditional
organ transplantation; however, besides obvious benefits, it also bears certain risks.
Mammalian cells, when isolated from tissues, become devoid of their natural niche
cues, become prone to loss of phenotype and function, and, worst of all, may
undergo malignant transformation [7]. Many human embryonic stem (ES) cell lines
develop chromosomal abnormalities after long-term culturing in vitro, some of
which are cancer-related [3, 52].

In order to maintain long-term healthy functionality of the expanded cells, it is
essential to imitate the natural environment, comprising (1) growth factors,
(2) cell–cell contacts, and (3) extracellular matrix contacts, similar to the ones
present in vivo. Laminins are the essential components of basement membranes,
providing niche-specific cues to majority of mammalian cell types, such as
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embryonic stem cells, hematopoietic stem cells, peripheral neurons, Schwann cells,
insulin-producing pancreatic b-cells, vascular endothelial cells, keratinocytes,
muscle cells [15]. Laminins can mediate behavior of associated cells in many
different ways, such as: survival, adhesion, migration or stable anchorage, prolif-
eration or quiescence, phenotype stability or dedifferentiation, undifferentiated
status in stem cells, or differentiation. Moreover, laminins are essential for mor-
phogenesis during embryonic/prenatal development and may enable selective
restriction for cell permeability between compartments and cell-guiding function in
regeneration and development. There is evidence that niche-specific laminins act in
concert with specific growth factors and cell–cell contacts to affect cell behavior.

In mammals, at least 16 laminin isoforms are known up to date, and every
isoform has a specific tissue and developmental stage-specific function [15, 16].
Laminins are large cross-shaped heterotrimeric proteins, comprising one a, one b,
and one c chain. Molecular weight of a laminin molecule varies from 400 to
1000 kDa. Laminins convey signals from surrounding extracellular matrix to the
adherent cells via binding to laminin-specific cell receptors, e.g., integrins, and are
essential part of natural mechanotransduction system [25].

Laminins first appear early in evolution, already in hydra, and are essential for
ability of hydra to regenerate [70, 72, 97]. In primitive species, such as
Caenorhabditis elegans and Drosophila melanogaster, every laminin isoform is
essential; lack of any laminin chain results in early lethality [28, 32, 46, 85, 92]. In
zebrafish, mouse and human laminin chains mutations often result in either
embryonic/postnatal lethality or diseases. Notably, knockout phenotypes are totally
different for any of a chains, or b chains, or c chains [15, 16, 51]. This indicates that
biological role of every laminin isoforms is unique. It is shown that certain laminins
isoforms, despite visible similarity in structure and amino acid sequence, exert
distinct, and sometimes even opposite influences on certain cell types.

In early mammalian embryos, laminins are the first extracellular matrix molecules
to appear: already at 2–4-cell stage, b- and c-laminin chains are detected, and at 8-cell
stage the whole laminin trimer appears in extracellular space [10, 17, 38]. At the stage
of blastula, at least two laminin isoforms appear: a5 laminins are expressed between
pluripotent cells of inner cell mass and, probably, supporting their pluripotency and
proliferation, while a1 laminins, provided by trophectoderm, cause polarization of
pluripotent cells and subsequent differentiation into ectoderm, endoderm, and
mesoderm [34, 39–41]. At the later stages of embryonic development, tissue-specific
and developmental stage-specific laminins drive morphogenesis; lack of specific
laminins often cannot be compensated by similar laminin isoforms and results in
diseases or sometimes lethality (reviewed in [15, 51]). For example, in kidney
development all the laminin a chains are expressed in a niche-specific manner; in
development of glomerular basement membrane (GBM) early LM-111 is replaced by
intermediate LM-511 and finally by LM-521. Inability to transit from LM-511 to
LM-521 results in renal failures (Pierson syndrome) [50, 76].

Use of niche-specific laminins for expanding functional cells in vitro is an
emerging trend in regenerative medicine-related research. Long-term (up to 150
doublings) and comprehensive (including in-depth analysis of random mutations
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and chromosomal abnormalities) studies were performed for mouse and human
embryonic stem cells [14, 67, 68]; short-term studies demonstrated obvious benefits
of biologically relevant laminins for in vitro cultures of adult stem cells and dif-
ferentiated cells, such as neurons, insulin-producing b-cells, and even whole pan-
creatic insulin-producing islets [53, 64, 82, 86]. However, for many mammalian cell
types that could be used in regenerative medicine, knowledge of biologically rel-
evant laminins in vivo and in vitro is scarce. Therefore, we shall discuss not only
existing laminin-based technologies, but rather the approaches, success criteria, and
possible pitfalls in implementing concept of biologically relevant laminins use into
generation of new cell culture systems. In conclusion, we shall discuss the existing
challenges in laminin research, regarding regenerative medicine needs, and
potential possibilities to exploit more sophisticated functions of laminins in tech-
nologies that are yet to be invented.

Cell Niche and Extracellular Matrix

Expanding Cells in Vitro: Future of Regenerative Medicine

Whole organ transplantation is a traditional approach in medicine. Techniques of
organ transplantations are well-established and enable high survival rates. For
example, one-year survival rate in liver transplantations is 85% and five-year sur-
vival rate is 70% [12]. However, there is a drastic shortage in donor material
appropriate for use in medicine [12]. Abilities of whole human organs or tissues to
regenerate are limited; therefore, the very approach of organ transplantation does
not allow to resolve the needs of all patients.

Regenerative medicine is a rapidly developing field, aiming to be able to expand
cells and/or tissues in sufficient amounts to serve every patient in need [58].
Technologies based on use of human embryonic stem cells (hESC) or induced
pluripotent cells (iPS cells) give promise to provide unlimited amounts of human
cells for medical use. Major ethical problems, concerning human embryonic cell
derivation from human embryos, have been recently resolved. Now, human em-
bryonic stem cell lines can be established from single-cell biopsies that do not
jeopardize the human embryo survival [35, 67]. It also becomes possible to create
GMP-compliant HLA-matched human ES cell banks to provide patients with
immunocompatible cells. Possibility to expand cells and assemble them into
functional organs in vitro seems a far more promising approach in a long run,
compared to traditional organ transplantation. Technologies that allow expansion of
mature cell cultures for transplantation are also used in medicine.

However, mammalian cells, both stem cells and mature differentiated cells, when
deprived of the natural niche cues, have high risk to undergo transformation, such
as loss of function, loss of phenotype, and even malignant transformations [7]. The
risk increases with number of cell culture passages. Human vascular endothelial
cells, when cultured in vitro, lose phenotype within less than 15 doublings [6].
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Human embryonic stem cells, when cultured in vitro for long passages, may
undergo not only random mutagenesis, but also non-random gains of chromosomes
or large chromosome fragments, similar to what happens during malignant trans-
formation [3, 52]. Though such cells may have typical phenotypic features and high
proliferation rate, they can be dangerous in transplantation.

Prolonged cell culture in vitro, unlike organ transplantation, requires use of
culture media, specific supplements, growth factors, and other molecular sub-
stances, often undefined chemical compositions. One should consider risks of
introducing pathogens to the cultured cells. For example, bacterial collagenase
preparations used for clinical derivation of insulin-producing pancreatic islets aimed
for transplantation were subject to bovine spongiform encephalopathy contamina-
tion risk; therefore, measures were taken to exclude it [80]. Human embryonic stem
cells, when cultured in the presence of animal-derived substances, have been shown
to acquire immunogenicity [47]. Therefore, FDA and EU regulatory agencies
suggest that all the compounds in contact with the cells aimed for medical use
would better be chemically defined and xeno-free [26, 27, 84].

Human laminins are chemically defined, xeno-free, non-immunogenic, and
biologically relevant molecules [67, 68]. Specific laminins, as essential part of
natural niches for majority of mammalian cell types, such as insulin-producing b-
cells, vascular endothelial cells, or embryonic stem cells, can contribute to gener-
ation of safe and robust in vitro culture systems that would imitate the natural cell
niches and maintain healthy phenotypes.

Three Pillars of Cell Niche: Growth Factors, Cell–Cell
Contacts, and Niche-Specific Extracellular Matrix

Cell behavior is guided by signals that cell receives from its environment.
Influenced by environmental cues, a cell may survive or undergo apoptosis, migrate
in scattered or directed fashion, form a stable anchorage, proliferate or remain
quiescent, maintain its phenotype, differentiate, dedifferentiate, or lose phenotype.
Understanding the nature of cues received by cell from its microenvironment is
essential to design a solution to safe and robust regenerative medicine protocols.
Mimicking natural niches by providing a set of appropriate molecular cues to
mammalian cells in vitro could allow to expand them in healthy and functional way
[67]. On the contrary, unnatural molecular cues may provoke loss of function and
phenotype and even genetic mutations [7].

Usually, a cell receives three types of cues from its microenvironment:
(1) growth factors, hormones, and other soluble molecules that activate cell
receptors by binding them, (2) cell–cell contacts, being essential for cells like
embryonic stem cells or insulin-producing pancreatic b-cells, and (3) niche-specific
extracellular matrix. The latter modulates cell signaling not merely by binding to
the cell receptors, but also by mechanotransduction [25].
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Effect of extracellular matrix on cell behavior is often underestimated.
Extracellular matrix is usually considered a neutral, passive substrate with mere
function of keeping cultured cells well adherent. However, multiple studies
demonstrated that different extracellular matrix coatings can exhibit strikingly
distinct effects on cultured cells. We have demonstrated that use of different laminin
isoforms on same culture of embryonic stem cells with the same medium, pas-
saging, and other culture procedures can facilitate such different events as: (1) rapid
detachment and following apoptosis, (2) rapid differentiation into quiescent cells,
(3) continuous proliferation in undifferentiated state for over 150 doublings [14].
Not only the binding and dissociating constants of laminin/receptor interactions, but
also mechanical properties of extracellular milieu incorporating the laminins such as
the matrix stiffness [2, 13, 18] can affect cell behavior.

Laminins: Sixteen Niche-Specific Extracellular Matrix
Molecules with Unique Biological Function

Idea of extracellular matrix being a neutral, passive substance—sort of biological
adhesive for 2D and gel for 3D cell cultures—arises from early studies when
niche-specific extracellular matrix molecules were not available for wide scientific
community. Laminin-111 (i.e., often referred to as just “laminin”) and Matrigel (a
tumor-derived gel containing mostly laminin-111 and collagen IV) were widely
available, but since they are not natural substrata for majority of mammalian cell
types, they could not exert strong positive influence on majority of niche-sensitive
mammalian cells. However, in early 90s it became clear that several laminin iso-
forms exist and, as further experiments showed, tissue-specific laminins facilitated
cell effects such as proliferation, adhesion, migration, differentiation.

Evidently, laminins have tissue-specific and even niche-specific expression
patterns and unique biological functions. Laminins, serving as a natural bridge
between extracellular matrix and cell surface receptors, are the very molecules that
provide the niche-specific cues to majority of mammalian cell types, including
epithelial and endothelial cells. In combination with niche-specific growth factors
and cell–cell adhesion molecules, niche-specific laminins can provide a close
imitation of natural environment for many specific mammalian cell types in vitro.

Laminins: Molecular Aspects and Cell Signaling

In this chapter, we shall briefly review common knowledge about the laminin
family: (1) molecular structure of laminins, (2) functional interactions with other
molecules, such as cell receptors and other extracellular matrix molecules, (3) effect
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of proteolytical processing on laminin function, (4) in vivo biological functions of
laminins, and knockout phenotypes/mutations.

Then, we shall discuss influence of laminin–cell receptors interaction on cell
signaling pathways and, consequently, cell behavior patterns: (1) principles of cell
signaling, mediated by laminin interaction with cell receptors, (2) co-signaling,
which is synergetic effect of biologically relevant laminin and growth factor
interaction with appropriate receptors, (3) cell behavior that requires biologically
relevant laminin signaling.

Laminins: Chains and Trimers

Laminins are large, heterotrimeric molecules that comprise one a, one b, and one c
chain. Size of laminin trimer varies from 400 to 1000 kDa. Laminin trimers have
either cross-like, or Y-like, or rodlike shape (see Fig. 3.1). Short arms of laminins
(N-terminal parts of a, b, and c chains) can bind other laminins short arms and other
extracellular matrix proteins. Long arm consists of (1) a, b, and c chains inter-
twined together into a trimeric spiral via coil-coiled domains and (2) C-terminal
fragment of a chain, comprising of five globular LG domains (LG1-LG5) that
interact with cell receptors.

Five a (a1-a5), four b (b1-b4), and three c (c1-c3) chains are known in
mammals; a5, b1, b2, and c1 are expressed ubiquitously, and other chains are more
tissue-restricted [4]. Up to date, 16 trimeric laminin isoforms present in vivo have
been characterized in mammals; however, theoretically 60 combinations are pos-
sible. Modern nomenclature describes laminin isoforms according to their chain
composition [4]. For example, ubiquitous laminin-511 (LM-511) consists of a5, b1,
and c1 chains.

It is shown by Macdonald et al. [43] that not all the combinations of a, b, and c
chains can assemble into trimeric forms. Sixteen laminin trimers have been iden-
tified in vivo and two more have been predicted by Macdonald et al. [43].

Fig. 3.1 Schematic representation of typical laminin trimer forms. a Cross-shaped. b Y-shaped.
c Rod-shaped
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Associations of c1 with b1 or b2 form trimers with all the five a chains. The a1, a2,
a3B, a5 trimers are cross-shaped, while the a3A, a4 trimers are Y-shaped or
rod-shaped.

Extensive body of data has been generated on single laminin chain expression
and distribution in various mammalian tissues, and yet very little is known about
specific trimers localizations in vivo. However, information on single laminin
chains expression patterns and knockout animal models can give us some insights
into in vivo function of certain laminin trimers.

a1 laminins. Vast majority of laminin studies in twentieth century involved
either LM-111 (called “laminin”) or Matrigel, a tumor-derived gel comprising
LM-111. Lack of a1 results in early embryonic lethality, presumably, due to inner
cell mass polarization failure [49, 71]. However, expression pattern of LM-111 in
mature mammalian organisms is restricted (compared to ubiquitous LM-511/521)
and biological function clearly known for embryonic events, such as blastocyst
inner cell mass polarization [39, 41, 49] and early kidney glomerular basement
membrane development [50, 76].

a2 laminins play important roles in differentiation and maintenance of muscular
and neural cells; mutations in LAMA2 (gene encoding a2 laminin) result in
muscular dystrophy and neural system disorders [8, 31, 78, 90]. a2 laminins are the
major laminins in muscle [61, 69] and play an important role in smooth muscle
myogenesis [66]. a2 laminins are an important part of neural system and are
essential for thymocytes maturation [29, 44]. a2 laminins are expressed in testis
[37] and deficiency of those results in infertility [23].

a3 laminins are specific for epithelial basement membranes, for example
underlying skin epidermis and intestinal epithelia. Two splice variants of LAMA3
gene exist: a3A, the short chain, and a3B, the long chain.

a4 laminins, Y-shaped, are supposed to be “not very important” since no lethal
or early severe phenotype is observed. However, mutations in LAMA4 cause
microcirculation development disorders [81], cardiomyopathy [36, 87], chronic
kidney disorders [1], neurodisorders [62, 86], and impairment of leukocyte
recruitment [33]. It appears that a4 laminins attenuate fine guidance of cells, such as
tip cells Dll4/Notch signaling in angiogenesis [77], or high-precision spatial
matching of active zones of motor axon terminus with junctional folds on muscle
end plate within developing neuromuscular junctions [62].

a5 laminins, cross-shaped molecules capable of self-polymerization, are ubiq-
uitously expressed. They first appear in earliest embryonic development stages; for
example, they are expressed by blastocyst inner cell mass to provide themselves
vital cues; a5 laminins are essential part of vascular basement membranes, skin,
hair follicle niches, and many others. Detailed review of knockout phenotypes and
list of references are available in [15, 16]. Lack of a5 laminins causes late-stage
embryonic lethality in mice [48] and cannot be compensated by other isoforms.

b1 laminins are ubiquitously expressed. They are essential for organism
maintenance from the earliest stages of embryonic development to complete mat-
uration of mammalian organism. b1 laminins are present in almost every organ
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comprising basement membranes. Lack of b1 results in early embryonic lethality,
already on the stage of blastocyst [49].

b2 laminins are also expressed in many organs and yet are more restricted in
expression patterns. Though b2 laminin chain is closely evolutionary related to b1,
some biological roles of b2-laminins are quite opposite of analogous b1 isoforms.
b1 and b2 isoforms may coexist within same tissue, but share different functional
niches. For example, surface of motor axon and of muscle fiber is coated with
b1-laminins except for the neuromuscular junctions, which specifically contains b2,
but not b1-laminins. As b1-laminins support Schwann cell spreading upon axon
surface, b2-laminins restrict Schwann cell migration into the neuromuscular junc-
tion so that neurotransmitter, released by motor axon end plate, could reach
receptors on the muscle end plate [59, 60]. Mature b2 isoform LM-521 replaces
embryonic b1 isoform LM-511 within kidney glomerular basement in order to
provide durable, stress-resistant GBM. If it fails, LM-511 is not able to resist stress
and renal failure occurs [56]. b2-laminins mediate Ca ++ signaling within neuro-
muscular junction by binding Ca++ channels, while b1-laminins do not [54].

b3 laminins are mostly epithelial-specific. Laminin b3 chain can only associate
with c2 [43] and both of them can only associate with a3 to form LM-332. This is
the only known up-to-date rod-shaped laminin isoform. LM-332 is specific for
epithelial basement membranes and driving epithelial cells stable anchoring or
migration. LM-332 plays an important role in wound healing. Mutations in any of
LM-332 chains (LAMA3, LAMB3, or LAMC3) result in severe, often lethal
phenotype of junctional epidermolysis bullosa, associated with skin blistering.

b4 laminin chain, encoded by LAMB4 gene, exists in human, but not in mouse.
Number of laminin b chains differs in vertebrates. For instance, zebrafish has six b
chains. Function in b4 in human is unknown, and mouse knockout model cannot be
established, since no LAMB4 exists in mouse [15]. It has not described any trimers
comprising b4 chain yet.

c1 laminins are ubiquitously expressed. They are essential for organism
maintenance from the earliest stages of embryonic development to complete mat-
uration of mammalian organism and are major laminins in almost every basement
membrane, except for c2-rich epithelial basement membranes. Lack of c1 results in
early embryonic lethality, already at the stage of blastocyst [75]. Laminin c1 in
cooperation with either b1 or b2 can form trimers with any of a chains, thus giving
rise to LM-111, 121, 211, 221, 311, 321, 411, 421, 511, and 521.

c2 laminin chain associates with a3 and b3 to form epithelial-specific LM-332.
c3 laminins have restricted expression pattern in tissues. LM-213 is present in

testis basement membrane [37]; LM-423 and LM-523 are present in central nervous
system and eye retinal structures [42]. c3 laminins may exist in mammalian tissues
in non-basement membrane forms. LAMC3 (gene encoding c3) was first not
considered to have important biological role, since knockout model in mouse
lacked obvious defects in phenotype [11] except for retinal defects [63]. However,
it has been recently shown that mutations in human LAMC3 affect brain structure
and function [5].
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Macdonald et al. predicted that two additional isoforms LM-312 and LM-422
may exist since coil-coiled domains of the named chains can associate as trimers
[43].

Molecular Interactions of Laminins

Unique function of laminins is ability to bind both extracellular matrix molecules
and cell receptors and thus transmit signals from extracellular matrix to the cells.
The knowledge concerning these molecular interactions is vast, and we address our
readers to specific articles devoted to molecular interactions of laminins for more
details, like [83], [57, 79, 93]. Hereby, we give very short and generalized overview
of laminins interactions.

Interactions with Cell Receptors and Co-Signaling

Laminins interact with cell receptors mostly via C-terminal LG domains of a
chains. Integrin receptors such as a3b1, a6b1, a6b4, and a7b1 are well-known
receptors to bind laminins. Integrin receptors are known to bind LG1-3 domains,
while dystroglycan and syndecans are known to bind LG45 domains. Shift from
LG45 binding via integrin a3b1 to LG1-3 via integrin a6b4 affects epithelial cell
behavior changing from migration to stable anchoring via hemidesmosomes for-
mation [45]. Different laminins have been shown to interact with same integrin
receptors, however, with different affinities (for complete review, see (Yurchenco
[93]).

Laminin signaling is more complex as mere activation of certain integrin
receptors by binding them. For instance, laminins that bind same integrin receptor
may exhibit different effects on the cells, while two different laminins acting via two
different integrin receptors may induce same cell phenotypes [64]. Below we shall
discuss effects of laminin co-signaling, receptor clustering, and other complex
laminin–cell interaction patterns.

Co-signaling in mammary epithelial cells, Xu et al. have demonstrated [91]
that only synergy between (1) LM-111 binding the integrin receptors and (2) pro-
lactin binding prolactin receptor allows to activate a STAT5-driven signaling
pathway that leads to b-casein secretion by mammary epithelial cells (essential for
lactation). In vivo, mammary endothelial cells respond to prolactin stimulation
during nursing period by expression of b-casein, the milk protein. However, when
the cells are cultured upon LM-111 in vitro and are stimulated by prolactin, no
b-casein expression occurs. Thus, the cells fail to respond to naturally stimulating
growth factor. However, when LM-111 polarity is inverted, that is, LM-111 and
prolactin stimulation occur from the same basal side of the cell, the STAT5 pathway
is activated and b-casein is produced. It has been hypothesized that LM-111
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binding the mammary epithelial receptors on the basal side of the cell attracts the
prolactin receptor to the same side, as it occurs in vivo. If prolactin is provided from
the same basal side, it meets the prolactin receptor and signaling pathway occurs
[91].

Co-signaling in vascular endothelial cells. Co-signaling from LM-411 and
VEGF to vascular endothelial tip cell allows to switch on the Notch/Dll pathway,
thus restricting the occurrence of vessel branching [77]. In the absence of LM-411,
the mechanism fails, and pathological vessel branching occurs and results in
pathologies.

Clustering calcium channels in motor nerve terminals. Laminin b2 binds and
clusters together voltage-gated calcium channels within synaptic cleft, which is
essential for neurotransmitter release from motor nerve terminals [54].
Neuromuscular junctions in mice lacking laminin b2 suffer abnormalities: synaptic
cleft being blocked by invading Schwann cell processes and reduced number of
active zones in nerve terminals [55, 60]. Apparently, b1-laminins present in the
synaptic cleft cannot compensate for the missing b2 isoforms.

Extracellular Matrix Interactions

Self-assembly and interaction with other laminin isoforms. Laminins are cap-
able of self-assembly via N-terminal short arms. N-terminal parts of non-truncated
a, b, and c chains can interact with each other. Cross-shaped laminins, like
LM-111, can form 3D gels, for which they require calcium ions [94]. It is important
to note that Y-shaped laminins, like LM-311/321 or 411/421, as such cannot form
3D gels without help of cross-shaped laminins or basement membranes molecules.
Possible combinations of interaction between N-terminal short arms of a1, a2, a5,
b1, b2, b3, c1, and c3 laminin chains and respective Kd values are described in
[57].

Other extracellular matrix molecules. Laminins constitute basement mem-
branes together with collagen IV. Collagen IV and laminins can self-assemble;
however, those two intertwining networks are not connected directly, but via
smaller connector molecules, such as nidogens [95, 96].

Mechanotransduction

Biological function of laminins relies on ability to interact with cell receptors and
extracellular matrix scaffold simultaneously. It is shown that cell function, such as
differentiation or activation, depends on surrounding extracellular scaffold
mechanical properties (stiffness or elasticity modulus) [13, 18–20]. Laminins are
capable of outside-in signaling.

Important implications for biotechnology are: (1) laminin peptides or single
domains, such as whole or partial LG domains, often lack an ability to couple
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extracellular scaffold to cell receptors, and (2) it is important to consider the
mechanoelasticity message the laminin transmits to the cultured cells. Plastic cul-
ture dish surface is abnormally stiff, compared to majority of mammalian tissues
except for bone, while 3D gels like Matrigel are more relevant in respect of
mechanical properties.

Proteolytically Degraded Forms of Laminins

Proteolytically degraded forms of laminin isoforms used in research are often
named same as their full-size natural trimmers. However, the degraded forms may
lack functionally important domains responsible either for interaction with cell
receptors or with extracellular matrix molecules. Wondumi et al. [88] have
demonstrated structural difference between complete trimeric laminin molecules
comprising all the functional domains that are produced in cultured mammalian
cells and laminins that are produced by non-specific proteolytical degradation of
tissues, for example human placenta. The proteolytically degraded laminins that are
lacking some functional domains cannot be considered as chemically defined,
because the degradation is batch-to-batch difference and cannot be controlled. It is
also important to note that laminin single chains, domains, peptides, and
peptide-based hydrogels may affect the cultured cells in totally different way in
comparison with biologically relevant and intact trimeric molecules. For practical
applications in cell biology, it is always important to know if all the functional
domains are present in the laminin molecule used.

Possible Antagonistic Functions of Related Laminins

Certain laminin isoforms are highly homological and are expressed in same tissues.
One may assume that they would exert similar influence on the cells, which are in
contact with them. Indeed, it sometimes such as laminins impose similar effects on
the cells; for example, LM-511 and LM-521 support embryonic stem cells
self-renewal in vitro [67, 68]. However, sometimes closely related laminin isoforms
exert antagonistic impact on cells.

Example 1: b1- versus b2-laminins within neuromuscular junction. Laminin
b1 isoforms, such as LM-211, 411, and 511, are enveloping surface of muscular
fibers and motor nerves that innervate them, in exception for neuromuscular
junction: the very spot where signal is transmitted from nerve terminal to the
muscle. The neuromuscular junction contains b2-analogues of the same laminins:
LM-221, 421, and 521. In LAMB2-/knockout mice, the b1 isoforms LM-211, 411,
and 511 appear within synaptic cleft, in order to compensate for the absence of
b2-laminins. The Schwann cells are repelled by b2-laminin LM-521 and thus
prevented from spreading processes into synaptic cleft in healthy mice.
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On contrary, the Schwann cells are attracted by b1-laminins to invade and block the
synaptic cleft in LAMB2-/knockout mice that results in severe neural system dis-
orders [55, 60].

Example 2: Processed versus unprocessed 3 chain in LM-332 in cell adhe-
sion. LM-332 affects epithelial cells behavior differently depending on whether a3
chain is processed or not. Unprocessed a3 chain binds integrin a3b1 and facilitates
cell migration, wherein cells form temporary contacts with the LM-332 surface.
However, processed a3 LM-332 binds integrin a6b4 and forms hemidesmosomes
that enable stable anchorage of the cells.

Biologically Relevant Laminins for In Vitro Cell
and Organoid Cultures

In this part, we shall present several examples where biologically relevant laminins
are used for establishing functional cell cultures in vitro.

Human and Mouse Embryonic Stem Cells

Laminins are the first extracellular matrix molecules emerging in embryonic
development. Laminin chains are first detected at two-cell stage and full-size trimer
at eight-cell stage of embryonic development. Blastocyst consists of trophectoderm
that will give rise to extraembryonic tissues and inner cell mass (ICM) that will give
origin to all three embryonic germ layers: ectoderm, mesoderm, and endoderm.
Embryonic stem cells, derived from inner cell mass of blastocyst, have unlimited
proliferative capacity and potential to differentiate into any mammalian cell type,
from neurons to insulin-producing b-cells.

Some stem cells, due to their high proliferation potential, are especially prone to
malignant transformations [3, 52], which are a major concern in regenerative
medicine. Therefore, it is most essential (1) to imitate a healthy, natural niche of
inner cell mass: natural origin of embryonic stem cells and (2) ensure that chro-
mosomal abnormalities and mutations do not occur after long-term passaging.

Two major laminin types are detected in blastocysts. a5-laminins are present
between cells of the inner cell mass (ICM), so that every ICM cell in vivo is in
contact with a5-laminins, while a1-laminins form outer basement membrane [34].
a1-laminins are essential for the very first event of ICM cells differentiation:
polarization following differentiation toward ectoderm, mesoderm, and endoderm
[39, 41, 71]. However, would a5-laminins support the pluripotency state of
embryonic stem cells in vitro?
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Mouse embryonic stem cells that were cultured on a1-, a3-, a4- and a5-lami-
nins, respectively, in the absence of differentiation inhibitors underwent four dif-
ferent scenarios [14]. Cells, cultured on LM-111, differentiated within 2 weeks, and
proliferation abruptly reduced (which is consistent with natural role of LM-111
[40]). Cells cultured on LM-411 suffered lack of adhesion contacts, detached and
died. Cells cultured on LM-332 and LM-511 proliferated for over 150 doublings
with approximately same rate, while continuously expressing the pluripotency
markers: Oct-4, Sox2, and Nanog. However, the functional test—ability to form
three germ layers and give rise to whole functional organism—revealed the drastic
difference between LM-511 and LM-332. As latter gave rise to very weakly chi-
meric and/or sick chimeric animals which failed to undergo germ line transfer, the
former (LM-511) gave rise to healthy animals with strong chimerism [14] that in
turn gave rise to germ line transfer, healthy animals (Domogatskaya, Rodin,
Tryggvason: unpublished manuscript).

Due to unlimited proliferative capacity and ability to differentiate into practically
all adult cell types, human embryonic stem (ES) cells may be a valuable source of
cells for regenerative medicine. Nevertheless, only a few clinical trials have been
approved for human ES therapies. One of the major reasons of that was lack of
xeno-free (animal substance-free) and chemically defined environments that sup-
port self-renewal of human pluripotent stem (PS) cells (human ES and induced
pluripotent stem cells). Using a5-laminins, we have been able to develop such
human cell culture systems. Indeed, LM-511 and especially LM-521 allow robust
proliferation of human PS cells for more than 6 months in culture. The number of
cultured cells has been multiplied more than 1020 times, which is enough to develop
enough cells to treat hundreds of people. During the culturing, the cells express
stable levels of markers of pluripotency Oct-4, Nanog, Sox2, SSEA-4, etc. After six
months in culture, human PS cells can be differentiated into all three germ lineages
of the human embryo both in in vivo and in vitro assays. In-depth genotyping assay
has revealed that the cells cultured on LM-521 acquire little number of genetic
abnormalities and can be used in regenerative medicine. Importantly, LM-521
allows passaging of human PS cells in single-cell suspensions, which facilitates
automation of the culturing.

Individualized human PS cells die from anoikis that is a form of apoptosis
caused by unnatural milieu. That feature of human PS cells complicates manipu-
lations with their genomes, which can be used in regenerative medicine, e.g., for
correction of hereditary monogenic diseases. Since relevant integrin-mediated ex-
tracellular matrix signaling and cadherin-mediated cell–cell signaling prevent
anoikis, we sought to identify molecular cues that are sufficient to mimic natural
environment of human PS cells. E-cadherin, which is abundantly expressed on
human ES cell membranes, and LM-521 taken at 1:9 w/w ratio and used as cell
culture substratum have been able to prevent anoikis and permit survival of indi-
vidualized human PS cells. LM-521/E-cadherin substratum also allows derivation
of new hES cell lines from single blastomeres acquired through a single-cell biopsy
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from an eight-cell in vitro fertilization (IVF) embryo. This enables development of
cells without a need to destroy the parental embryo and confirms that LM-521 and
E-cadherin can mimic human ES cell niche.

Bone Marrow-Derived Hematopoietic Stem Cells

Many early in vitro studies with hematopoietic stem cells have been performed on
Engelbreth-Holm-Swarm sarcoma-derived LM-111; however, it is not a natural
laminin for this type of cells. LM-511 and LM-411 are expressed in human and
bone marrow, and LM-211 expression is weak and restricted to arterioles and
LM-111 not expressed at all. b1-laminins are present in adult bone marrow, but not
b2-laminins [21, 73].

In vitro, human CD34+ cells adhere strongly to LM-511/-521, but not to
LM-211 or LM-111. LM-511 exerts mitogenic activity in human hematopoietic
progenitor cells. LM-511/-521, unlike LM-111, are strongly adhesive for multi-
potent hematopoietic FDCP cells. LM-521/-511, unlike other isoforms, enable
robust adhesion for variety of hematopoietic lineages [22, 65, 73].

Insulin-Producing Pancreatic Islets

Insulin-producing pancreatic islets (islets of Langerhans) are small endocrine
organoids formed by several endocrine cell populations, including
insulin-producing b-cells. In order to regulate glucose blood levels, islet b-cells
have to function properly, and their function depends on receiving proper cues from
their niche. b-cells in vivo are in direct contact with underlying vascular basement
membrane, containing specific laminin isoforms (reviewed in [15]). As we have
previously demonstrated, the basement membrane contains a4- and a5-laminins,
but not a1-, a2-, or a3-laminins [53]. In vitro, experiments have shown that b-cells
depend on contact with those natural laminins in order to produce insulin. Notably,
b-cells are not capable of producing any laminins themselves; they depend on
vascular endothelial cells producing the laminins [15, 53].

We have demonstrated that a5-laminins have unique effect on islet culture
in vitro. Isolated islets, which are used for transplantation purposes and diabetes
research, have extremely high affinity toward natural a5-laminins, but not
a1-laminin (LM-111), which is not part of natural islet niche. The adhesion force
between the islet cells and natural a5-laminins is so strong that islets attain flat
shape and yet remain cohesive. Since contact with a5-laminins is part of natural
b-cell niche, it allows islet survival, islet cell proliferation, and insulin secretion by
b-cells after 3–4 weeks in culture (Tryggvason et al., US Patent U.S. Patent
9,499,794, [82].
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Neurobiology

Major laminin isoforms in the peripheral nervous system are: a2, a4, and a5.
b1-laminins are ubiquitous, while b2 are restricted to specific locations, like neu-
romuscular junctions. Deficiency in either of those chains results in severe neural
pathologies (reviewed in [15]).

Different cells of peripheral nervous system have specific preferences regarding
laminin substrate in vitro. Spinal motoneurons prefer to sprout long axons on
LM-211 compared to LM-411, while Schwann cells, in the opposite, form longer
sproutings on LM-411 compared to LM-211 [86]. Adult dorsal root ganglion
neurons formed longed neuritis on LM-511 and LM-111, but not on LM-411 or
LM-211. Notably, though neurons spread axons on LM-511 as well as on LM-111,
they engage different integrin receptors [64]. It is possible that different signaling
pathways are activated and cells would differ in receptiveness from growth factor
cues. We suggest therefore that one has not only considered mere adhesiveness and
morphological phenotype as sole evaluation criteria of cell culture system, but also
whether the extracellular matrix coating is biologically relevant and whether it can
provide relevant niche cues to the cell.

Evaluation Criteria in Developing Cell Culture System

As we have discussed above, synergetic action of specific laminin (or several
laminins) with specific growth factor(s) is required to provide the cultured cells
imitation of in vivo-like environment. Concentration range for every compound in
the system should be estimated experimentally. High-throughput-automated
screening with automated quantitative evaluation is often used to find the best
possible combination.

When automated screening of numerous samples is performed, the key impor-
tance is a set of selection criteria. Biased criteria may result in false positive errors
(that would generate cells that would not be able to function correctly after trans-
plantation or even undergo malignant transformation) and false negative errors
(good cell culture systems, most closely imitating the healthy natural environment
being discarded as “not proliferating with sufficiently high rate”).

Hereby, we discuss several possible pitfalls that should be avoided.

1. Adhesion as sole success criteria for extracellular matrix coating. Extracellular
matrix is often perceived as a neutral substance that does not affect cell phe-
notype, only function of it being able to keep cells attached. However, different
extracellular matrix molecules engage different signaling pathways and can
drive cell behavior in very distinct ways.

2. High proliferation rate as a success criterion. In the absence of biologically
relevant extracellular matrix majority mammalian cells would react by anoikis
(apoptosis) or phenotype loss. In the latter case, the cells often attain
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fibroblast-like appearance and behavior and, sometimes, high proliferation rate.
However, function is lost and after transplantation such cells would be useless.
Worst case scenario, however, would be if lack of relevant extracellular matrix
would trigger malignant transformation processes in the cultured cells.

3. Expression of specific markers, determined by immunohistochemistry or
western blot being a sole criterion of cell functionality. Only the functional
assays, specific for each cell type, would be a sufficient proof of the cell identity.
Functional assays should be designed for each cell or organotypic culture with
regard to their biological role. For example, embryonic stem cells function is to
give rise to all the three germ layers. For insulin-producing pancreatic b-cells, it
would be to release insulin in glucose-dependent manner.

4. Screening for different growth factors in the absence of biologically relevant
extracellular matrix, or screening for different laminins in the absence of bio-
logically relevant growth factors. In vivo, the niche cues are in many cases
enabled only by co-signaling from both specific laminin and specific growth
factor binding relevant cell receptors. Another pitfall would be to apply stim-
ulatory growth factors and laminins without regard to natural cell polarity [91].

Future Challenges

Use of biologically relevant laminins in regenerative medicine is a new area of
research. We have reviewed above some examples of how the “niche-based”
concept can be successfully translated into biomedical technologies. We believe
that biologically relevant laminins may happen to be a useful tool in:

1. Generating new technologies of

• In vitro cell culture systems to expand niche-sensitive primary cell types
• Robust differentiation protocols for embryonic stem cells and adult stem

cells
• 3D artificial tissues and organs with sophisticated architecture

2. Improve efficacy of existing technologies

• Increase number of doublings that a primary cell culture can undergo without
loss of phenotype.

• Increase rate of proliferation (however, within healthy natural range).
• Increase functionality of cells cultured in vitro.

3. Improve safety of existing technologies

• Replace non-defined extracellular scaffolds with defined ones.
• Replace systems that bear potential source of pathogens, such as feeder cells

or xeno compounds, to pathogen-free.
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In this chapter, we have focused on laminins’ ability to provide general main-
tenance for specific mammalian cell types, such as to enable survival, healthy
proliferation and responsiveness to growth factor stimuli. In vivo, however, lami-
nins have many other advanced biological in vivo roles, which are not yet translated
into biomedical technologies. For example, in vivo certain laminins can regulate
and maintain organogenesis: e.g., regulate diameter of blood vessels and extent of
branching in vasculogenesis and angiogenesis [30, 77], and enable neural crest and
brain compartments formation [9, 24]. Laminins can regulate permeability of viable
tissue structures, from biomolecules (such as in glomerular basement membrane in
kidney [56]) to cells [74, 89]. Laminins may enable mechanosensing by conveying
stiffness signals from extracellular matrix to residing cells [25], thus regulating cell
behavior [18]. Laminins can guide cell-to-cell contacts with high precision, such as
in neuromuscular junction [62]. It is possible that laminins could allow not only to
expand isolated cells in vitro, but to design highly organized artificial 3D tissues
with natural-like architecture, hosting heterogenic cell communities.

Summary

1. At least 16 laminin isoforms exist in mammals. Each isoform has a unique
function. Laminin isoforms are not “similar.” In fact, two different isoforms may
exert opposite influences on a certain cell type.

2. Golden standard in regenerative medicine technologies would be to expand specific
cells in a culture system specifically tailored to mimic their in vivo microenvi-
ronment. Such culture would necessarily require niche-specific (1) growth factors,
(2) cell contacts (or imitation of those), and (3) tissue-specific extracellular matrix
cues.

3. Knowledge of biological roles for laminins in vivo (tissue-specific expression,
knockout or mutant models, laminin-associated pathologies, etc.) may provide
valuable clues to choose laminin isoforms that would be relevant for culturing
specific cell type in vitro. However, knowledge of laminin trimers distribution
and action in vivo is limited up to date.

4. Specific laminins act in concert with specific growth factors (co-signaling). Use
of specific laminin in the absence of specific growth factor, or vice versa, may
result in negative result.

5. Criteria for successful in vitro cell culture system should not only include
phenotype analysis (such as adhesion, proliferation, and specific markers
expression), but also (1) functional assays and (2) side-effects monitoring, such
as malignant transformation of the cell lines. Golden standard for establishing a
cell culture system should be the in vivo cells within natural environment.

6. Expanding cells approach in regenerative medicine has advantages, compared to
traditional organ transplantation approach, but also carries hidden hazards. An
isolated cell, when deprived on natural cues, may undergo apoptosis (anoikis),
loss of phenotype, or loss of function. One more possibility, which is probably
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the worst, is malignant transformation of the cells. Such cells may exhibit
abnormally high survival, adhesion, and proliferation properties, which would
give them a competitive advantage over non-malignant, healthy cells.

7. Use of tissue-specific laminins for expanding tissue-specific cell cultures is a
new trend in regenerative medicine. Natural properties of laminins potentially
can enable not only expansion of a specific cell type, but many other advanced
technologies, like generation of complex, natural-like 3D tissues.
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Chapter 4
Extracellular Matrix: Immunity
and Inflammation

Amelia Cataldi and Viviana di Giacomo

Abstract The extracellular matrix (ECM) is the non-cellular component of any
tissues and organs. It provides not only support, tensile strength, and scaffolding for
tissues and cells, but also biochemical signals and specialized proteins. The
destabilization or alteration of the ECM structural and chemical composition affects
growth, morphogenesis, differentiation, migration, communication, survival of all
cells as well as inflammation and immune response. Inflammation is a complex
defense mechanism characterized by leukocyte migration from the vasculature to
control tissue damage induced by pathogenic (bacterial or viral), traumatic, or toxic
injury with subsequent deposition of extracellular matrix resulting in tissue repair.
At sites of injury, phagocytic cells, namely macrophages and neutrophils, provide
innate cell-mediated immunity, and immune cells are influenced in their migration
by the topography and composition of the matrix architecture. The physical and
biochemical ECM properties are also able to modulate a number of processes in
immune cells, especially lymphocytes that can ultimately lead to inefficient immune
response. Among the large number of molecules responsible for ECM homeostasis,
matrix metalloproteinases, versican, hyaluronan, and thrombospondins are the most
involved in inflammation and immunity.

The Extracellular Matrix

The extracellular matrix (ECM) is the non-cellular component of any tissue and
organ [30]. Depending on the origin and on the condition (injury, inflammation,
tumor) of the tissue, the three-dimensional (3D) matrix architecture can assume a
variety of conformations [131]. In some tissues, the ECM can be dense and stiff,
while, in others, it is soft and more porous with gap size of different diameters.
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ECM fibers also display highly variable thickness, straightness, and spatial
arrangements. The fibers can be relaxed and non-oriented or, in contrast, linearized
and oriented in a specific direction. These physical characteristics determine the
architecture of the tissue but, as reported below, they are also essential for regu-
lating immune cell migration and behavior [92].

The extracellular matrix consists of a complex assembly of many proteins and
polysaccharides whose specific composition varies from tissue to tissue. The pri-
mary components include insoluble fibrous structural proteins (i.e., collagens,
laminins, fibronectin, vitronectin, and elastin) and proteoglycans. These large and
negatively charged sugars efficiently bind water and fill the space between the
fibers. The ECM primarily fulfills a structural role by maintaining an insoluble
scaffold, which ultimately defines the shape and stiffness of organs [92].

The extracellular matrix consists in a reinforced composite of collagens and
elastic fibers embedded in a viscoelastic gel of proteoglycans, hyaluronan (HA),
and water, together with a wide variety and arrangement of assorted glycoproteins
[40, 46, 54, 78]. These molecules interact by entanglement and cross-linking to
form a bioactive polymer which, in part, regulates the biomechanical properties of
tissues and the phenotype of the cells belonging to those tissues. This regulation
involves molecular interactions that govern the attachment of cells to their ECM
scaffolds through integrin and non-integrin receptors, detachment of cells from
those scaffolds, and molecular rearrangements in the matrix that allow cells to
change shape during morphogenetic and remodeling events that occur in devel-
opment and disease. The amount and composition of the ECM is controlled by the
coordinated and differential regulation of synthesis and turnover of each of the
ECM components. It is becoming increasingly evident that matrix individual
components can exert dramatic effects on cell behavior and tissue response to
endogenous and exogenous stimuli [129].

The ECM provides not only support, tensile strength, and scaffolding for tissues
and cells, but also biochemical signals and specialized proteins (i.e., growth factors,
chemokines, cytokines, small matricellular proteins and small integrin-binding
glycoproteins) [18].

The destabilization or alteration of the structural and chemical matrix compo-
sition affects cell growth, morphogenesis, differentiation, migration, communication
and survival [33], along with inflammation and immune response [82].

In addition to providing structural integrity, the extracellular matrix is recognized
to play critical roles in regulating progenitor and reparative cell behaviors such as
migration, differentiation, proliferation, and survival. The ECM dictates these
activities through its binding to adhesion receptors as well as its ability to regulate
growth factor bioavailability and signaling. More recently, a key role for mechanical
control of cell fate through their interaction with the ECM has emerged [121].

Both mechanical and biochemical molecules influence extracellular matrix
dynamics in multiple ways, by releasing small bioactive signaling molecules and
growth factors stored within the ECM, by eliciting structural changes to matrix
proteins which expose cryptic sites, and by degrading matrix proteins directly [18].
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ECM remodeling takes place throughout different phases of disease progression
as part of an injury and/or inflammatory response. These phases involve breakdown
and disassembly of various matrix components and reassembly of specific com-
ponents as part of the pathogenesis of these diseases. The sequence of changes is
not unlike what is seen during wound repair in which the early ECM changes are
characterized by deposits which create a loose, open, and watery matrix (referred to
as a “provisional ECM”) [17, 130] which allows for cellular invasion and repair.
This provisional matrix is then replaced by a more fibrous ECM enriched in col-
lagens and assorted glycoproteins [128].

Among the large number of molecules responsible for ECM homeostasis, matrix
metalloproteinases (MMPs), versican, hyaluronan (HA), and thrombospondins are
the most involved in inflammation and immunity.

Matrix Metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes involved in
physiological processes including tissue homeostasis and repair, and host defense.
There is also evidence that MMPs play a role in the pathogenesis of inflammatory
diseases with focal tissue destruction, such as rheumatoid arthritis, osteoarthritis, and
chronic cutaneous ulcerations, as well as in cancer progression [13, 56, 105]. The
expression and activity of metalloproteinases are under strict control in physiological
situations, whereas excessive activity of MMPs is often observed in pathological
conditions [91]. MMPs were initially characterized as extracellular matrix
(ECM) cleaving proteolytic enzymes, but during the past years, a growing number of
non-matrix substrates for MMPs have been identified. Metalloproteinases can
orchestrate the inflammatory functions at various levels [14, 91], regulating the
transmigration of inflammatory cells from vasculature to the site of inflammation in
tissue by processing ECM components, growth factors, cytokines, and chemokines.

MMPs belong to the metzincin superfamily, which is characterized by the
presence of a highly conserved motif containing three histidine residues, which
chelate a zinc ion in the catalytic site [35]. Other families in the metzincin super
family are ADAMs (proteinases with a disintegrin and a metalloprotease domain)
and ADAM-TSs (ADAM with thrombospondin-like motif), astacins, and ser-
ralysins. Metalloproteinases are ubiquitously expressed zinc-dependent endopepti-
dases with wide substrate specificities. They are produced either as soluble or cell
membrane-anchored proteinases that cleave proteins and proteoglycan components
of the extracellular matrix. In addition, MMPs cleave a multitude of non-matrix
substrates including cytokines, chemokines, growth factors, growth factor recep-
tors, and cell surface adhesion receptors. The members of the MMP family display
marked differences in their tissue-specific expression, and substrate specificity
makes these proteins a group of proteolytic enzymes with multiple physiological
functions [86].
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MMPs comprise a family of endopeptidases, which can cleave almost every
component of the extracellular matrix proteins. It is documented that many
non-ECM proteins can also be cleaved by selected metalloproteinases. Structurally,
they all have a zinc ion in the catalytic domain, and their activity is dependent on
divalent ions, mainly Zn2+ and Ca2+ [28, 108]. There are about 27 different MMPs
discovered so far, and they are subdivided into groups according to substrate
specificity and structural integrity. Induction and expression of these proteins are
regulated at the level of transcription and translation, respectively. Further com-
plexity of metalloproteinases is the activation from zymogen to active enzyme and,
secondly, the mRNA stability of few MMPs plays a critical role. ProMMPs are
converted into active enzymes by intramolecular cleavage of cysteine bridge
between thiol group at the prodomain and Zn2+ near the catalytic site. The overall
activity depends on substrate availability as well as on the presence of inhibitors in
pericellular space, though a high concentration of MMPs exists near the plasma
membrane [114].

The first metalloproteinase (collagenase) was identified in tadpole tails during
metamorphosis by Gross and Lapière [38]. Most MMPs have been studied in
vertebrates (25 members), but are also found in lower animals and plants. In
humans, these proteins comprise 24 genes, encoding 23 proteins, as one MMP
(MMP-23) is coded by two identical genes at chromosome 1 (MMP-23A and
MMP-23B). Mammalian metalloproteinases are classified according to:

(I) their localization, soluble (secreted into ECM) or insoluble (anchored to cell
membrane);

(II) their similarities in tridimensional structure and substrate affinity, being
usually divided into six subgroups: collagenases (MMPs-1, -8, and -13),
gelatinases (MMPs-2 and -9), stromelysins (MMPs-3, -10, and -11),
matrilysins (MMPs-7 and -26), membrane-type metalloproteinase (MMPs-14,
-15, -16, -17, and -24 or MMP-MT1, MT2, MT3, MT4, MT5, and MT6,
respectively), and others (MMPs-12, -18, -19, -20, -21, -22, -23, -27, and -28);

(III) numerically listed according to chronological discovery. MMPs-4, -5, and -6
are missing in the list since they were shown to be identical to other members
of the family [84].

Metalloproteinase regulation occurs at multiple levels, according to the cell type
involved, in a temporal and spatial manner and quantities, by intra- and extracel-
lular mechanisms. Inductive or suppressive signaling from the extracellular matrix
(cytokines, growth factors, EMMPRIN, signals from integrins, ECM proteins,
cellular stress, morphological changes, etc.) and intracellular signal transduction
induce the activation or repression of the MMP genes. In the nucleus, the genes
may be transcriptionally controlled by genetic alterations (polymorphisms or
mutations, particularly in promoter regions) and by epigenetic control (DNA
methylation status and remodeling of chromatin by histone acetylation) as well as
post-transcriptionally through mRNA processing. In the cytoplasm, metallopro-
teinases may be post-transcriptionally regulated by mRNA stability (microRNAs
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action and degradation pathway), intracellular activation of furin-susceptible
MMPs, insertion of prosthetic groups (N- and O-glycosylation and GPI-anchor)
or specific domains in the pro-MMP structure, and, finally, by inducible and con-
stitutive pro-enzyme secretion into the ECM. Several metalloproteinases may be
stored in the cytoplasm within granules in specific cell types prior to stimuli, such
as inflammatory stimuli, and then secreted while their counterpart on the cellular
membrane may be regulated by their localization on specialized membrane
microdomains (lipid rafts or caveolae), by endocytosis/recycling (clathrin or
caveolin-dependent) and intracellular degradation. In the extracellular matrix, the
MMPs may be controlled by proteolytic processing and inactivation, proteolytic
activation of pro-MMPs, binding of pro and active forms to inhibitors, and inter-
action with specific ECM components, leading to specific localization (pericellular
perimeter or far from cell secretion point within the matrix), and allosteric control
[16, 32, 39, 41, 68, 94, 95, 97, 111, 120, 135] (Table 4.1).

The balance between metalloproteinases and their inhibitors is required for
physiological extracellular matrix remodeling, and imbalance in these enzymes
leads to pathological states. In the tissues, MMPs are mainly reversibly inhibited in
the ECM by their physiologic tissue inhibitors (TIMPs), while the cell surface
MMPs are inhibited by the RECK glycoprotein [107].

Versican

Versican, whose production was found increased in many different diseases, is an
extracellular matrix (ECM) proteoglycan observed in the pericellular environment
of most tissues. Versican, produced by either stromal or myeloid cells, interacts
with cells to influence their ability to proliferate, migrate, adhere, assemble, and
remodel an ECM and can exert a major role in immunity and inflammation.
Versican contributes to the structural integrity of tissues and interacts with cells
through direct and indirect means to regulate, in part, cellular events that represent

Table 4.1 MMPs regulation

Step Regulated by

Genes activation Cytokines, growth factors, integrins, ECM proteins, cellular stress,
morphological changes

Transcription Polymorphisms, mutations, DNA methylation, histone acetylation

Translation miRNA degradation, insertion of specific domains

Storage within
granules

Localization, endocytosis, recycling, intracellular degradation

Zimogen secretion Proteolytic activation/inactivation, inhibitors binding, interaction with
ECM components, allosteric control
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the basis of various diseases. Hence, targeting versican as a way to control cell
phenotype offers a novel approach in the treatment of many diseases [129].

Versican is negatively charged due to its glycosaminoglycan (GAG) chains and
attracts water, contributing to the viscoelasticity of the pericellular microenviron-
ment [29]. In addition, versican interacts with a number of matrix components near
the cell surface including hyaluronan (HA), tenascin-R and -C, thrombospondin 1,
fibronectin, and fibrillin [49, 62, 74, 133] to create a mechanically active
biopolymer around cells which influences their ability to change shape, adhere,
proliferate, migrate, assemble other ECM components, and survive. Versican and
extracellular matrix-related molecules may modify the mechanical stiffness around
cells contributing to alterations in mechanotransduction influencing cell behavior
and phenotype [23, 26, 125]. Versican can also act as a reservoir for cytokines and
growth factors to be released at various times, establishing a further subtle control
over cell activity and behavior [34, 75, 126].

Versican interacts with several different ECM molecules and, in part, plays a
central role in matrix assembly. The domain structure of versican lends itself to
multiple types of interactions through either protein–protein or protein–carbohy-
drate interactions. The best known of these interactions is the binding between the
amino-terminal domain of versican (G1) and hyaluronan (HA) [64]. This interac-
tion is stabilized by another protein—link protein—which exhibits selective bind-
ing specificity for both HA and versican [20] (Fig. 4.1).

In addition to hyaluronan, versican interacts with other extracellular matrix
molecules controlling their organization: it interacts with tenascin-R through its
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lectin-binding domain and involves protein–carbohydrate interactions [8]. The
lectin-binding domain participates in other ligand interactions as well. For example,
versican interacts with fibulin-1 and fibulin-2 [9, 88], a growing family of extra-
cellular matrix proteins highly expressed in the developing heart valve. In adults,
however, fibulin-1 and -2 are found associated with microfibrils that are part of
elastic fibers. Versican can also interact with proteins associated with elastin, like
fibrillin [83, 88], and has been shown to co-localize with elastic fibers in the skin
[49]. Furthermore, fibrillins bind fibulin-2, and fibulin is preferentially localized to
the elastin/microfibril interface in some tissues, but not in others [96]. Fibulin may
represent a bridge between versican and fibrillin, forming high-ordered multi-
molecular structures important in the assembly of elastic fibers (Fig. 4.1). The
relationship between versican and assembly of elastic fibers is interesting and
unusual. In fact, elastic fibers are conspicuously absent in newly remodeled ex-
tracellular matrix as well as from atherosclerotic and restenotic lesions. The
importance of elastic fibers in regulating vascular disease is highlighted by studies
of the elastin KO mouse [128].

Hyaluronan

Hyaluronan (HA) is an atypical and relatively simple glycosaminoglycan (GAG); in
fact, it is an unsulfated and unbranched polysaccharide not linked to any PG-core
proteins. HA is ubiquitously expressed in the extracellular matrix of mammals and
is composed of D-glucuronic acid (GlcUA) and N-acetyl- D-glucosamine (GlcNAc)
bound together through b 1,3 and b 1,4 glycosidic bonds, respectively [77]. This
disaccharide moiety is repeated thousands of times generating a linear polymer with
a molecular mass ranging from 5 � 105 to 4–5 � 106 Da and more. Due to its
hydrophilic properties, hyaluronan is very hydrated and makes the extracellular
matrix an ideal environment in which cells can move and proliferate. Hyaluronan is
an important space-filling molecule as it is evident in humor vitreous, derma and at
joint level. Besides its molecular sieving properties related to the chemical and
biomechanical characteristics, this polymer interacting with specific proteins called
hyaladerins, such as TSG6, and membrane receptors like CD44, RHAMM, HARE,
and toll-like receptor (TLR) 4/2, modulates development, morphogenesis, tumori-
genesis, migration, apoptosis, cell survival, and inflammation [19, 116–119].

Thrombospondins

Thrombospondins (TSPs) are secreted extracellular matrix proteins from TSP
family, which consists of five homologous members. They share a complex domain
structure and have numerous binding partners in the extracellular matrix and
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multiple cell surface receptors. Information emerged over the past decade identifies
TSPs as important mediators of cellular homeostasis, assigning new important roles
in cardiovascular pathology to these proteins [102].

Recent studies of the functions of TSP in the cardiovascular system, diabetes,
and aging, which placed several thrombospondins in a position of critical regula-
tors, demonstrated the involvement of these proteins in practically each aspect of
cardiovascular pathophysiology related to atherosclerosis: inflammation, immunity,
leukocyte recruitment and function, function of vascular cells, angiogenesis, and
responses to hypoxia, ischemia, and hyperglycemia. TSPs play also a major role in
the development and ultimate outcome of the complications associated with
atherosclerosis–myocardial infarction, and heart hypertrophy and failure. Their
expression and significance increase with age and with the progression of diabetes,
two major contributors to the development of atherosclerosis and its complications
[102].

Thrombospondins comprise a conserved family of extracellular, oligomeric,
multidomain, calcium-binding glycoproteins. In general, basal metazoa and pro-
tostomes encode a single TSP in their genomes, and deuterostomes have multiple
TSP genes. The mammal thrombospondins have many complex tissue-specific
roles, including activities in wound healing and angiogenesis, vessel wall biology,
connective tissue organization, and synaptogenesis. These activities derive mech-
anistically from interactions with cell surfaces, growth factors, cytokines, or com-
ponents of the extracellular matrix that collectively regulate many aspects of cell
phenotype. Emerging evidence on the functions of TSPs in invertebrates suggests
that ancient functions include bridging activities in cell–cell and cell–ECM inter-
actions. Knowledge of TSP domain structures provides a rational basis for under-
standing their roles in vivo and associations with human disease and is assisting
ongoing translational applications [2].

Cells

Cells can remodel and reshape the extracellular matrix by degrading and
reassembling it, thus playing an active role in sculpting their surrounding envi-
ronment and directing their own phenotypes. The dynamic reciprocal communi-
cation between cells and the ECM plays a fundamental role in tissue development,
homeostasis, and wound healing [18].

Cells, in order to change shape during division and migration, must modify their
pericellular environment by first degrading the existing matrix and replacing it with
new components. Hyaluronan and versican drive the changes leading to expansion
of the pericellular matrix and to modifications in the mechanical properties of the
ECM that influence cell phenotype [129].

Most matrix components are produced by fibroblasts that also play a role in their
assembly into fibers and their spatial disposition. Collagen cross-linking is almost
exclusively mediated by an enzyme, the lysyl oxidase (LOX) [134]. The synthesis
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and cross-linking of ECM fibers is balanced by the action of matrix metallopro-
teinases that degrade collagen and other ECM proteins [56].

Fibroblasts are the most common cell type of the connective tissues found
throughout the body and the main source of the extensive extracellular matrix
characteristic of the tissues. They are also central mediators of pericellular matrix
pathological fibrotic accumulation and of cellular proliferation and differentiation
which occur in response to prolonged tissue injury and chronic inflammation [55].

Inflammation

Inflammation is triggered when innate immune cells detect infection or tissue
injury. Surveillance mechanisms involve pattern recognition receptors (PRRs) on
the cell surface and in the cytoplasm. Induction of genes encoding enzymes,
chemokines, cytokines, adhesion molecules, and regulators of the extracellular
matrix promotes the recruitment and activation of leukocytes, which are critical for
eliminating foreign particles and host debris [85].

Inflammation is a complex defense mechanism characterized by leukocyte
migration from the vasculature to control tissue damage induced by pathogenic
(bacterial or viral), traumatic, or toxic injury [132] with subsequent deposition of
extracellular matrix resulting in tissue repair. The inflammatory process is generally
categorized into an acute, rapid response, and a persistent but slowly evolving
chronic condition, which may progress into inflammatory diseases. An excessive
deposition of ECM leads to overgrowth, hardening, and/or scarring of tissues,
defined as fibrosis [100].

Fibrosis is the excessive deposition of extracellular matrix proteins into tissues
leading to scar formation, disruption of normal tissue architecture, and organ fail-
ure. Despite the large clinical impact of fibrosis, treatment options are limited.
Adhesion molecules, in particular avb6 and a3b1 integrins and cadherin-11, have
been demonstrated to be important mediators of tissue fibrosis. Fibrosis is the final
common pathway of a tissue response to injury, including chemical exposures,
infections, and autoimmunity [3].

Inflammation is frequently accompanied by capillary permeability and induces
endothelial activation, which, when persistent, results in capillary sprouting. The
occurrence of such events is in large part mediated by extracellular matrix proteins
and proteases. ECM turnover by proteases, in fact, allows the invasion of tissue by
specialized endothelial cells and provides specific mechanical forces to expose
cryptic adhesion sites and to release factors involved in vascular morphogenesis.
Moreover, matrix remodeling and vascular regression contribute to the resolution of
inflammation and facilitate tissue repair. In addition, a topic that has recently
became of great interest is the degradome, i.e., the battery of proteases and inhi-
bitors express by a cell type under specific conditions, or the protease substrate
repertoire of a specific cell type. Its characterization in endothelial, mural, and
accessory cells activated in distinct inflammatory contexts promises to identify new
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targets for the inhibition or promotion of angiogenesis. Normalization of aberrant
vasculature, rather than inhibition of its formation, could offer a better prospect for
treating inflammatory diseases characterized by uncontrolled vascularization [6].

Throughout the body, the extracellular matrix provides structure and organiza-
tion to tissues and also helps regulate cell migration and intercellular communi-
cation. In all tissues, inflammation can be induced and propagated by ECM
disruption. Extracellular matrix molecules newly liberated by injury or inflamma-
tion include hyaluronan fragments, tenascins, and sulfated proteoglycans. These act
as “damage-associated molecular patterns” or “alarmins,” i.e., endogenous proteins
that trigger and subsequently amplify inflammation. Activated inflammatory cells,
in turn, further damage the extracellular matrix by releasing degradative enzymes
including matrix metalloproteinases [33].

Fibrotic disorders are multistage progressive processes that often arise from
different causes and are commonly associated with chronic inflammation. Excessive
deposition of extracellular matrix is the hallmark of many fibrotic diseases. This
may be due to an excess of fibroblast recruitment and activation, as well as to their
differentiation in myofibroblasts. These events may be triggered by cytokines,
chemokines, and growth factors released by lymphocytes or macrophages. The
excessive production of extracellular matrix is apparently due to alterations of
metabolic pathways in activated fibroblasts. It has been suggested that a defective
autophagy, an important subcellular process with multiple homeostatic roles, also
recognized as a key component of both innate and acquired immunity, could play a
role [21].

Normally, the amount of ECM in the tissue is controlled through the balance
between its production and degradation. A key role in this balance is played by
matrix metalloproteinases.

The ability of MMPs to modify the structural integrity of tissues is essential for
certain aspects of normal physiology, such as cell migration, proliferation, growth,
and development, as well as for the occurrence of several pathological events (heart
remodeling, metastasis, etc.) [73, 113]. Under healthy conditions, their proteolytic
activity is precisely regulated by tissue inhibitor of metalloproteinases (TIMP) [16].
The regulation of the ratio MMPs: TIMPs plays an important role in wound healing,
and the disruption of this ratio can result in pathological processes [5].

Metalloproteinases and Inflammation

Recent observations provide evidence that matrix metalloproteinases modulate
various features of inflammation. They can regulate the integrity of physical barriers
and the transmigration of leukocytes from vasculature to tissue as well as the
availability and activity of inflammatory mediators, such as cytokines and che-
mokines. Metalloproteinases also generate chemokine gradients in tissue to recruit
inflammatory cells to the site of injury or inflammation and can also regulate
survival of inflammatory cells [14, 91]. Studies with MMP knockout mice have
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elucidated the specific roles of distinct metalloproteinases in different experimental
models involving inflammation. Interestingly, the only inflammatory phenotype
without challenge is detected in MT1-MMP-deficient mice, which spontaneously
develop arthritis [43]. Among challenges with different experimental models,
MMP-9 has been shown to play a role in mouse models of myocardial aging and
infarction, cerebral ischemia, asthma, and multiple sclerosis (experimental
autoimmune encephalomyelitis (EAE)) [7, 24, 25, 109, 115]. In addition, elevated
levels of MMP-2, -7, and -8 have been reported in mice with EAE [36, 58, 87]. The
mechanistic role of MMP-12 in a mouse model of emphysema has been elucidated,
indicating that defective activation of latent TGF-b regulates the expression of
MMP-12 in macrophages [81]. MMP-8 has been shown to regulate inflammation in
skin, and MMP-9 may also function as an anti-inflammatory mediator in skin
inflammation and in glomerulonephritis [65, 122]. The role of MMP-8 in the
regulation of inflammation appears complex. Recruitment of neutrophils is
impaired in chemically induced epidermal carcinomas in MMP-8 knockout mice, as
compared to wild-type mice [10]. However, in MMP-8-null mice, neutrophil
recruitment into alveolar space after lipopolysaccharide stimulation in mouse model
of acute lung injury is increased, suggesting an anti-inflammatory potential of
MMP-8 [89]. MMP-3 and -9 have also been shown to play an important role in
cutaneous inflammation in the mouse model for contact hypersensitivity.
Specifically, MMP-3 appears to be required for cutaneous inflammation while
MMP-9 may function as an anti-inflammatory mediator in skin. Expression of
MMP-9 and -13 is potently upregulated in murine antigen-induced arthritis model,
and the expression pattern correlates with the course of synovial inflammation [52].

Furthermore, expression of MMP-13 in mouse synovial tissue induces the onset
of inflammation characterized by increased cytokine and chemokine production and
inflammatory cell influx [53]. Additional evidence for the pro-inflammatory role of
MMP-13 was provided by a recent study, showing that activation of TNF-a by
MMP-13 plays an important role in the mouse model of inflammatory bowel dis-
ease, suggesting also a possible mechanistic role for MMP-13 in pathogenesis of
intestinal ulcerations [112].

The discovery of the disintegrin and metalloproteinase 17 (ADAM17), originally
identified as tumor necrosis factor-a converting enzyme (TACE) for its ability as
sheddase of TNF-a, inspired scientists to attempt to elucidate the molecular mech-
anisms underlying ADAM17 implication in diseased conditions. In recent years, it
has become evident that this protease can modify many non-matrix substrates, such
as cytokines (e.g., TNF-a), cytokine receptors (e.g., IL-6R and TNF-R), ligands of
ErbB (e.g., TGF-a and amphiregulin), and adhesion proteins (e.g., L-selectin and
ICAM-1). Several recent studies have described experimental model system to better
understand the role of specific signaling molecules, the interplay of different signals,
and tissue interactions in regulating ADAM17-dependent cleavage of most relevant
substrates in inflammatory diseases [70].

Recent literature suggests that ADAM-17 not only is the main protease
responsible for the release of TNF-a during the inflammatory response, but it also
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appears to be the most important sheddase in terms of the range of its targets. The
inflammatory condition is characterized by an increased accumulation of leukocytes
in tissue mediated by the transmembrane protein selectins. ADAM-17 also has a
role in the shedding of L-selectin, a cellular adhesion molecule, from macrophages,
and this process is promoted by leukocyte attachment to endothelial or E-selectins.
Thus, ADAM-17 was shown to shed several factors contributing to successful
recruitment of leukocytes to the inflammation site. Interestingly, there is some
evidence that ADAM17 controls not only pro- but also anti-inflammatory signals.
The enzyme was reported to down-regulate the macrophages activation cleaving
colony-stimulating factor-1 (CSF-1) from their surface [123]. In addition, a corre-
lation was reported between ADAM-17 expression and IL-15 receptor a activation,
which is a soluble form of the receptor implied in the collagen-induced arthritis and
cardiac allograph rejection. Also, different stimuli activate ADAM17-mediated IL-6
receptor-a cleavage, contributing to the decline of neutrophil infiltration and to
promotion of monocyte recruitment, essential for resolution of the inflammation.
Among the tissue inhibitors of matrix metalloproteinases, TIMP-3 is the only one
that binds to the extracellular matrix and contains an amino acid sequence
(PFG) required to inhibit ADAM-17 [66]. TIMP-3 is induced by molecules
involved in inflammation, such as the pro-inflammatory agent PMA and the
anti-inflammatory cytokine TGF-b, and has the potential to impact many different
branches of haematopoiesis, immunity, and inflammation, primarily as a regulator
of ADAM-17, but also as an inhibitor of other proteases which target growth
factors, cytokines, and adhesion molecules [70].

Versican and Inflammation

An emerging body of evidence indicates that secreted proteoglycans act as sig-
naling molecules, in addition to their canonical function in maintaining and regu-
lating the architecture of various extracellular matrices. Proteoglycans interact with
a number of receptors that regulate growth, motility and immune response. In part,
as a consequence of their complex structure, proteoglycans can induce cross talk
among various families of receptors and can also interact with natural receptor
ligands, often blocking and sequestering their bioactivity. In their soluble form,
originating from either partial proteolytic processing or through de novo synthesis
by activated cells, some proteoglycans can become potent danger signals, denoting
tissue stress and injury. Recently, it has been shown that proteoglycans, especially
those belonging to the small leucine-rich and hyaluronan-binding gene families as
well as the glycosaminoglycan hyaluronan, act as endogenous ligands of the
toll-like receptors, a group of central receptors regulating innate immunity.
Furthermore, proteoglycans can activate intracellular inflammasomes and trigger
sterile inflammation [31].

A number of studies have identified upregulation of versican gene in monocytes
in a number of pro-inflammatory states [34, 127, 129].
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Based on its structural complexity, versican is capable of interacting with other
ECM components, cell surface proteins (e.g., receptors), proteases, chemokines,
and growth factors (Fig. 4.1). Thus, several different mechanisms of controlling
inflammation by this proteoglycan have been described [126]. Versican has been
suggested to act as a ligand to the toll-like receptors 2/6 heterodimer and to its
adaptor CD14, thereby activating tumor-infiltrating myeloid cells to elicit the
production of pro-inflammatory cytokines such as TNF-a and IL-6, and promoting
tumor metastasis [124]. It is of note that in various inflammatory diseases and in
response to lipopolysaccharide, activated macrophages synthesize and secrete
versican [126]. Under similar conditions, de novo synthesis of biglycan and decorin
by macrophages also occurs. Thus, it is conceivable that macrophages, upon
stimulation with pro-inflammatory factors, start to synthesize several proteoglycans
that act as endogenous TLR ligands and promote the inflammatory response in an
autocrine and paracrine manner. The process is reminiscent of the very late acti-
vation antigen in B cells, where immune cells synthesize specific integrins de novo,
facilitating their binding to extracellular matrix constituents during inflammation
[45].

Furthermore, there is evidence that versican might be involved in M1/M2
macrophage polarization, thereby regulating the phenotype of macrophages. The
binding of versican to hyaluronan changes the structure and functional properties of
the matrix, which becomes capable of promoting leukocytes adhesion and retention
and of stabilizing CD44 signaling [31].

Hyaluronan and Inflammation

Hyaluronan, a major component of the extracellular matrix, together with its
receptors and binding partners, is a “keystone molecule” in the inflammatory
milieu. HA and its binding proteins regulate the expression of inflammatory genes,
the recruitment of inflammatory cells, the release of inflammatory cytokines, and
can modulate the course of inflammation. The ability of HA to function as either a
pro- or anti-inflammatory molecule is dependent upon its size, microenvironment,
localization, and availability of specific binding partners [93].

Accumulation and turnover of extracellular matrix components are the hallmarks
of tissue injury. Fragmented hyaluronan stimulates the expression of inflammatory
genes by a variety of immune cells at the injury site. Hyaluronan fragments signal
through both toll-like receptor (TLR) 4 and TLR-2 as well as CD44 to stimulate
inflammatory genes in inflammatory cells. Hyaluronan binds to a number of cell
surface proteins on various cell types, and it is also present on the cell surface of
epithelial cells to provide protection against tissue damage from the environment by
interacting with TLR-2 and TLR-4. Hyaluronan and hyaluronan-binding proteins
regulate inflammation, tissue injury, and repair through regulating inflammatory
cell recruitment, release of inflammatory cytokines, and cell migration [51].
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HA plays a key role in regulating inflammation, being at the center of a complex
network of ECM molecules that together exert decisive effects on the nature of
inflammation. Hyaluronan has several unique features that qualify it as a keystone
molecule in the inflammatory response:

(I) First, HA is known to play important roles in most aspects of the tissue
response to injury, including wound healing, angiogenesis, cell trafficking,
and proliferation [50].

(II) Second, HA physically interacts with a large and diverse network of ECM
molecules present in inflamed tissues. These include HA-binding molecules
called hyaladherins such as tumor necrosis factor-stimulated gene (TSG-6),
versican, inter-a-inhibitor (I a I), CD38, and others [19]. HA-binding
interactions with its receptor CD44 are also impacted by other extracellular
matrix molecules, including osteopontin and fibronectin.

(III) Third, hyaluronan is highly abundant in inflamed tissue, and its production
can increase as much as 200-fold following injury [27].

(IV) Fourth, fluid shifts caused by HA are responsible for many of the physiologic
changes associated with inflammation. Because of the repeating disaccha-
rides of N-acetyl glucosamine and glucuronic acid that make up hyaluronan
carry strong negative charges, its synthesis generates oncotic forces that
result in edema, vascular permeability changes, and leukocyte egress at sites
of injury [63]. Studies utilizing magnetic resonance imaging (MRI) to detect
edema associated with islet inflammation [22] may well be tracking the
effects of HA.

(V) Fifth, the length of hyaluronan strands in the ECM is a sensitive barometer of
the inflammatory milieu. Uninjured tissues are characterized by modest
amounts of high molecular weight HA (HMW-HA, > 1000 kDa). Following
tissue injury, there is an accumulation of low molecular weight HA
(LMW-HA, < 250 kDa) and short HA oligomers (sHA, < 30 kDa) gener-
ated through enzymatic degradation of HMW-HA by endogenous hyalur-
onidases as well as catabolism by a diverse group of microbial
hyaluronidases, mechanical forces, and oxidative stress [104]. Normally,
LMW-HA is cleared within 14 days of injury, and enhanced hyaluronan
production ceases as collagen production increases in conjunction with
wound healing. However, chronic wounds are characterized by large
amounts of LMW-HA. Both the size and the amount of HA in the tissue
environment are therefore tightly linked to the stage of an injury response
and to its resolution [51, 103].

Thrombospondins and Inflammation

Inflammation is a defensive process against tissue injury. Once this self-protective
strategy is initiated, an effective resolution of the process is crucial to avoid major
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and unnecessary tissue damage. If the underlying event inducing inflammation is
not addressed and homeostasis is not restored, this process can become chronic and
lead to angiogenesis and carcinogenesis. Thrombospondin-1 (TSP-1) is a matri-
cellular protein involved in angiogenesis, cancer, and inflammation [60]. The
effects of TSP-1 have been studied in many preclinical tumor models, and mimetic
peptides are being tested in cancer clinical trials. However, the molecular mecha-
nisms explaining its role in inflammatory processes are not well understood.

TSP-1 is transiently released early during the acute phase of inflammation, and
multiple factors seem to modulate the release of TSP-1 during this process. This
protein is strongly expressed in neutrophils, inducing an intense chemotactic
response to injured tissues. TSP-1 is secreted in response to inflammation, pro-
moting the resolution of the inflammatory process and facilitating phagocytosis of
damaged cells [37]. Thus, enhanced production of TSP-1 could be a compensatory
mechanism for controlling the immune response and protecting tissues from
excessive damage.

TSP-1 mediates macrophage phagocytosis of apoptotic cells via CD36. This
receptor is coexpressed with TSP-1 in macrophages and endothelial cells, and its
binding to thrombospondin-1 induces apoptosis in endothelial cells. By activating
CD36, TSP-1 also controls blood flow and leukocyte infiltration modulating the
action of the nitric oxide (NO) pathway in injured tissues (Fig. 4.2). NO is a gas
produced when L-arginine is converted to L-citrulline by the enzyme nitric oxide
synthase (NOS). There are four different isoforms of NOS, neuronal (nNOS),
endothelial (eNOS), mitochondrial (mtNOS), and the inducible isoform (iNOS).
The first two are secreted during normal physiological events, but only iNOS is
expressed upon inflammatory stimuli. The effects of nitric oxide in inflammation
have been extensively recognized in a variety of studies. NO can modulate
leukocyte adhesion in a dose-dependent manner [48]. At low doses, nitric oxide is
anti-inflammatory and anti-angiogenic but, after inflammatory stimuli, high levels
of NO are secreted promoting angiogenesis and leukocyte adhesion to the
endothelium. TSP-1 could inhibit the soluble guanylyl cyclase system in
endothelial cells, and consequently the activation of NO by interacting with CD36
and CD47. Through this mechanism, TSP-1 inhibits inflammation by blocking
adhesion and activation of leukocytes to the endothelium and by diminishing
angiogenesis [47] (Fig. 4.2).

Another factor interacting with TSP-1 during early inflammation is the peroxi-
some proliferator-activated receptor (PPAR), a member of the nuclear hormone
receptor superfamily of transcription factors. When PPAR is absent in leukocytes,
the leukocytes secrete high levels of TSP-1. PPAR-c, one of the isoforms of this
receptor, greatly enhances the proapoptotic effects of the TSP-1-derived peptide
ABT510. This peptide corresponds to the second type 1 repeat (TSR) of TSP-1 and
induces vascular apoptosis in vitro and in vivo through its interaction with CD36.
By using a PPAR-c agonist, the expression of CD36 in endothelial cells is
enhanced, improving the anti-angiogenic effects of ABT510 in a CD36-dependent
manner [44]. The TSP-1 receptor CD47 is critical for the migration of leukocytes
through endothelial and epithelial barriers. CD47 is strongly expressed in
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polymorphonuclear cells, and its activation enhances the expression of TSP-1 in
leukocytes. TSP-1 also induces leukocytic apoptosis through the CD47 pathway.
CD47 can directly cause apoptosis through mitochondrial mechanisms, or by
activation of the Fas/CD95 pathway. Expression of CD47 in apoptotic granulocytes
can influence the phagocytic functions of the macrophages in inflammatory sites
suggesting a critical role of this factor in the resolution of the process [72]
(Fig. 4.2).

Immunity

At sites of injury, phagocytic cells, namely macrophages and neutrophils, provide
innate cell-mediated immunity and initiate the inflammatory response.
Macrophages secrete cytokines that attract neutrophils to leave the blood stream and
enter the injured area. The arrival of neutrophils initiates the inflammatory response,
by which cells and molecules of innate immunity are recruited into sites of
wounding or infection [100].

Immune cells other than T cells are also influenced in their migration by the
topography and composition of the matrix architecture. For instance, studies per-
formed in 3D collagen matrices have demonstrated that macrophages can adopt
distinct migratory mechanisms according to the extracellular environment. In a
recent study, it was argued that the ability of T cells to mount an anti-tumor
response is dependent on the matrix structure, more precisely on the balance
between pro-migratory reticular fiber networks and unfavorable migration zones
composed of dense and aligned ECM structures. Thus, the matrix architecture, that
has long been considered to merely provide the structural framework of connective

TSP-1 CD47

CD36

Phagocytosis

Leukocytes
apoptosis

Leukocytes infiltration

Angiogenesis

Endothelial cell sapoptosis

NO

ABT
510

PPARγ

Fig. 4.2 TSP-1 control of inflammation. NO nitric oxide

98 A. Cataldi and V. di Giacomo



tissues, can play a key role in facilitating or suppressing the anti-tumor immune
surveillance. It is now well accepted that a deregulated ECM favours tumor pro-
gression and metastasis. Recent progress in imaging technologies has also high-
lighted the impact of the matrix architecture found in solid tumor on immune cells
and especially T cells. Besides the effect exerted on tumor cells, the physical and
biochemical properties of the ECM are also able to modulate a number of processes
in immune cells, especially lymphocytes, that can ultimately lead to inefficient
tumor killing. Extracellular matrix determinants can indeed promote tumor evasion
from the immune system, both by inhibiting the anti-tumor effector activity of T
cells, either directly or through the recruitment of immunosuppressive cells, and by
limiting cell contact with tumor cells [92].

Along with collagen and fibronectin, some non-structural ECM proteins are
often upregulated during tumor development and can modulate cell–cell and cell–
ECM interactions, eventually restraining T cell activation [15, 98]. For instance,
tenascin C seems to directly inhibit T cell proliferation and IFN-c production in
lung cancer [90] while the glycoprotein SPARC seems to influence the trafficking
and the function of immune cells, as SPARC-knockout mice display an increased
number of macrophages and neutrophils in tumors and higher cytotoxicity in
polymorphonuclear cells [4, 99]. In addition, several ECM fragments are able to
recruit and activate macrophages and neutrophils to sites of inflammation, where
they could regulate inflammation and adaptive responses [1, 101].

The innate immune system down-regulates effector mechanisms and restores
homoeostasis in injured tissue via cytokines from the IL-10 and TGF (transforming
growth factor) families mainly released from macrophages, preferentially the M2
subset, which have a capacity to induce regulatory T cells, inhibit the production of
pro-inflammatory cytokines, and induce healing of the tissue by regulating extra-
cellular matrix protein deposition and angiogenesis [106]. Proteoglycans are also
synthesized by leukocytes and may play a role in the inflammatory response [110].

Metalloproteinases and Immunity

Matrix metalloproteinases are members of the metzincin group of proteases which
share the conserved zinc-binding motif in their catalytic active site. It was originally
thought that their main function is to degrade the various components of the ex-
tracellular matrix, yet recent studies have led us to appreciate their significance as
regulators of extracellular tissue signaling networks. Due to the broad spectrum of
their substrate specificity, MMPs contribute to the homeostasis of many tissues and
participate in several physiological processes, such as bone remodeling, angio-
genesis, immunity, and wound healing. Metalloproteinase activity is tightly con-
trolled at the level of transcription, pro-peptide activation, and inhibition by tissue
inhibitors of MMPs.

Dysregulation of the activity of these proteins leads to pathological conditions
such as arthritis, inflammation, and cancer, thus highlighting MMPs as promising
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therapeutic targets. Analysis of MMP mutant mice has proved to be an essential
tool for the identification of novel functions and interactions of single matrix
metalloproteinase members. Advancing our understanding of the MMP contribu-
tion to tissue homeostasis will lead us to identify causal relationships between their
dysregulation and the development of disease pathologies, thus guiding us to
successful MMP-directed therapies [71].

Over the past 50 years, steady growth in the field of metalloproteinase biology
has shown that the degradation of extracellular matrix components represents only a
fraction of the functions performed by these enzymes and has highlighted their
fundamental roles in immunity. Metalloproteinases regulate aspects of immune cell
development, effector function, migration, and ligand–receptor interactions. They
carry out ectodomain shedding of cytokines and their cognate receptors. Together
with their endogenous inhibitors TIMPs, these enzymes regulate signaling down-
stream of the tumor necrosis factor receptor and the interleukin-6 receptor, as well
as that downstream of the epidermal growth factor receptor and Notch, which are all
pertinent for inflammatory responses [57].

Metalloproteinases and their inhibitors affect immunity as early as the first stages
of haematopoietic cell development. In adult tissues, specific deficiencies of Mmp,
Adam, or Timp genes in mice culminate in a range of spontaneous or induced
inflammatory phenotypes.

Efficient neutrophil migration along chemotactic gradients and extravasation
through blood vessels and tissues to sites of infection is important for establishing
effective immunity, and metalloproteinases have been shown to contribute to these
functions through the modification of chemotactic agents. Chemokine processing
by MMPs was simultaneously discovered by two groups; the first reported that
MMP-9 processes an amino-terminal fragment of IL-8 (functionally similar to
CXCL6 in mice) to increase its potency by a factor of ten; and the second showed
that MMP-2 inactivates monocyte chemotactic protein 3 (MCP3; also known as
CCL7), which is a mononuclear cell-attracting chemokine 7. Mmp7 −/− mice are
protected from acute lung injury, and histological analysis linked this protection to a
decrease in pulmonary neutrophil infiltration. MMP-7-mediated cleavage releases
the heparan sulfate proteoglycan syndecan 1, along with its associated
CXC-chemokine ligand 3 (CXCL3; also known as KC), which attracts neutrophils
to the site of infection. Thus, the absence of MMP-7 compromises the CXCL3
chemokine gradient [69]. Similarly, neutrophils failed to migrate to sites of LPS
administration in Mmp8 −/− mice, as MMP-8 is required for the activation of the
neutrophil-recruiting chemokine CXCL6.

Further metalloproteinase-dependent events that contribute to neutrophil
chemotaxis and function have been recently described using proteomics, genetic
mouse models, or human primary cell cultures; for example, using a
double-knockout mouse model, MMP-2 and MMP-9 were shown to function
together to cleave CXCL6 and to increase neutrophil migration to the peritoneum
during IL-1b-induced peritonitis. As part of a positive feedback loop, meprins can
cleave pro-MMP-9 to sensitize it to activation by MMP-3 (also known as stro-
melysin 1); an identical N-terminal MMP-9 cleavage product has been found in the
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conditioned media of neutrophil and monocyte cultures, which suggests that
meprins are involved in MMP-9 activation during an immune response [57].

Consistent with the function of TIMPs as metalloproteinase inhibitors, neu-
trophils migrated more rapidly to the site of infection in Timp1 −/− mice, and
TIMP-1 deficiency amplified the immune response in a mouse model of acute lung
injury. Moreover, neutrophil inflammation was sustained in the absence of TIMP-3
in a mouse model of bleomycin-induced lung injury, which indicates that TIMP-3
suppresses neutrophil entry and/or promotes the resolution of inflammation [59].

Once they are proximal to the site of infection, neutrophils extravasate through
blood vessels and tissues by making a series of molecular contacts with the vascular
endothelium. L-selectin (also known as CD62L) is expressed by neutrophils and
participates in their adhesion to vascular endothelial cells. The final step in the
neutrophil response is the elimination of the foreign invaders, mainly through
phagocytosis, the generation of reactive oxygen species (ROS) and the release of
microbicidal substances. As mentioned above, MMP-9 is the major component of
gelatinase granules that are secreted from neutrophils following stimulation with
IL-8. As MMP-9 cleaves the N-terminal fragment of IL-8 to increase its activity, a
positive feedback loop for effective neutrophil degranulation and pathogen clear-
ance seems to be established at the site of infection. In certain pathological settings,
this neutrophil-derived metalloproteinase activity has deleterious effects. Chronic
obstructive pulmonary disorder (COPD) is characterized by prominent neutrophilic
inflammation, and the associated metalloproteinase release is refractory to gluco-
corticosteroid treatment [57].

Neutrophils normally undergo apoptosis and clearance by phagocytosis, which
leads to the resolution of acute inflammation. Recent studies highlight novel
functions for metalloproteinases in these processes. Peritoneal neutrophils from
Adamts12 −/− mice showed a reduction in annexin-V staining, which indicates that
this protease is associated with neutrophil apoptosis [80]. These examples reiterate
the importance of metalloproteinase function in neutrophil-mediated immune
responses.

Versican and Immunity

Versican has been suggested to contribute to hyaluronan fragment activation of
macrophages, and enhanced cancer metastasis through induction of the hyalur-
onidases. Several inflammation-associated cytokines, including transforming
growth factor-b1, -2, -3, and platelet-derived growth factor (PDGF), have been
shown to increase biosynthetic levels of both versican and HA, while IL-1b, and
IFN-c have been shown to reduce levels of versican [11]. Leukocyte trafficking and
localization to regions of inflammation mediated by interaction with cell-adhesion
receptors functions as a critical initiating step in the inflammatory cascade. Specific
chondroitin sulfate (CS) chains on versican preferentially bind to chemokines
known to attract mononuclear leukocytes. Versican itself is capable of binding to a
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number of cell surface receptors present on leukocytes through interaction also
mediated by CS chains, including both L- and P-selectins and CD44 [42]. Direct
binding of P-selectin glycoprotein ligand-1 (PSGL-1) by the G3 domain of versican
has also been shown to cause aggregation of leukocytes. Together, these
HA-binding proteins contribute to the maintenance of tissue integrity and to direct
cell–ECM interactions in normal and pathological conditions. Many of the adhesive
properties of hyaluronan polymers depend upon the presence of HA-binding pro-
teins, and together with IaI, HCs, TSG-6, and versican contribute to a dynamic
extracellular environment capable of directing cell adhesion and the production of
inflammatory cytokines [93].

Hyaluronan and Immunity

Within the last year, the role of hyaluronan as an endogenous activator of innate
alloimmunity has been investigated [67]. Recent studies have described that the
hyaluronan receptor, CD44, modulates these innate immune responses by aug-
menting regulatory T cell function, and the expression of negative regulators of
toll-like receptor signaling. Hyaluronan activates innate alloimmune responses and
subsequently influences adaptive alloimmunity.

In regulatory T cells, HMW-HA stimulates STAT5 signaling through CD44
cross-linking, promoting their maintenance and thereby inhibiting their prolifera-
tion. Conventional T cell precursors stimulated with HMW-HA produce IL-10, and
infusion of these cells attenuates the disease course in a murine model of colitis
[12].

CD44 is a type I transmembrane glycoprotein and is widely regarded as the
major cell surface HA-binding protein. Widely studied in several contexts, CD44
interactions with HA have important roles in tumor metastasis, lymphocyte adhe-
sion, T cell signaling, angiogenesis, and inflammation. CD44 is expressed on many
cell types that contribute to inflammation including leukocytes, neutrophils, mac-
rophages, chondrocytes, fibroblasts, epithelial, and endothelial cells. While the
glycosaminoglycans (GAGs) of CD44 can bind to cytokines, growth factors, and
extracellular matrix proteins such as fibronectin, the majority of the functions of
CD44 depend upon its ability to bind to hyaluronan [93].

Toll-like receptors function as surveillance receptors, interacting with a number
of microbial-derived molecules and activating the innate immune system in
response to pathogen-associated molecular patterns. Increasingly, the TLRs are also
shown to sense damage-associated molecular patterns in response to injury as well.
The idea that endogenous matrix degradation products act as regulators of cellular
processes is not a new one, but with respect to GAG fragments, the role of HA is
the best studied. Hyaluronan is a component of the cellular coat on some pathogens
and many of them also express hyaluronidases. The presence of a HA coat likely
assists in evasion by the immune system, while the hyaluronidase enzymes may aid
in colonization of the host [76].
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Thrombospondins and Immunity

During the early stages of injury and inflammation, high levels of
thrombospondin-1 increase the tolerance of dendritic cells (DCs) to antigens,
ending the inflammatory response. TSP-1 can modulate inflammation by inhibiting
or enhancing the secretion of the cytokine interleukin 10; by this way, TSP-1 can
also regulate the functions of DCs. Thrombospondin-1 has been recently shown to
induce regulatory T cells and impair dendritic cell maturation in a melanoma model
[61]. In addition, after adding IL-6, IL-10, or TGF-b1 to cultured DCs, they become
immune tolerant and show upregulation of intracellular TSP-1. This protein also
inhibits the function of antigen-presenting cells by suppressing their capacity to
sensitize T cells in the host. CD47 has also a crucial role in T cell activation.
Interaction of TSP-1 with CD47 promotes the activation of thymus-derived
CD4+ CD25+ T regulatory cells (Tregs). Through this mechanism, CD47 helps to
maintain self-tolerance inducing a suppressive phenotype [37].

It has been recently reported that bacterial pathogenesis may be mediated by
CD47. Suppression of CD47 or TSP-1 expression in dendritic cells by using small
interfering RNA (siRNA) technique actually protects newborn mice against bac-
terial (Escherichia coli) meningitis. Again, the loss of CD47 activity prevents the
maturation of the DCs and the production of inflammatory cytokines [79]. In
conclusion, CD47 seems to have pivotal functions in inflammation and immunity
and provides a major mechanistic pathway for the functions of TSP-1 in that
process.

Finally, the deficiency of CD36 enhances the severity of bacterial and malaria
infection. Cd36 −/− mice exhibit an impaired early pro-inflammatory response to
infection, elevation of cytokines, and higher mortality. These findings suggest that
CD36 is quite critical for the recognition and clearance of pathogens in acute and
chronic infections. By binding to this receptor, TSP-1 could modulate the inflam-
matory process by activating macrophages and favoring phagocytosis. During
chronic inflammation, these adaptive immune mechanisms provide defense against
diseases and are regulated by cellular interactions and cytokines. B lymphocytes
secrete antibodies that bind to infectious agents and label them for destruction or
elimination. Once inside a cell, a pathogen becomes inaccessible to those antibodies
and cytotoxic T cells could destroy them by inducing apoptosis of the cell host.
Regulatory T cells can modulate the secretion of cytokines enhancing the functions
of macrophages and B lymphocytes. Thrombospondin-1 has been reported to
decrease immune responses by inhibition of T cell effectors, or by directly inducing
T cell apoptosis. In addition, by binding to a4b1 integrin, TSP-1 promotes T cell
adhesion and chemotaxis [72].
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Chapter 5
Biologically Inspired Materials
in Tissue Engineering

Gianluca Fontana, Luis M. Delgado and Daniela Cigognini

Abstract The extracellular matrix (ECM) has unique biochemical, mechanical and
organisational properties through which it provides a physical scaffolding for cells;
a barrier that protects tissues; several signals that affect cell behaviour; and a
reservoir for biologically active molecules. Considering the importance of ECM in
regulating many fundamental cell processes, a myriad of strategies and materials
has been developed to reproduce its properties. The first part of the chapter covers
various approaches aiming to generate scaffolds whose fibre size, orientation and
stiffness could mimic the ECM nanofibrous structure. In particular, the use of
natural fibrous proteins, the application of electrospinning and freeze-drying and
examples of tissue engineering applications are presented. The second part dis-
cusses strategies aiming to address the ECM ligand-binding function and to
reproduce the dynamic, reciprocal, dialogue between cells and their microenvi-
ronment; examples of 3D scaffolds for controlled release of growth factors, drugs
and genetic material are reported. Researchers have also used native ECM com-
ponents to recapitulate the biochemical and biophysical properties of ECM. In the
third part of the chapter, the use of fibrinogen and fibrin is presented as an example
of natural scaffolds recapitulating ECM functions. Fibrinogen and fibrin can be used
as provisional matrix in regenerating tissues; moreover, by varying the fabrication
method and by blending them with other materials, it is possible to produce
biodegradable scaffolds with reasonable control of degradation rate and drug
release.
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Functional Fibrous Scaffolds for Tissue Engineering
Applications

The term of ‘fibrous scaffold’ refers to a 3D fibrous network of molecules that
closely mimics native tissues. Fibrous structures can present two different archi-
tectures: interconnected micropores and nano- or micro-scaled fibres [1, 2]
(Fig. 5.1). Both fibrous architectures are characterised by continuous fibres or thin
layers, high surface to volume ratio, high porosity, adjustable fibre diameter/fibre
distribution/pore size/pore distribution and interconnectivity [3–5]. The attractive-
ness of fibrous scaffolds for tissue engineering is on the broad range of suitable
biomaterials (natural or synthetic) [6]; the possibility of tuning the fibrous structure
[7] and biomechanical strength [8] by varying the fabrication method; the ability to
enhance nutrient transport [9]; and to support cell ingrowth [10].

Fibrous proteins are attractive natural materials because cells can recognise and
attach to specific sites. Moreover, fibrous proteins such as collagen, elastin, keratin
or silk consist of highly repetitive amino acid sequences that form secondary
structures (e.g. triple helices or beta-sheets) during self-assembling, mimicking
native tissue structure. Another advantage is the degradation into non-toxic prod-
ucts [11]. However, some fibrous protein scaffolds display low mechanical prop-
erties and exogenous crosslinking does not induce enough stability; therefore,
fibrous proteins are mixed with synthetic polymers to increase mechanical perfor-
mance [12]. Table 5.1 provides examples of natural materials used to produce
fibrous scaffolds for tissue engineering applications.

Collagens are the most abundant components in the extracellular matrix
(ECM) of connective tissues, constituting 20–30% of total proteins of human body
[13]. To date, 29 different collagen types have been identified [14] and all types
share a common [Gly-X-Y]n sequence, where frequently X is proline and Y is
hydroxyproline [15]. Among all collagen types, collagen type I is the most abun-
dant in the body, and therefore, it is the most widely studied [16, 17], followed by
the denatured form of collagen, gelatine [7]. Collagens are attractive biomaterials

Fig. 5.1 Images obtained by scanning electron microscopy of different fibrous scaffold structure
formed by micropores (sponge, left), nano- or micro-fibres (electrospun film, right)
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Table 5.1 Example of materials, formulations and applications of fibrous scaffolds

Material Formulation Tissue
engineering
application

Outcome References

Collagen Hydrogel Intervertebral
disc repair

It maintained NP cells
phenotype over 14 days

[26]

Collagen Electrospun film Wound healing It promoted keratinocytes
adhesion and spreading; it
accelerated wound healing

[27]

Collagen/
PEUU

Electrospun film Wound healing PEUU increased mechanical
properties, but reduced cell
infiltration and remodelling,
delaying wound healing

[12]

Collagen Film Wound healing Crosslinked collagen type I film
with increased mechanical and
enzymatic resistance that
modulates macrophage
response

[21]

Elastin Film Wound healing It maintained structural integrity
and prevented hernia recurrence
during wound healing

[44]

Elastin Vesicle Wound healing Tuneable elastin vesicles for
growth factor release with
controlled degradation rates

[45]

Elastin/
collagen

Freeze-dried
sponge

Wound healing Non-cross-linked sponge
induced wound healing with
minimal foreign body reaction

[120]

Keratin Hydrogel Wound healing It promoted in vitro cell
proliferation and accelerated
re-epithelisation in vivo

[64]

Keratin Hydrogel Peripheral
nerve repair

It improved functional nerve
recovery in a rat model

[61]

Keratin Hydrogel Wound healing Tuneable elastin vesicles for
drug release with controlled
degradation rates

[62]

Silk Gel tubes Vascular grafts It increased cell attachment and
ingrowth of artery smooth
muscle and endothelial cells

[71]

Silk Electrospun film Wound healing It promoted keratinocytes
adhesion and spreading,
especially when combined with
collagen coating

[121]

Silk Electrospun
conduit

Vascular grafts Electrospun silk fibroin grafts
enhanced small blood vessels
repair

[73]
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because they are recognised by the host tissue as normal constituents rather than as
a foreign matter [17]. Other advantages of collagen are its abundance and the ease
of functionalisation with therapeutic moieties. However, the mechanical and
enzymatic stability of collagen produced from animal/human source is minimal
because natural crosslinking does not occur in vitro. For that reason, exogenous
crosslinking (chemical, biological or physical) is required to control stability and
durability in the body [18–21], even though crosslinking has been associated with
cytotoxic issues [22], scaffold calcification [23] and foreign body response [24, 25].

Collagen-based materials can be used in different forms—hydrogels, fibres, films
and sponges—for tissue engineering. For example, self-assembled collagen
hydrogels have been shown to be a promising candidate as cell carrier for adipose
stem cells and nucleus pulposus cells [26]. Electrospun collagen has been able to
enhance wound healing [27, 28]; however electrospinning processing can denature
collagen [29]. Although collagen is mainly extracted from porcine, bovine and
human tissues [30], these sources carry the potential risk of disease transmission
[31], allergic reactions [32], immunogenicity [33] and variability between batches
[30, 34]. In order to avoid these possible issues, fish-extracted collagen and
recombinant human collagen have been proposed as possible alternatives [35, 36].
Recombinant collagen from transgenic tobacco plant, mammalian cells, bacteria or
silkworm have been employed in research [30, 36, 37], whereas fish-extracted
collagen has been rarely used [38] because of its non-mammalian origin.

Elastin is a rubber-like protein that exhibits high elasticity, low stiffness and high
resilience [39]. Therefore, elastin is a crucial protein in tissues requiring large
stretching and shape recovery, such as blood vessels, ligaments, lungs or skin [39].
In the same way, elastin-based scaffolds are particularly interesting for tissue
engineering applications that require large elastic deformation [40, 41]. As for
collagen scaffolds, mechanical and biological stability of elastin-based scaffolds can
be increased by means of chemical crosslinking [40]. Elastin is composed of
approximately 800 amino acids, and it is synthesized from tropoelastin that is
formed by two domains: hydrophobic domains—mainly glycine, valine, alanine
and proline residues—, and hydrophilic domains—predominantly lysine and ala-
nine residues [42]. The principal sources of elastin are solubilised elastin from
mammalian tissues and recombinant elastin-like protein [43]. The main advantage
of recombinant elastin is the better control over the physical and chemical char-
acteristics of the resulting scaffold in comparison to solubilised elastin [40]. For
example, elastin-like proteins have been used to produce films for hernia repair
[44], carrier for growth factor [45] or gene therapy [46].

Elastin has good hemocompatibility, anti-thrombogenic properties and regula-
tory functions over luminal endothelial cells and vascular smooth muscle cells [47].
Consequently, elastin is an excellent biomaterial for vascular applications [48, 49].
Elastin-coated polymeric or metallic devices have been used for increasing
hemocompatibility [50] and for decreasing platelet adhesion, fibrin deposition [51,
52] and implant calcification [53]. Nevertheless, the success of elastin coating may
be affected by the chemical modifications required to covalently bond elastin to the
device surface [54]. Elastin has been also proposed to construct blood vessels;
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however, the use of elastin alone has limited applications due to the low ultimate
tensile strength of the scaffold [54]. Therefore, the combination of elastin with
polyurethane (PU), poly-lactic-co-glycolic acid (PLGA) or polycaprolactone
(PCL) has been explored to improve mechanical properties [55–57]. Finally,
industrial and clinical use of elastin-based scaffolds has been limited by the issues
related to elastin extraction process, which can compromise its biomechanical and
biological properties [54].

Keratin is one of the main constituents of skin, hair and nails [58]. Keratin
contains cell-binding motifs, such as RGD and LDV, that enhance cell attachment,
migration and proliferation [40]. In addition, waste products from the poultry
processing can be used as source of keratin. This fact ensures a cheap and con-
tinuous source, and therefore, keratin extraction has been widely investigated.
Keratin can be extracted by oxidative or reductive methods, but only reductive
extraction with DTT or mercaptoethanol ensures long in vivo stability of recon-
stituted scaffolds [40]. These keratin solutions can be employed to produce hy-
drogels, sponges, films and fibres [59].

Although keratin-based products are well known in cosmetic industry, its clinical
use is limited because of its low mechanical properties and extremely high flexibility
[60]. However, keratin hydrogels and films have been demonstrated to promote
proliferation of endothelial cells, keratinocytes and fibroblasts, and to regulate
Schwann cells activity [61]. Furthermore, keratin-based scaffolds have been suc-
cessfully used as tuneable drug delivery system [62], to improve nerve repair [63] to
accelerate epithelisation and wound remodelling [64] in preclinical models.

Silk is a lightweight, strong and elastic protein produced by several insects and
spiders [65]. The two main components of silk are sericin and fibroin; sericin is a
glue-like protein that links fibroin fibres, while fibroin is a structural protein
commonly used to produce scaffolds [66]. Silk fibroin is composed of glycine-X
sequences, where X is often alanine, serine, threonine and valine [67] and is typ-
ically extracted from silkworm chrysalis [68]. Silk fibroin can be easily processed in
water or other solvents to form hydrogels, fibres, films or sponges [69]. The
degradation rate of silk-based scaffolds can be adjusted from few months to up to
1 year by modifying processing parameters, such as the solvent, fibroin concen-
tration and pore size [70].

Silk fibroin has been used for producing blood vessels with successful attach-
ment and ingrowth of both smooth muscle and endothelial cells [71, 72]. Indeed,
electrospun silk fibroin grafts have been demonstrated to be an encouraging strategy
to repair small blood vessels [73], as they promote endothelial cell and smooth
muscle cells infiltration and the development of an elastic lamina on the internal
surface of scaffolds in a short term [74]. In addition, silk electrospun films have
been studied as potential candidates for wound healing dressings due to their
protective capacity against dehydration and microorganisms and their remarkable
mechanical properties [75–77]. Clinical data concerning silk, that is mainly used for
suturing, suggest that silk is well tolerated at short term with few cases of hyper-
sensitivity associated with sericin residues [69]. However long-term immune
response to this non-mammalian derived material is still unknown [69].
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To date, a few different fabrication techniques have been established to produce
fibrous scaffolds. These techniques include electrospinning, self-assembling and
freeze-drying.

Electrospinning is a fabrication method to produce nonwoven films or conduits
with high interconnected porosity and controlled fibre diameter in the range of few
nanometres to microns [78]; however, distance between fibres cannot be controlled
[75]. Electrospinning is a versatile and high cost-efficient technique to mimic nat-
ural and fibrillar structures of native tissues [3]. Additionally, electrospun materials
exhibit a high surface to mass ratio, which increases the availability of material
motifs and the potential effect on cell response. Therefore, it is advocated as a
strong technique to produce fibrous scaffolds for several different tissue regenera-
tion applications, for instance neural [79], tendon [80], cornea [81], wound healing
[12] and cardiovascular [9] applications.

The basic set-up of electrospinning includes a spinneret (e.g. a hypodermic
needle with blunt tip), a syringe pump for ejecting the polymer solution, a power
supply and a collector. The polymer needs to be dissolved in a highly volatile
solvent. During the extrusion, an electric field gradient is applied between the
metallic spinneret and the target collector. This electric gradient induces electro-
static forces that form a jet, accelerate it toward the metallic collector and promote
solvent evaporation. As a result, a fibre with electric charge is deposited onto the
collector. Fibre orientation can be obtained using rotating drum at different speeds
[3, 78, 82]. The modulation of several parameters allows the control over fibre
diameter and alignment. Fibre diameter is controlled by concentration [83], voltage
[83], spinneret diameter [83], extrusion rate [84] and distance between spinneret
and collector [84]. Furthermore, porosity and pore shape have been recently con-
trolled by collectors having a predefined architecture [85]. Although the influence
of process parameters has been widely studied, it is still difficult to predict the ease
of electrospinning for each material and the resulting fibre characteristics, such as
diameter, porosity and stiffness. Moreover, for some materials, it is difficult to
obtain fibres displaying an uniform diameter and not presenting globules [69].

The current trend in electrospun fibrous scaffolds is to mimic the fibre size of
native tissues [6], like collagen fibrils, which have a fibre diameter of 10–500 nm
[18]. Furthermore, fibre orientation has been shown to affect the outcome of the
treatment. In tendon repair, parallel-aligned fibres induced in vitro differentiation of
tendon progenitor cells into tenocytes and promoted tendon-like tissue in vivo,
while random fibres induced mineralisation [86]. Also, parallel-aligned fibre films
promoted peripheral nerve regeneration in rats [87]. On the other hand, radially
aligned fibres have been employed to generate dura mater substitutes [88], while
random fibres have been mainly used for wound healing [12]. Even though the
response to electrospun materials has been widely investigated in vitro, the host
response in vivo is not yet well defined [69].

Self-assembly is defined as the spontaneous organisation of disordered com-
ponents into patterns or structures, without external intervention [89]. It usually
involves the formation of non-covalent interactions such as van der Waals forces,
hydrogen bonds, electrostatic forces and hydrophobic interactions [89]. Some
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natural occurring examples are collagen and phospholipids. An aqueous solution of
atelocollagen, which is collagen solubilised by proteases, self-assembles into
pro-collagen and forms fibrils [90]. By taking advantage of this phenomenon,
several collagen forms can be produced, such as hydrogels, single thick fibres,
bundles of thick fibres and aligned collagen fibrils. Single collagen fibres can be
obtained when collagen solutions are extruded and incubated in polyethylene glycol
buffer; this method allows for the production of fibres with diameter ranging
between 1 and 300 µm, which imitate the structure of native tendon [91]. Also,
bundles of collagen fibres have been used for axonal guidance in nerve repair [92].
Furthermore, in order to control neurite outgrowth, collagen fibrils have been
aligned using isoelectric focusing principle [93]. Self-assembled scaffolds can
present reproducibility issues due to the sensitivity of self-assembling process to
several variables, such as protein purity and concentration, pH, ionic strength and
temperature. For example, the self-assembling rate, fibrils structure and isoelectric
point of collagen type I are directly modulated by pH [94]. The shape of the scaffold
can be controlled by using a mould, and some innovative forms, such as core-shell
fibres, have been used as stem cell delivery system and defect-adjustable tissue
engineering system [95–98].

Also synthetic peptides have shown self-assembling properties. For instance, the
peptide amphiphile molecules are composed by a hydrophobic alkylic tail and a
hydrophilic peptidic head and they can self-assemble into hydrogels in response to
temperature or pH changes [99, 100]. Peptides containing an alternation of polar
and non-polar residues, which form a double-beta sheet structure in water, are
another example of self-assembling. These peptides, such as RADA16-I, have been
widely used for regenerative medicine purposes [101, 102]. Scaffolds formed by
self-assembling sequences can mimick the structure of ECM; however, specific
functional sequences can be added to improve cells adhesion or control cell
behaviour, for example RGD [103], IKVAV [104] or BMHP1 (Bone Marrow
Homing Peptide) [103]. Despite low mechanical properties restrict the use of
self-assembling peptides to treat small tissue defects, they have been successfully
employed for spinal cord [105, 106], bone [100], cartilage [107] or skin [108] repair
in animal models.

Freeze-drying processing, also known as lyophilisation or phase separation, is a
simple dehydratation method for producing porous scaffolds. The material is frozen
in order to induce the formation of ice crystals, and then ice is removed by sub-
limation, creating a 3D porous network. With respect to the previous described
fabrication methods, some advantages of freeze-drying are reproducibility and the
possibility to obtain several engineered shapes, as this technique uses moulds for
processing. Similarly to electrospinning and self-assembling, freeze-dried scaffolds
display low mechanical properties. These materials can be crosslinked to increase
enzymatic resistance, while mechanical properties are slightly improved [18].

Freeze-dried fibrous scaffolds show layers between 50 and 500 nm, pore sizes
over 50 µm, high porosity and interconnected pores, which can enhance cell and
tissue infiltration [109, 110]. The modulation of temperature gradients during
freezing allows the control of pore direction and pore size [111]. Freeze-dried
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materials exhibit higher adsorption of protein when compared to bulk/solid mate-
rials; this property is related to the high surface to mass ratio. Due to the benefits of
this fabrication method, freeze-dried scaffolds have been widely used in tissue
engineering, including wound healing [112], spinal cord [113], nerve [114], carti-
lage [115] and tendon [116] repair. For example, freeze-drying was used to produce
sponges with aligned channels that guided linear axonal growth after spinal cord
injury [110, 113]. Freeze-dried collagen sponges with oriented channels supported
axonal regeneration also in peripheral nerve injury [114]. Moreover, functionali-
sation of freeze-dried multichannel collagen conduits has been shown to improve
nerve repair by increasing aligned axonal regeneration [117]. In the same way,
aligned collagen sponges have been used to stimulate tenocytes infiltration and
orientation [118, 119]. In order to improve scaffold stability, collagen sponges were
reinforced with silk and the resulting sponges supported tendon repair over
18 months [116]. Collagen type II sponges promoted in vivo cartilage formation:
chondrocytes infiltrated the sponge and formed new cartilage in 6 weeks [115].

In conclusion, fibrous scaffolds provide structural, biomechanical and bio-
chemical support to cells and new tissue formation; therefore, fibrous scaffolds are a
suitable clinical strategy to enhance functional reconstruction of tissues and organs.
These materials have the advantage of mimicking ECM characteristics, and their
properties can be adapted using different biomaterials and processing techniques.
Although results are encouraging, further research is needed to overtake some
limitations of each material and technique, for example immunogenicity of
biopolymers, reproducibility of some fabrication methods or low mechanical
properties of reconstituted scaffolds. Future investigations should evaluate how to
scale up extraction of biopolymers and scaffold fabrication, controlling homo-
geneity between batches. Further research is also required to correlate scaffold
characteristics and biological response.

3D Drug Releasing Scaffolds

Advances in proteomics and genomics have led to the identification of several
biomacromolecules with therapeutic relevance such as proteins, antibodies, pep-
tides, plasmid DNA and small interfering RNA. This has prompted extensive efforts
to develop efficient in vivo drug delivery systems (Table 5.2). However, the
influence exerted by the microenvironment in which the cells reside remains
underappreciated. The microenvironment includes the ECM and the complex array
of cues that actively participate in the crosstalk between cells and the ECM.
The ECM, in fact, is not only responsible for maintaining the integrity of the tissues
and allowing diffusion of nutrients, but also it provides instructive cues that
influence cell behaviour, dictating cell ability to proliferate, differentiate and to
produce matrix [122–127]. Also, ECM acts as a natural reservoir of growth factors
and other bioactive molecules [128–131].
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Table 5.2 Examples of strategies for controlled drug delivery from 3D scaffolds

Bio-molecule Material Type of strategy Outcome References

VEGF Type I
collagen

Covalent
incorporation

The covalent incorporation of
VEGF enhanced the angiogenic
capabilities of the collagen
matrices

[152]

VEGF Fibrin Immobilization,
use of
enzymatically
labile sequences

The immobilization of VEGF
within the scaffold allowed
cell-demanded release with
increased formation of new
blood vessels with normal
morphological appearance

[154]

VEGF PEG Covalent
incorporation

The subcutaneous implantation
of VEGF-containing scaffolds
in rats resulted in remodelling
of the scaffold and formation of
native, vascularised tissue

[156]

bFGF Type I
collagen

Immobilization Scaffolds in which heparin was
immobilized showed increased
vascularisation for periods up to
3 weeks in vivo

[164]

SDF-1a Type I
collagen

Immobilization Scaffolds containing
immobilized heparin to trap the
stem cell chemo-attractant
SDF-1a were implanted
subcutaneously in mice. Only
few progenitor cells were
recruited early after
implantation

[166]

BMP-7 PLLA Particles
reservoir system

Scaffolds containing
BMP-7-loaded nanospheres
allowed for a prolonged
maintenance of therapeutic
activity of BMP-7 and resulted
in improved bone formation in
rats

[181]

BMP-7
expressing
adenovirus

Fibrin or
collagen

Embedding In vitro tests showed that
adenoviruses maintained their
therapeutic efficacy for longer
when embedded in fibrin gels.
In vivo, bone formation was
observed in animals implanted
with fibrin or collagen
virus-loaded gels

[203]

(continued)
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Even though diseases and trauma are often associated with alterations in the
structure and properties of ECM, conventional drug delivery approaches focused on
restoring cell function without repairing the microenvironment that surrounds the
targeted cells [132–134]. This uncontrolled drug delivery often results in poor
therapeutic effect or in severe side effects. An altered microenvironment can affect
the absorption and retention of the drug into the tissue. Moreover, a hostile
microenvironment can accelerate the degradation or denaturation of the bioactive
molecule, resulting in a poor outcome of the therapy. In fact, the pharmacokinetics
in the host tissue is often characterised by an initial excess followed by a sharp
decrease [135–137]. In order to counterbalance this transient effect, biomacro-
molecules are often delivered at high doses, which can lead to severe side effects, as
reported in both animal and clinical studies [138, 139].

Due to these limitations, current research focused on developing 3D drug
releasing scaffolds which can mimic ECM and can also restore the altered
microenvironment [140, 141]. Scaffolds were found not only to preserve and

Table 5.2 (continued)

Bio-molecule Material Type of strategy Outcome References

Plasmids HA/PEG Controlled
degradation

Plasmids were stably
incorporated into hydrogels
with different HA/PEG content.
The cumulative release
increased with a decreasing
PEG or increasing HA content.
The study demonstrated the
dependence of plasmid release
on the physical properties of the
hydrogel

[170]

Radiologic
tracer

b-peptides Enhanced water
diffusion

Supramolecular hydrogels were
developed by using b-peptides
and loaded with a tracer. For
12 h post-injection in rats, the
tracer was released from the
hydrogel in a uniform and
sustained manner

[177]

Lactate PLDLLA Controlled
degradation

The scaffold was designed with
a high degradation rate in order
to release lactate. 1 year after
implantation into mouse brain,
the scaffold induced robust and
functional vascularisation and
neurogenesis

[178]

IGF-1 Bone
marrow
aspirate

Adenoviral gene
transfer

Bone marrow aspirates were
successfully transduced ex vivo.
80% of the cells expressed the
transgene over 21 days of
culture

[208]

122 G. Fontana et al.



prolong the biological activity of biomacromolecules but also to allow controlled
drug release according to the needs of the targeted tissue [142, 143]. Furthermore,
by using ECM-derived biomacromolecules as building blocks, scaffolds can not
only mimic the 3D architecture of the in vivo microenvironment but also influence
and control cell behaviour. These biomimetic scaffolds take advantage of the body’s
inherent ability to heal by guiding the repair process with the delivery of selected
bioactive molecules [144–149]. The major challenge when designing ECM-based
scaffolds is the identification of the appropriate combination of signals and their
spatio-temporal organization to enable formation of functional tissue [143].

An example of such biomimetic approach is given by the delivery of vascular
endothelial growth factor (VEGF) in therapies aiming at increasing tissue angio-
genesis for the treatment of critical limb ischeamia or simply to increase the for-
mation of new blood vessels within scaffold implants [150–153]. A common
problem found in such therapies is the production of malformed and leaky blood
vessels as a result of uncontrolled, often excessive, release of VEGF [154].
Therefore, VEGF release needs to be tightly controlled [139, 155]. In the body,
VEGF is bound to ECM components until it is released by the cellular enzymatic
activity. In an attempt to mimic this phenomenon, Ehrbar et al. used a variant form
of VEGF containing the sequence NQEQVSPL, which is a substrate for the
transglutaminase FXIII [154]. This strategy mimics the transglutaminase
FXIII-mediated incorporation of a a2-plasmin inhibitor in the blood clot during
coagulation. When the modified VEGF was mixed with transglutaminase FXIII,
fibrin and thrombin, VEGF was immobilized in the resulting fibrin network. This
elegant approach not only allowed the maintenance of VEGF activity for a pro-
longed period but also it enabled VEGF release according to the spatial and tem-
poral demand of the tissue, leading to formation of morphologically intact blood
vessels [151, 154, 156–159]. In this process, which is known as ‘dynamic
reciprocity’, the cells and the surrounding scaffold mutually influenced each other,
resulting in scaffold remodelling and progressive release of the immobilized growth
factor.

In general, encapsulation of growth factors in enzymatically labile natural hy-
drogels such as matrigel, fibrin or collagen, enhances their effect on target cells. For
example, this was seen in fibrin matrices, where the incorporation of VEGF facili-
tated the formation of capillary sprouts [151, 156]. The immobilization of heparin to
collagen matrices, crosslinked using N-(3-dimethylaminopropyl)-N′-ethylcarbodii-
mide (EDC) and N-hydroxysuccinimide (NHS), has been successfully employed for
binding and release of growth factors from 3D matrices [160]. These matrices were
employed to trap and deliver VEGF [161–163], fibroblast growth factor-2 (FGF-2)
[160, 164, 165] and stromal cell-delivered factor-1 (SDF-1a) [166].

Although the sustained delivery of tethered growth factors resulted in an
enhanced and prolonged response in vivo [167], 3D scaffolds can be also suc-
cessfully functionalized by harnessing the affinity between growth factors and ECM
components [168]. Since the release of non-immobilized growth factors is not
solely dependent on proteolytic activity, these systems offer a tuneable release
pattern [169]. For example, it is possible, particularly when using hydrogel systems,
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to obtain good control over drug release profile by simply varying scaffold prop-
erties such as pore size or swelling ratio, which can be easily modulated by
changing scaffold hydrophilicity, crosslinker molecular weight or the extent of
crosslinking [170, 171]. For instance, an increase in pore size can favour cell
infiltration and proteolytic degradation by immune cells, which in turn accelerates
drug release; also, an increase of scaffold hydrophilicity can enhance drug delivery
by accelerating bulk degradation via hydrolysis [102]; for example, the degrad-
ability of PEG hydrogels can be controlled by varying the length of hydrolytically
degradable units within the polymer crosslink [172].

However, a scaffold with controlled biodegradation must degrade into non-toxic
products [173], and the method chosen to control the degradation rate should not
affect the mechanical properties, in particular the stiffness, of the scaffold. A good
example is the approach proposed by Kong and colleagues that aimed at acceler-
ating the degradation rate of alginate hydrogels without affecting their stiffness.
Alginate degradation can be accelerated by increasing its oxidation degree; how-
ever, it also results in softer gels. To overcome this issue, they adjusted the
molecular weight distribution (MWD) of oxidised alginates without varying the
number of oxidised uronic acids, thus achieving both regulation of the degradation
rate and maintenance of the elastic modulus [174].

Nonetheless, changes in the degradation rate of hydrogels can affect their ability
to retain and transport fluids. This issue is particularly important when hydrogels
are used as cell carrier, which requires controlled pore size to allow the exchange of
nutrients and the release of their paracrine products. Kang et al. [175] developed a
3D hybrid scaffold in which a 3D framework and a hydrogel were combined to
enhance the mechanical properties without chemically altering the transport prop-
erties of the hydrogel. This system consisted in the injection of a mixture of
dopamine-releasing cells and an alginate gel into the internal space of a 3D
framework of Ormocomp®. Release studies revealed that the encapsulated cells
were able to secrete dopamine for over 8 weeks in vitro and the introduction of
RGD peptides into the alginate hydrogel increased the release rate. Moreover, the
performance of the system was tested in a mouse model: the subcutaneous
implantation of the hybrid scaffold mixed with encapsulated cells showed no signs
of immune rejection after 7 days, indicating that the system shielded the exogenous
cells from the host immune system while enabling cells to fulfil their paracrine
function [175].

Another innovation in the field of 3D drug-releasing scaffolds is the develop-
ment of supramolecular hydrogels. Conventional hydrogels have a less flexible pore
size due to the presence of covalent bonds, thereby limiting the responsiveness to
the surrounding environment [176]. Supramolecular hydrogels instead are formed
by small molecule hydrogelators that self-assemble into 3D networks of nanofibers.
These hydrogels show the ability to imbibe large amounts of water, and also to
change their pore size as a result of the reassembly of the hydrogelators during the
shrinkage/swelling processes [176]. These properties favour the diffusion of
molecules from the delivery system in response to microenvironmental changes.
Liang et al. tested the use of supramolecular hydrogels for controlled drug release
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in vivo. The hydrogel was developed by using b-peptides composed of unnatural
amino acids that act as hydrogelator [177]. As a proof of concept, the hydrogel was
loaded with radioactive tracers and implanted in a rat subcutaneous model. The
release of the tracer was tracked for 12 h post-injection. Single photon emission
computed tomography (SPECT) images revealed that the blood concentration of the
tracer was maintained in a narrow range during this period, indicating a uniform and
sustained release from the hydrogel [177].

In an in vivo study [178], a poly(L-lactide-co-D,L-lactide) (PLDLLA) scaffold
was designed with a high degradation rate in order to release lactate, a common
cellular cue that induces angiogenesis [179] and supports neuronal progenitor
metabolism [180]. These scaffolds were also designed with a controlled topography
to mimic the 3D organization of radial glia. Following implantation of these
cell-free scaffolds into a mouse model of injured brain, the animals were monitored
over 15 months. The radial scaffolds induced robust and functional vascularisation
and neurogenesis for more than 1 year due to the delivery of appropriate metabolic
cues, the release of lactate and the controlled biophysical environment [178].

Immobilization or absorption of growth factors on 3D scaffolds can undoubtedly
increase their biological activity. However, this is generally a short-/medium-term
effect as growth factors have a short half-life (in the range of hours/days). If the
therapeutic strategy needs a prolonged delivery of the bioactive proteins, it is
necessary to provide a protective environment to maintain their biological activity.
For instance, poly(L-lactic acid) (PLLA) scaffolds were functionalized by adsorp-
tion of bone morphogenetic protein-7 (BMP-7) or by immobilization of
BMP-7-loaded nanospheres of poly(lactic-co-glycolic acid)(PLGA) [181] and they
were implanted in rats. In PLLA scaffolds loaded with adsorbed BMP-7, a failure in
bone induction was observed, whereas in scaffolds loaded with immobilized
BMP-7-loaded-PLGA nanospheres, new bone formation was found throughout the
scaffold, suggesting that nanospheres shielded BMP-7 from denaturation/
degradation and released it in a sustained manner, thus allowing osteoblast cells
to synthesize functional matrix [181].

Although the encapsulation of growth factors can prolong their effect in vivo,
their intrinsic short half-life still limits potential applications, because high doses or
repeated administrations are required to obtain the desired effect [182]. These
drawbacks can be overcome through the delivery of genetic material to the target
tissue, in order to exploit the cell machinery to produce therapeutic proteins in a
controlled and sustained manner [124, 183, 184]. Gene therapy is a powerful
approach that can stimulate local production of proteins capable of activating
autocrine and paracrine loops that influence tissue development and repair [185].
Hence, 3D scaffolds have been tailored to improve the outcome of gene delivery.
To increase the cell proliferation rate, which is necessary to allow genetic material
to enter the cell nucleus, gene therapy has been associated with delivery of growth
factors. For example, the co-delivery of basic fibroblast growth factor (bFGF) and
fibroblast cells in a PLGA scaffold was found to enhance fibroblasts proliferation
and indirectly, to increase the nucleotide uptake rate with a resulting increase in the
levels and duration of transgene expression [124, 186].
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The functionalization of the scaffold with cell adhesion molecules was also
found to influence the outcome of gene delivery [187]. For this reason, the first
scaffold that functioned as gene delivery vehicle was made of collagen, a RGD-rich
biomacromolecule [188]. Such collagen scaffolds have been employed for the
delivery of both viral [189] and non-viral vectors [190, 191]. With these approa-
ches, it was shown that it is possible to induce transgene expression in vivo which
led to tissue repair in a wide range of applications such as bone regeneration [188,
192], wound healing [193–196], muscle repair [197] and optic nerve repair [198].
Other natural polymer-based hydrogels were also used as a platform for gene
therapy. For instance, alginate, which is inert to cell adhesion and protein
adsorption [199], was functionalized with RGD peptides. The spatial distribution of
these cell adhesion peptides influenced the rate of DNA uptake by pre-osteoblasts
cells, and RGD-functionalised alginate hydrogels showed the highest transgene
expression [187, 200].

3D scaffolds were also found to prolong the half-life of viral vectors and to
shield them from the host immune response [201]. Furthermore, delivery of the
vector from the scaffold has the advantage of concentrating the transgene expres-
sion in the implant site [143]. The method used to functionalise the scaffold with the
gene vectors can also determine the gene release profile and the duration of their
biological activity [143]. For example, Schek et al. compared in vitro the bioactivity
of adenoviruses embedded in fibrin hydrogels or simply resuspended in liquid form.
When in solution, the adenoviruses decreased to half-maximal activity after only
15 h, whereas when embedded in fibrin hydrogels the half-life of the adenoviruses
was extended to 45 h [201]. The bioactivity of adenoviruses was tested also in
mice. In this study, adenoviruses bearing the gene for BMP-7 were implanted
intramuscularly: the suspended form of adenoviruses induced bone formation in
50% of the muscles, whereas the efficacy of adenoviruses embedded in fibrin
hydrogels was much higher, with bone formation occurring in 80% of the muscles
treated [201]. A drawback in the use of viral vectors for gene therapy is the
potential damage they can cause when they leak into nearby tissues. Pascher et al.
compared the delivery of viral vectors through collagen/glycosaminoglycan
matrices or via bone marrow clots (BMC) in a rabbit model. Interestingly, BMC
showed superior containment of the vector within the osteochondral defects.
Moreover, high levels of transgenic expression and deposition of healthy matrix
were observed within the clots [202]. Another interesting aspect of this approach is
the use of autologous-derived materials that can overcome the issues related to the
manufacturing process and biocompatibility of scaffolds.

To immobilize gene vectors in biomaterials, a number of techniques mimicking
the binding of viruses to ECM proteins have been developed. For instance, by using
the electrostatic interactions that occur between nucleotides and calcium phosphate
(CaP), plasmids (pDNA) can be complexed into a nanocrystalline form and
immobilized onto a surface [203]. These complexes have been extensively used as
gene vectors for the functionalisation of scaffolds for bone tissue engineering [204,
205].
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There are alternatives to viral vectors for gene therapy. Cationic polymers or
lipids are often used as complexing agents to condense pDNA to form small
particles. These complexes can penetrate the cell membrane and deliver the genetic
material intracellularly. Nonetheless, this approach has lower efficacy than viral
vectors and higher concentrations of complexes are generally required to obtain
substantial biological effects. This can often result in significant toxicity in vitro and
in vivo [206]. The use of reservoir systems, such as microspheres and nanoparticles,
in collagen hydrogels was found to significantly decrease the toxicity of complexed
pDNA [191]. Generally, pDNA delivery is more effective in actively dividing cells
as during mitosis the nucleus disassembles temporarily, facilitating the nuclear
localisation of the transgene in the newly formed cells. However, tissues that most
often are the target of gene therapy are harsh environments in which cell prolif-
eration is often impaired. For this reason, recent research is shifting toward mRNA
delivery, as mRNA does not need to enter the nucleus to be expressed, and
moreover, its structure can be modified to considerably increase its stability and
therapeutic efficacy [207].

Overall, advances in stem cell biology and biomaterial science provide exciting
opportunities for tissue engineering. Biomimetic scaffolds can be rationally
designed to take advantage of the body’s inherent healing capacity and, by incor-
porating appropriate signals, to use the body as a bioreactor and guide the healing
process. However, a more in-depth knowledge of the role of ECM in growth factor
binding/release and cell signalling will lead to more effective implants. One of the
major challenges is presenting the appropriate combination of signals in the
appropriate spatial and temporal patterns. As discussed above, the release pattern
can be controlled by modulating the degradation rate and structure of the scaffold.
Other options are the use of supramolecular hydrogels, which provide a rapid and
uniform release, or the covalent bond of growth factors, which allows a gradual
release. As growth factors present a very short half-life, the incorporation into 3D
scaffolds of genetically engineered cells or gene vectors could offer a prolonged
production in situ. However, improvements in transfection efficiency and bio-
compatibility of non-viral gene vectors will likely enable a wider adoption of gene
therapy in the clinic. Furthermore, a successful tissue engineering strategy will
depend on the development of scaffolds able to influence cell behaviour. Hence, the
integration of on-demand drug delivery systems with instructive matrices is the
future direction of 3D releasing scaffolds in tissue engineering.

Fibrinogen-Based Scaffolds

Fibrinogen and fibrin are attractive polymers for tissue engineering applications
because they can provide a natural environment and they have intrinsic healing
properties.

Fibrinogen is a 340 kDa plasma glycoprotein involved in formation of blood
clots [209]. The molecule is composed of two sets of disulphide-bridged Aa-, Bb-
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and c-chains. In response to damage to the vascular system, fibrinogen is converted
to fibrin by the thrombin-mediated cleavage of fibrinopeptide A from the Aa-chains
and fibrinopeptide B from the Bb-chains, thus initiating fibrin polymerization [210].
Fibrin monomers then self-assemble and form an insoluble fibrin network, which is
further stabilized by the factor XIIIa (plasma transglutaminase) that covalently
crosslinks the C-terminal of fibrinogen c-chains. This natural process can be
reproduced in vitro by mixing together fibrinogen and thrombin in the presence of
calcium ions [209]; then, fibrin gel can be reinforced by introducing a chemical
crosslinker, such as genipin [211]. Not only the formation, but also the degradation
rate of fibrin gels can be controlled in vitro and in vivo, by addition of fibrinolytic
inhibitors. Moreover, fibrin scaffolds can be designed to control the release of
growth factors after implantation in response to externally applied stimuli. For
example, ultrasound has been used to actively control growth factors release,
architecture, and stiffness in a fibrin scaffold doped with sonosensitive emulsion
[212]. All these characteristics make fibrin a suitable biomaterial for controlled
delivery of genes and biomolecules [213, 214].

In tissue engineering, fibrinogen and fibrin present many other advantages. Since
they are naturally designed to provide the temporary scaffold required to support
healing and revascularization [215], they can be used as an initial structural support
for regenerating tissues. Moreover fibrinogen contains RGD sequences for cell
attachment and binding sites for bioactive molecules, such as VEGF, fibroblast
growth factor-2 (FGF-2) and interleukin-1 (IL-1) [216].

Furthermore, by varying the fabrication method, fibrinogen and fibrin can be
easily shaped into a variety of scaffolds, such as hydrogels, nanofibrous films and
microporous matrices, which can be used in combination with cells and biomole-
cules in a wide range of tissue engineering applications (Table 5.3). At last but not
least, fibrinogen and thrombin can be extracted from autologous plasma. The use of
autologous fibrin greatly reduces the risk of immune reaction and infection, as fibrin
sealants produced from allogenic pooled plasma—although they are available in
standardised quality—can still have severe adverse effects, such as hypersensitivity,
anaphylactic reaction and transmission of bacteria, viruses and prions [217]. Other
issues related to commercial fibrins are the high concentration of fibrinogen, making
the fibrin scaffold too dense for cell proliferation and migration and the methods for
fibrinogen concentration which can alter the nature of the fibrin. By contrast, an
autologous fibrin scaffold has a physiological concentration of fibrinogen, thus
providing an appropriate matrix for cell ingrowth [218]. Of note, different fibrin
formulations can be used to support different cell functions [219]. For instance,
formulations containing a low concentration of fibrinogen supported human mes-
enchymal stem cells (MSC) growth, while a higher concentration increased their
osteogenic differentiation potential [219, 220].

Hereinafter, the fabrication methods of various fibrinogen- and fibrin-based
scaffolds and their application in tissue engineering are discussed.

Fibrin hydrogels are produced by mixing fibrinogen with thrombin solution in
the presence of calcium ions. Although they have been used in several tissue
engineering applications, they present the disadvantage of having low mechanical
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Table 5.3 Examples of in vitro and in vivo applications of fibrinogen- and fibrin-based scaffolds

Material Formulation Tissue
engineering
application

Outcome References

Fibrin/
fibrinogen

Hydrogel Spinal cord repair The fibrin/fibrinogen
hydrogel integrated with
the host spinal cord tissue
and supported robust
growth of axon

[229]

Fibrin Hydrogel Spinal cord repair Implants of fibrin
containing neurotrophic
factors enhanced axonal
regeneration into
transected rat spinal cord

[236]

Fibrin
crosslinked
with EDC

Hydrogel Spinal cord repair Implants of fibrin and
MSCs resulted in the
formation of
longitudinally-aligned
neurites

[237]

Platelet-rich
fibrin

Glue Bone repair Glue mixed with MSCs
and BMP-2 induced bone
tissue formation in dental
implants in dogs

[238]

Fibrin Hydrogel Cartilage repair A significant
improvement in knee
function was recorded in
four patients implanted
with fibrin glue and
autologous chondrocytes.
The graft well integrated
with host tissue

[241]

Fibrin Glue Wound healing Fibrin glue combined
with fibroblasts and
growth factors enhanced
wound healing in rabbits

[259]

Fibrin Glue Wound healing
and
vasculogenesis

In vitro, human umbilical
vein endothelial cells
proliferated and
organised themselves
into capillary-like
structures within the
fibrin matrix. The skin
substitute showed similar
structure to native skin

[247]

Fibrinogen Electrospun
scaffolds

Wound healing In an in vitro model,
fibroblasts migrated into
and remodelled the
electrospun fibrinogen
scaffold with deposition
of collagen

[249]

(continued)
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strength and rapid degradation. Indeed, fibrin and fibrinogen scaffolds lose their
structure within a few days through degradation by proteases in vitro and in vivo
[209]. To overcome these limitations, fibrin and fibrinogen hydrogels can be
(1) blended with synthetic or natural polymers, (2) crosslinked with different
chemical and biological agents or (3) functionalized with plasmin inhibitors.

Examples of materials used to achieve adequate mechanical strength are poly-
urethane (PU), poly(e-caprolactone) (PCL) and polyethylene glycol (PEG). For
instance, a composite construct made from the commercially available fibrin and
PU-based scaffold exhibited increased stability in vitro and in vivo as compared to
fibrin gels alone: in vitro, the fibrin/PU scaffold was seeded with human adipose-
derived stem cells and was shown to be able to maintain its size and weight for
21 days; in vivo, the implantation of fibrin/PU construct resulted in formation of
well-vascularized adipose tissue [221]. The same research group used the fibrin/PU
scaffold also for cartilage tissue engineering applications [222].

Table 5.3 (continued)

Material Formulation Tissue
engineering
application

Outcome References

Haemoglobin/
gelatin/
fibrinogen
crosslinked
with phytic
acid

Electrospun
scaffold

Myocardial repair The scaffold supported
MSC differentiation into
functional
cardiomyocytes and
showed an improved
delivery of oxygen

[251]

Fibrin Electrospun
film

Tissue
engineering of
soft tissues

In vitro, the scaffold
supported the attachment,
spreading, and
proliferation of human
umbilical cord
blood-derived MSCs.
The nanostructure
showed the fibre diameter
of native ECM

[252]

Fibrin Bio-printed
channels

Microvasculature
tissue engineering

The printed endothelial
cells proliferated to form
a tubular structure inside
the fibrin channel

[254]

Fibrin Fibrin-coated
substrate

Orthopaedic
tissue engineering

Fibrin can be an ideal
bioprinting substrate for
numerous growth factors.
BMP-2 immobilized to
fibrin induced spatially
defined muscle-derived
stem cell differentiation
toward the osteogenic
and myogenic lineages

[256]
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PEG is another material commonly used to increase fibrin stability. Several
studies carried out by Seliktar and colleagues showed the advantages of using a
hybrid scaffold composed of a fibrinogen backbone and crosslinked with PEG. To
include cells in this hydrogel, fibrinogen fragments were PEGylated with
PEG-diacrylates, they were mixed with the photoinitiator and cell suspension and
finally they were exposed to UV light to form a hydrogel. The mechanical prop-
erties were modulated by varying the percent polymeric composition, while the
fibrinogen backbone provided the motifs for cell attachment and proteolytic
degradation [223]. Further modifications of the PEGylated fibrinogen scaffold, such
as blending with a PEGylated albumin hydrogel [224] or incorporation of
Pluronic®F127 micelles [225], lead to the development of composite hydrogels for
3D cell culture and controlled drug release. Overall these studies showed that the
addition of synthetic materials can improve the control over mechanical stiffness of
fibrinogen or fibrin hydrogels. On the other hand, fibrinogen can be used to
functionalise synthetic hydrogels. Thrombin and fibrinogen were loaded within
PEG hydrogels and the resulting fibrin-loaded hydrogel induced higher vasculari-
sation in vivo in comparison to PEG hydrogels without fibrin [226].

Fibrin and fibrinogen can be also combined with natural materials, such as
collagen, alginate and hyaluronic acid, in order to achieve a synergistic effect on
cell behaviour. This strategy offers also the possibility to tune the stiffness and
degradation rate of the hydrogel. A recent study showed that the degree of
vessel-like structure formation was dependent on the collagen/fibrin proportion in a
composite hydrogel seeded with endothelial cells, revealing a correlation between
matrix stiffness and the degree of vasculogenesis [227]. Furthermore, hyaluronic
acid (HA) has been incorporated within fibrin hydrogels to provide structural
reinforcement to the fibrin network, as demonstrated by the improved stability in
the presence of plasmin and cell-contractile forces of a HA-fibrin hydrogel [228].
An interesting study compared the effect of four injectable hydrogels made of
collagen, fibronectin, fibrin and a blend of fibrin/fibronectin in the injured spinal
cord of rats: collagen implants resulted in dense inclusions, whereas fibronectin and
fibrin well integrated with the host tissue and enhanced neurite elongation; how-
ever, the best results in terms of biocompatibility, cell infiltration and axonal growth
were displayed by the blend fibrin/fibronectin [229].

As previously mentioned, another strategy to maintain the size and shape of
hydrogels for prolonged periods is crosslinking. By varying the concentration of
crosslinkers, it is also possible to control the degradation rate. Commonly used
crosslinking agents for natural materials are glutaraldehyde, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and genipin.

In comparison to glutaraldehyde and EDC, genipin presents the advantage to be
a naturally occurring compound with a very low level of cytotoxicity. A genipin
crosslinked human fibrin hydrogel system was seeded with human articular chon-
drocytes and implanted subcutaneously into rats, showing promising applications as
an autologous scaffold for articular cartilage regeneration, indeed genipin
crosslinking improved mechanical strength of the scaffold, enhanced ECM pro-
duction and did not significantly affect cell viability [211].
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The third approach to increase the stability of fibrin- and fibrinogen-based
scaffolds is reducing the proteolytic degradation of fibrin by using degradation
inhibitors and their stabilizers, such as factor XIII, aprotinin and e-amino-n-caproic
acid along with sufficient amounts of thrombin and calcium [209]. However,
aprotinin rapidly diffuses out of fibrin matrices and thus do not provide extended
matrix protection. A recent study reported that an engineered aprotinin variant can
be immobilized within fibrin, then providing extended longevity. The recombinant
aprotinin contained the transglutaminase substrate sequence, which allowed to
covalently crosslink the aprotinin variant into fibrin matrices during thrombin- and
factor XIIIa-mediated polymerisation. Subcutaneously implanted matrices con-
taining this aprotinin variant were detectable in mice for more than twice as long as
those containing the wild-type protein [230].

In order to enhance tissue regeneration or replace a damaged organ, cells and
biomolecules can be incorporated into fibrin hydrogels. Many research efforts have
focused on utilising fibrin hydrogels as cell-supporting scaffolds in tissue engi-
neering of adipose, cardiovascular, ocular, liver, skin, neural, cartilage, tendon and
bone tissues.

Recently, a number of preclinical studies have suggested that fibrin patches
seeded with cells hold promise for regenerating post-infarcted myocardial tissue
[231]. Overall, these studies showed that the fibrin patches could keep cells at the
site of injury and improve cardiac function, and they could also reduce the infarct
size. In contrast, implanted cells rarely moved out of the patch, emphasising the
need for a strategy that could enhance also cell migration toward the site of injury.
Of note, the fibrin patches alone, without cells, were able to enhance vascular
growth [231]. The beneficial effect of fibrin patches was further improved by
incorporation of growth factors, such as IGF-1. For example, a fibrin patch loaded
with IGF-encapsulated microspheres and three different types of cells (cardiomy-
ocytes, endothelial cells and smooth muscle cells) derived from human induced
pluripotent stem cells were tested in a porcine model of acute myocardial infarction.
The tri-lineage cell transplantation combined with IGF-1 significantly improved left
ventricular function, myocardial metabolism, and vessel density, while reducing
infarct size [232].

In the field of neural tissue engineering, fibrin hydrogels containing growth
factors have been demonstrated to enhance axonal growth and cell infiltration in
short-gap nerve injuries [233–235]. Implants of fibrin containing neurotrophin-3
(NT-3), brain-derived neurotrophic factor (BDNF) or ciliary neurotrophic factor
(CNTF) enhanced axonal regeneration into transected rat spinal cord, whereas only
a few regenerated axons were found into the implants that lacked neurotrophic
factors [236]. In another study, a novel formulation of fibrin crosslinked with EDC
was used to deliver MSCs to the injured spinal cord. The use of the fibrin scaffold
resulted in the formation of longitudinally aligned layers of MSCs and in the
longitudinally growth of host neurites into this architecture [237].

In bone tissue engineering, fibrin scaffolds have been widely used because of
their good adhesive and heamostatic properties. Fibrin glue is often used as beads
and microbeads, coating agents on other scaffolds, pre-formed scaffolds, or
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injectable hydrogels [219]. In particular, platelet-rich fibrin glue is a promising
autologous scaffold for bone repair because platelets release growth factors and
bioactive proteins that initiate and accelerate tissue repair. Platelet-rich fibrin glue
mixed with bone marrow MSCs and bone morphogenic protein-2 (BMP-2) induced
bone tissue formation in dental implants in dogs [238]. However, the role of pla-
telets in the repair of bone is poorly understood and it needs to be further studied.
Another issue that deserves further investigation is the addition of other materials,
such as osteoconductive ceramics, because it has been shown that fibrin alone is
incapable of healing bone defects [232]. In the field of dental pulp tissue engi-
neering, fibrin appeared to be the most suitable material to support viability of
dental pulp stem cells and tissue formation among other natural (collagen) and
synthetic (PEG-derived scaffolds) materials [239]. Platelet-rich fibrin scaffolds
loaded with MSCs have been also employed in cartilage tissue engineering, for
instance they have been used in a clinical trial to deliver autologous bone marrow
MSCs into patients with full-thickness cartilage defects, and all patients experi-
enced an improvement of symptoms [240]. Fibrin hydrogels have been also used as
chondrocyte carrier in articular cartilage repair [241].

A number of studies showed the successful use of fibrin for skin repair. Fibrin
glue has been already used in clinical practice as a carrier for keratinocytes in deep,
partial and full-thickness wounds. Cell culture studies have shown that the clono-
genic ability, growth rate and long-term proliferative potential of keratinocytes is
maintained when they are cultured on fibrin which is a naturally occurring substrate
in wound healing [242]. In vitro, the production of TGFa which is involved in
dermis regeneration and angiogenesis was dramatically increased when ker-
atinocytes were cultured on fibrin-coated substrates [243]. Poly(L-lactide)
(PLA) nanofibrous membranes modified with fibrin nanocoating significantly
increased cell spreading and expression and synthesis of collagen I in human
dermal fibroblasts, in comparison to nonmodified membranes [244]. Growth fac-
tors, such as FGF-2, epithelial growth factor (EGF) and keratinocyte growth factor
(KGF), can also be added to fibrin scaffolds to improve wound healing, as shown in
animal studies [209]. In clinical trials, it has been shown that extensive burned area
can be covered with a cultured keratinocyte-fibrin suspension [242]. However, in
third-degree burns, the grafts failed to show mechanical stability. To overcome the
low mechanical strength of fibrin-based implants while maintaining adhesion and
proliferation of keratinocytes, synthetic membranes such as polycaprolactone
(PLCL) were coated with fibrin glue [245].

The major drawback of tissue substitutes is the lack of blood supply. One
approach to promote angiogenesis is the use of fibrin matrices, because fibrin is
involved in healing process, provides specific adhesion sequences for endothelial
cells ,and it binds VEGF and FGF-2 with high affinity [246]. In a recent study,
human umbilical vein endothelial cells (HUVECs) were seeded with dermal
fibroblasts and adipose-derived MSCs in a fibrin matrix to produce a novel artificial
skin substitute. This tissue-engineered construct showed a similar structure to native
skin, with endothelial cells proliferating and organising themselves into
capillary-like structures within the fibrin matrix [247].
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Another method to produce fibrin- and fibrinogen-based scaffolds is electro-
spinning. This process allows for fabrication of fibrous, nonwoven structures, which
have been applied in the fields of heart and wound repair. Electrospun fibrinogen
scaffolds displayed the geometry of a native provisional wound matrix, and addition
of aprotinin maintained the necessary mechanical integrity for use in wound
dressing [248]. In an in vitro model, fibroblasts migrated into and remodelled the
electrospun fibrinogen scaffold with deposition of collagen. Interestingly, different
concentrations of aprotinin modulated scaffold degradation in a predictable fashion,
whereas glutaraldehyde vapour fixation was less reliable [249]. As glutaraldehyde
vapour crosslinking did not demonstrate any significant improvement in the
mechanical properties of electrospun fibrinogen, authors concluded that the process
of electrospinning does not expose the lysine residues necessary for glutaraldehyde
crosslinking [248, 249]. In a further study, the same group tested three different
crosslinkers on an electrospun fibrinogen scaffold. EDC and genipin in ethanol
significantly enhanced scaffold mechanical properties and slowed degradation rate
in vitro, whereas glutaraldehyde crosslinking failed to produce any significant
improvement. However, crosslinking with EDC and genipin was shown to reduce
scaffold bioactivity, as fibroblasts migration below the surface and scaffold
remodelling were negatively affected [250]. Authors suggested that this poor
bioactivity may have been due to the increased scaffold modulus that could have
made fibres too stiff to allow for subsurface cell migration, or due to the
crosslinking process, that may have masked the integrin binding sites that are
normally exposed on fibrinogen.

In order to overcome the limitations of the above-mentioned crosslinking
methods, the application of a natural crosslinker has been investigated for the
treatment of myocardial infarction. Taking advantage of the high affinity of phytic
acid for 2,3-diphosphoglycerate site in haemoglobin, Ravichandra and colleagues
used phytic acid to crosslink an electrospun construct composed of haemoglobin/
gelatin/fibrinogen, as well as to improve oxygen binding capability: the resulting
scaffold supported MSC differentiation into functional cardiomyocytes and showed
an improved delivery of oxygen even at higher oxygen tensions, that is a desirable
feature in the treatment of ischemic heart [251]. In another study, the need of
synthetic crosslinker agents was overcome by combining fibrinogen and thrombin
within the syringe of an electrospinning set-up: in this fashion fibrin which is
superior to fibrinogen in mechanical properties can be electrospun successfully in a
one-step approach. The characterisation of the fibrin-based electrospun nanofibrous
scaffold revealed the formation of a structure that mimics the native ECM and
enhances cell attachment and proliferation [252].

Fibrin, fibrinogen and thrombin can also be utilised as a bio-ink to produce
specific fibrin 3D patterns. Fibrin gels have a low viscosity allowing easy ejection,
controllable crosslinking mechanism and fast gelation. Due to the short gelation
times and high degradation rates, fibrinogen-/fibrin-based inks are often mixed with
other materials [253]. A bio-ink made of thrombin and human endothelial cells was
printed into a fibrinogen substrate to form fibrin channels. The printed endothelial
cells proliferated to form a tubular structure inside the fibrin channel, suggesting
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that thermal inkjet printing technology can be a promising approach for
microvasculature tissue engineering [254].

Bioprinting is another strategy to produce cell microenvironments with
well-defined spatial patterns of immobilized proteins [255]. In this emerging area of
tissue engineering, fibrin can be an ideal printing substrate because of its capacity to
bind several growth factors. For example, bone morphogenic protein-2 (BMP2)
[256], heparin-binding EGF [257] and FGF-2 [258] were printed and naturally
immobilized onto fibrin-coated substrates in order to evaluate the effect of patterned
growth factor gradients on cell behaviour.

In the light of the data presented, fibrin and fibrinogen stand out as valuable and
versatile natural materials for supplying a provisional matrix and delivering cells,
biomolecules and genes to damaged tissue. In comparison to other natural mate-
rials, fibrin is particularly appealing because of its excellent biocompatibility,
controllable biodegradability, multiple interaction sites for cells and other proteins
and ease of fabrication of completely autologous scaffolds. However, some limi-
tations, such as low mechanical strength and high degradation rate, need to be
addressed.
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Chapter 6
Advances in Nanotechnologies
for the Fabrication of Silk Fibroin-Based
Scaffolds for Tissue Regeneration

Nicolò Nicoli Aldini and Milena Fini

Abstract Silks are protein fibers produced by silkworms whose architecture is
based on two proteins: fibroin and sericin. Because sericin has been recognized as
the main cause of silk’s poor performance due to its antigenicity, fibroin alone has
now remained popular as a biomaterial, also due to its strength and mechanical
properties. Other advantages of this biological product are the water-based pro-
cessing, biodegradability, and the presence of easily accessible chemical groups for
functional modifications. Due to its versatility, fibroin is now widely considered for
use in the manufacture of many biological devices and substitutes in different
medical fields, with very different biological, physiological, and mechanical
properties. In recent years, nanomaterials have gained considerable attention also in
tissue engineering, because they exhibit properties that are significantly different to
corresponding bulk materials, such as large surface area, increased strength, and
enhanced surface reactivity, thus improving material performance. Reviewed
studies, mainly in the regeneration of the musculoskeletal system, have been out-
lined the advantages of fibroin as a scaffold, and the technologies adopted for the
nanostructure development of this protein. Further advancements will open up new
perspectives in the use of this product in tissue regeneration. Silk-based materials
are of particular interest where controlled biodegradation and good mechanical
properties are required, such as in tissue engineering of musculoskeletal tissues.
Their versatility in processing, biocompatibility properties, ease of sterilization,
thermal stability, possibility for surface chemical modifications, and controllable
degradation therefore make silk-derived proteins promising biomaterials for many

N. N. Aldini (&)
Laboratory of Preclinical and Surgical Studies, Rizzoli Orthopedic Institute,
Bologna, Italy
e-mail: nicolo.nicolialdini@ior.it

M. Fini
Laboratory of Biocompatibility, Innovative Technologies
and Advanced Therapies, Rizzoli RIT Department, Bologna, Italy
e-mail: milena.fini@ior.it

© Springer International Publishing AG, part of Springer Nature 2018
A. C. Berardi (ed.), Extracellular Matrix for Tissue Engineering
and Biomaterials, Stem Cell Biology and Regenerative Medicine,
https://doi.org/10.1007/978-3-319-77023-9_6

151

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77023-9_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77023-9_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77023-9_6&amp;domain=pdf


clinical functions. Since research into these applications is quite new, we can expect
interesting future developments, in which the nanotechnologies might play a
decisive role.

Keywords Silk fibroin � Nanotechnologies � Nanomaterials � Biomaterials
Biocompatibility � Composite materials � Preclinical studies � Hard tissues
In vitro study � In vivo study

Silks are protein fibers produced by silkworms (Bombyx mori), but also by spiders
and others arthropods. The architecture of silk is based on two proteins: fibroin,
which is the core filament, and sericin, which is a protein that glues fibroin fibers
together.

Although silk was used extensively in surgery for making suture threads, this
application has now been replaced by synthetic materials with greater histocom-
patibility than natural ones. Benefits and drawbacks of silks for biomaterial
applications have been well detailed by Altman, Vepari, and other authors and are
summarized in Table 6.1 [1, 2]. More recently, because sericin has been recognized
as the main cause of silk’s poor performance due to its antigenicity, fibroin alone
has remained popular as a biomaterial.

Fibroin is made of highly organized crystals and semi-crystalline regions that
account for its elasticity. The primary structure is mainly composed of the amino
acids glycine, alanine, serine, valine, and tyrosine with characteristic sequences.
These structural elements produce the strength and resiliency of silk fibroin [3].
Indeed, silk has interesting mechanical properties regarding its use as biomaterial.
Other advantages of this biological product are its water-based processing,
biodegradability, and the presence of easily accessible chemical groups for func-
tional modifications [4].

Nowadays, tissue engineering procedures have become widespread in regener-
ative medicine for the treatment of diseases when standard medical procedures fail.
Regenerative strategies are based on the combination of three main tools: cells
(differentiated and not differentiated), scaffolds, and growth factors. Silk fibroin also

Table 6.1 Benefits and
drawbacks of silks for
biomedical applications

Benefits
Mechanical properties
Prolonged history of use in clinical applications
Manufacturing in water solution and easy insolubilization
Easy chemical modifications
Slow in vivo degradation
Easy functionalization

Drawbacks
Adequate removal of sericin required
Slow degradation of crystalline regions
Possible formation of granuloma
Sensitization and possible allergic response
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has received much attention as a scaffold material, due to its above-mentioned
biocompatibility, processability, biodegradability, and mechanical and thermal
properties [5]. Scaffolds should mimic tissue extracellular matrix (ECM) in bio-
logical and chemical composition and physical structure [6]. Mimicking the
nanofibrous structures of ECM to achieve better biocompatibility remains a chal-
lenge [7].

In recent years, nanomaterials have gained considerable attention also in tissue
engineering, because they exhibit properties that are significantly different to cor-
responding bulk materials, such as large surface area, increased strength, and
enhanced surface reactivity, thus improving material performance. The definition
adopted by the International Organization for Standardization (ISO/TS 27687:2008)
is: “Material with any external dimension in the nanoscale or having internal
structure in the nanoscale” defining “Nanoscale” as a size range from approximately
1 to 100 nm. Polymeric nanofiber matrix is similar to fibrous ECM proteins and is
thus a candidate as ECM-mimetic biomaterial [6].

Due to its above-mentioned properties, fibroins now being widely considered for
use in the manufacture of many biological devices and substitutes. Table 6.2 shows
several experimental and clinical studies on the possible use of this product in
different medical fields.

Such a wide range of applications, with very different biological, physiological,
and mechanical properties, requires of course an equally wide range of ways to
manage the product to make it suitable for soft and hard tissue substitution.
Following the physicochemical characterization, appropriate preclinical investiga-
tions, with both in vitro and in vivo tests, must be planned to validate novel
production, based on fibroin alone or as a composite. Some studies mainly in the

Table 6.2 Applications of silk fibroinbiomaterials for tissue regeneration

Organ/apparatus Applicationsa Authors

Vascular tissue Flow diverting devices, stents (C) [8, 9]

Neural tissue Peripheral nerve conduits (E) [10]

Skin Composite scaffolding membranes [11]

Bone Composite scaffolds with/without addition of biological
factors (E)

[12, 13,
14]

Cartilage Scaffolds to support chondrocytes (E) [15, 16]

Ligament and
Tendon

Scaffolds and scaffold-free ligaments, composites (E) [17, 18]

Cardiac tissue Cardiac patch composite + mesenchymal cells (E) [19, 20]

Ocular tissue Cornea replacement (E) [21, 22]

Hepatic tissue Silk fibroin–collagen blended films (E) [23]

Intervertebral
tissue

Porous scaffolds (E) [24]

Bladder Wall repair and reconstruction (E) [25]

Eardrum tissue Silk-based membranes (E) [26]
aC clinical; E experimental
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regeneration of the musculoskeletal system have been reviewed to focus on the use
of fibroin as a scaffold and the technologies adopted for the nanostructure
development.

Following a preclinical protocol, for example, in an in vitro and in vivo study
Fini et al. [27] evaluated the behavior of an injectable silk fibroin hydrogel through
osteoblast cultures and after implantation in critical size defects of rabbit distal
femurs, using synthetic poly (D, L-lactide–glycolide) copolymer as control material.
In vitro biocompatibility was evaluated by measuring cytotoxicity and cytocom-
patibility on human osteoblast-like cell line (MG 63), whereas in vivo the bone
defect healing rate and quality of the newly formed bone inside the defects were
determined by measuring histomorphometric parameters, such as trabecular bone
volume, trabecular thickness, trabecular number, and trabecular separation. In vitro
tests indicated that both materials significantly increased cell proliferation in
comparison with the negative control. Both materials promoted bone healing when
used to fill critical size defects in rabbit femurs, but the histomorphometry showed
better results in new-formed bone of the silk fibroin hydrogel-treated defects in
comparison with the control gel. The regrown bone of the Silk fibroin hydrogel-
treated defects appeared to be more similar to normal bone than that of the control
synthetic polymeric material-treated defects, in comparison with controls treated
with a synthetic polymeric material, thus suggesting that silk fibroin hydrogel can
accelerate remodeling processes. Like this study, which is aimed at hard tissue
repair, many others describe a range of scaffold preparation procedures and the
tissues to be replaced.

Electrospinning technology, which uses an electrical charge to draw very fine
fibers on the micro- or nanoscale, enables porous nanofibrous scaffolds to be
obtained, which are able to mimic the ECM. Considering the physical–chemical
properties and the structure of the scaffolds, micro- and nanoparticles can be
obtained from silk solutions by various procedures, such as freeze-drying and
grinding procedures, spray drying, jet breaking, self-assembly, and freeze-thawing.
Milling of silk fibers is also an option to obtain silk particles using any chemicals.
According to Kundu et al. [4], these particles can play the dual role of improving
mechanical properties of scaffolds and at the same time act as a carrier of growth
factors for rapid tissue regeneration. Indeed to improve mechanical and biological
performances, inorganic or organic fillers have been incorporated in silk 3D scaf-
folds during or after fabrication to obtain composites. The main advantage is in this
case the compatibility between the components. Consequences of a poor compat-
ibility may result in inhomogeneous mixtures, phase separation, and adverse tissue
reactions. To obtain better compatibility, silk–silk composite scaffolds are made by
incorporating milled silk particles in porous silk sponge, resulting in a significant
improvement in mechanical properties.

With respect to the material porosity, different methods of processing are pre-
sented in the literature. The importance of the processing method is highlighted by
Kuboyama et al. These authors evaluated the porosity of scaffolds prepared using
regenerated Bombyx mori silk fibroin dissolved either in water (AF) orin
hexafluoroisopropanol (HFIP). The two preparations were comparatively analyzed
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in an animal model in which the formation and growth of new bone in the
implantation site (rabbit femoral epicondyle) was examined by means of micro-CT
and histology. The AF scaffold exhibited significantly greater osteoconductivity
than that obtained by the protein dissolved in HFIP. Micro-CT analysis showed that
the morphology of the newly formed bone differed significantly in the two types of
silk fibroin scaffold. After 4 weeks of implantation, new trabecular bone was seen
inside the pores of the AF scaffold implant, whereas the HFIP scaffold only con-
tained necrotic cells. No trabecular bone was seen within the pores of the latter
scaffolds, although the pores of these did contain giant cells and granulation tissue
[28].

Lin et al. [29] evaluated silk fibroin with different nanostructures, self-assembled
in aqueous solution to improve porous structure formation. In comparison with
scaffolds derived from fresh solution, the nanofibrous silk scaffolds showed better
cell compatibility in vitro. These observations suggest that the control of silk
nanoscale can regulate matrix features including porous structure and nanostructure,
which are important in regulating cell and tissue outcomes.

In the specific field of bone tissue engineering, silk fibroin gained much interest
as a scaffold material and various strategies were developed to create a
three-dimensional (3D) structure with high porosity and osteoconductivity.
Salt-leaching or freeze-drying methods were used to create porous scaffolds.
Moreover, in attempts to mimic bone properties, the incorporation of ceramic
components into silk fibroin scaffolds has also been shown. Fibrous silk fibroin
scaffolds were obtained using the electrospinning technique and the bone regen-
eration in the scaffolds was confirmed; they are considered to be effective in
replacing collagen for many tissue engineering applications [30].

The use of non-mulberry tropical silk fibroin as a bioactive polymer in blended
nanofibrous matrices resulted in osteoconductive scaffolds. The blending of 2 wt%
silk fibroin exhibited higher cell attachment, growth, and ECM formation, when
compared to unmodified polyvinyl alcohol as control and the other blend ratio. The
mechanical robustness of constructs resembled the original bone tissue, thus indi-
cating a promising future for this blend in bone regeneration and reconstruction.
This in vitro study, therefore, lays the foundation for designing clinically relevant
orthopedic grafts in vivo [31]. Considering in particular, the behavior of scaffolds
interacting with cells, Teuschl et al. [32] found that surface modifications of fibroin
with carbohydrate-binding protein lectin enhanced the adhesion of cells, in par-
ticular adipose-derived stromal cells; the proliferation and differentiation in osteo-
genic lineages were however not influenced. Considering that silk fibroin is used to
obtain scaffolds for bone tissue engineering, this possibility may be of practical
interest. Uchida et al. [33] also showed that plasma-irradiated silk fibroin was a
regulator of bone matrix properties in an animal model based on the placement of
scaffolds in critical size defects in rabbit femurs, which increased bone matrix,
mineral concentration, cortical thickness, and trabecular bone volume.

Fibroin fibers can also be used as composites with other polymers. Yang et al.
[34] studied different types of scaffolds based on silk fibroin and poly (L-lactide-co-
caprolactone) blends intended for tendon tissue engineering. Biocompatibility
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analysis revealed that bone marrow-derived mesenchymal stem cells exhibited a
higher proliferation rate when cultured on nanofibrous scaffolds compared with the
other scaffolds. The mechanical testing results indicated that the tensile properties
of the nanofibrous scaffolds were reinforced in the direction parallel to the
nano-yarns and fulfilled the mechanical requirements for tendon repair.

Teimouri et al. [35] proposed a nanocomposite with silk fibroin–chitosan/Nano
ZrO2 for tissue engineering. The scaffold was found to possess a porous nature with
pore dimensions suitable for cell infiltration and colonization.

Kishimoto et al. [36] observed that the incorporation of montmorillonite, a very
soft crystalline silicate mineral in silk fibers would improve their physical prop-
erties. This nanocomposite might be considered for new biocompatible applica-
tions, such as scaffolds for tissue engineering like bone regeneration, because of the
osteoinductive montmorillonite properties and biodegradable and biocompatible
silk presence.

Hydrogel products constitute a group of polymeric materials, the hydrophilic
structure of which renders them capable of holding large amounts of water in their
3D networks. Hydrogels can be formulated in different physical forms, such as
micro- and nanoparticles, coatings, and films. Kim et al. [37] studied silk fibroin/
hydroxyapatite composite hydrogels obtained with different hydroxyapatite con-
tents in fibroin matrix. Previous studies have shown that fibroin can be easily
manufactured into hydrogel without additional crosslinking reagents or toxic
chemicals. Therefore, the fibroin hydrogel manufacturing process is not only
physiologically safe but also biocompatible. For bone regeneration, this offers
interesting properties for silk-based scaffolds to be used in critical size bone defects
and cartilage.

Chen et al. [5] studied the potential of a Silk Fibroin 3D scaffold produced by
additive manufacturing technology, which can be used to engineer tissues that are
structurally complex, because it is capable of producing precise architectural fea-
tures using a layer-by-layer approach based on computer-aided design, to obtain a
scaffold for cartilage engineering. These authors verified the presence of micropores
and interconnected channels within the scaffold by scanning electron microscopic
observations. In vitro cell culture within the fibroin scaffold using porcine articular
chondrocytes showed a steady increase in cell numbers, thus giving positive
indications for the use of the scaffold for cartilage repair.

Again in the field of osteoarticular apparatus, considering its application as a
tendon and ligament substitute, Farè et al. [38] performed studies on a novel
structure made of silk fibroin able to match the mechanical performance require-
ments of anterior cruciate ligament. In particular, these authors evaluated in vitro
cell ingrowth in sericin-free, silk fibroin knitted sheath with braided core structure.
Micro-CT analysis confirmed that the core was highly porous and had a higher
degree of interconnectivity than that observed for the sheath. The in vivo cell
colonization of the scaffolds is thus expected to penetrate even the internal parts of
the structure. Tensile mechanical tests confirmed the scaffold’s suitability for
anterior cruciate ligament reconstruction. In vitro tests with fibroblasts revealed the
absence of cytotoxic substances in the extracts. ESM obtained with human
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periodontal ligament Fibroblasts cultured in direct contact with fibroin, compared to
control samples, displayed an increased secretion of aggrecan and fibronectin
(FBN) at 3 and 7 days of culture, and no change in IL-6 and TNF-a secretion, thus
suggesting the usefulness of this novel scaffold for tendon tissue regeneration.

Nanotechnology and tissue engineering are widely involved in the achievement
of constructs for skin tissue regeneration. Gandhimathi et al. [39] performed a study
to evaluate the applications of composite copolymers of polylactic acid and poly-
(e-caprolactone) with silk fibroin, vitamin E, and curcumin, as nanofibrous scaf-
folds, to assess their potential as substrates for the culture of human dermal
fibroblasts for skin tissue engineering. Scaffolds were made by electrospinning and
characterized by fiber morphology, membrane porosity, wettability, mechanical
strength, and chemical properties. Human dermal fibroblasts were cultured on these
scaffolds, and the cell–scaffold interactions were evaluated. The results showed that
human dermal fibroblasts cultured on nanofibrous scaffolds proved to be a potential
support for skin regeneration.

Suganya et al. [40] also evaluated a hybrid biomaterial for dermal substitutes,
based on nanofibrous silk fibroin scaffold. The scaffold was made by the electro-
spinning technique and the physical–chemical characterization showed improved
hydrophilic properties and favorable tensile strain, as well as a favorable cell
proliferation.

Finally, magnetic fibroin scaffolds were also evaluated, by integrating magnetic
materials and fibroin scaffolds, for potential use in magnetic-field-assisted tissue
engineering. Magnetic nanoparticles were introduced into scaffolds at different
strengths of magnetization. The scaffolds were evaluated in vitro and were found
not to be toxic to cells and improved cell adhesion and proliferation. These findings
suggest that magnetized silk-based biomaterials can be engineered with interesting
features for biomaterials and tissue engineering applications [41].

Besides these applications as a support for tissue regeneration, fibroin shows
interesting properties for implantable systems for the controlled release of drugs.

Indeed, nanostructured materials are now frequently used in drug delivery
systems.

Achieving efficient drug delivery systems is a way to improve new routes of
administration of therapeutic agents. Silk fibroin is a suitable material for incor-
poration into a variety of drug delivery vehicles capable of delivering a range of
therapeutic agents. Indeed, silk fibroin matrices have been shown to successfully
deliver anticancer drugs, small molecules, and biomolecules [42]. In a study by
Subia [43], silk fibroin–albumin blended nanoparticles were made using the des-
olvation method and evaluated as carriers for the delivery of methotrexate. They
found promising properties as a nanocarrier for the delivery of drugs and other
bioactive molecules.
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Conclusions

The manifold investigations that span through very different fields of applications
concur that fibroin is a promising biomaterial. Further advancements will open up
new perspectives in the use of this product in tissue regeneration. Silk-based
materials are of particular interest where slow biodegradation and good mechanical
properties are required, such as in tissue engineering of bone, ligaments, and
musculoskeletal tissues.

Their versatility in processing, biocompatibility properties, ease of sterilization,
thermal stability, possibility for surface chemical modifications, and controllable
degradation therefore make silk-derived proteins promising biomaterials for many
clinical functions. Since research into these applications is quite new, we can expect
interesting future developments, in which the nanotechnologies might play a
decisive role.
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Chapter 7
Nanoscale Architecture for Controlling
Cellular Mechanoresponse
in Musculoskeletal Tissues

Francesco Oliva, Clelia Rugiero, Umberto Tarantino
and Nicola Maffulli

Abstract Cellular mechanoresponse is not very known yet, especially if we con-
sider the function of nanoscale architecture. First, we need understand the tissue
behavior on macroscale and how this feature is transduced in microscale. How the
musculoskeletal system (bone, cartilage, tendons, muscles, and ligaments)
responses to prestress and to external forces still is unknown for several aspects.
Furthermore, focusing the attention to macroscale and microscale changes in the
musculoskeletal system after injuries seems very interesting. Try to clarify this
knowledge; it is very important to create nanoscale scaffolds able to better improve
musculoskeletal tissue healing.
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Nanometric Architecture

Mechanoresponsiveness is a complex feature of all living tissues [1, 2].
Experiments with cultured cells confirm that mechanical stresses can directly alter
many cellular processes, including signal transduction, gene expression, growth,
differentiation, and survival [3–9]. But which is the mechanism by which
mechanical stresses applied on the macroscale are transmitted to individual cells
on the microscale and transduced into a biological response? To understand the
mechanoregulation process, we must consider that living organisms, such as
humans, are composed of several organs (bone, muscle, blood vessels, nerves) that,
in turn, are constructed from tissues (e.g., muscle fibers, vascular endothelium,
connective tissue) which are composed of groups of living cells and their associated
extracellular matrix (ECM). ECMs are macromolecular complexes composed of
different collagens, glycoproteins, proteoglycans, and many others proteins that
represent the in vivo scaffolds for cell anchorage [10]. Each cell contains intra-
cellular organelles, a nucleus, lipid membranes, and a viscous cytosol permeating a
filamentous cytoskeleton [11, 12]. Each of these subcellular components is com-
posed of aggregates of different molecules. In other words, living systems are
neither homogeneous nor isotropic and therefore require the development of
appropriate inhomogeneous and anisotropic engineering models to describe their
behaviors. The question of how the body senses and responds to mechanical
stresses is not simply an issue of the material properties of its components, also it is
a problem related to the architectural arrangement of its microstructure [13].

Recent advances in molecular biology have focused the attention on the
molecular factors in tissue development. There are many regulatory signals, such as
mechanical stresses, that are equally critical for control of tissue form and function.
This is perhaps most evident in orthopedics where it is well-known that muscle and
bone actively remodel in response to changes in exercise or altered gravity as
experienced in spaceflight [14–19].

Nanoscale Engineering

Tissue engineering is aimed at implant or “seeded” living cells as engineering
materials into artificial biopolymer structures capable of supporting
three-dimensional growth. These structures, called scaffolds, are often capable to
influence their own microenvironments. Successful regeneration necessitates the
development of three-dimensional (3D) tissue-inducing scaffolds that mimic the
hierarchical architecture of native tissue extracellular matrix (ECM). Cells in nature
recognize and interact with the surface topography they are exposed to via ECM
proteins. The interaction of cells with nanotopographical features such as pores,
ridges, groves, fibers, nodes, and their combinations has proven to be an important
signaling modality in controlling cellular processes. Integrating nanotopographical
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cues is especially important in engineering complex tissues that have multiple cell
types and require precisely defined cell–cell and cell–matrix interactions on the
nanoscale. Thus, in a regenerative engineering approach, nanoscale materials/
scaffolds play a paramount role in controlling cell fate and the consequent regen-
erative capacity. Advances in nanotechnology have generated a new toolbox for the
fabrication of tissue-specific nanostructured scaffolds. For example, biodegradable
polymers such as polyesters, polyphosphazenes, polymer blends, and composites
can be electrospun into ECM-mimicking matrices composed of nanofibers, which
provide high surface area for cell attachment, growth, and differentiation [20]. It is
also possible to add to the scaffolds different factors that improve the ECM
generation.

Tensegrity

Tensegrity is the physiological tension that is generated in the musculoskeletal
system, and it is due to the internal stress. The recent convergence between physics
and biology has led many physicists to enter the fields of cell and developmental
biology. One of the most exciting areas of interest has been the emerging field of
mechanobiology that investigates how cells control their mechanical properties and
how physical forces regulate cellular biochemical responses, a process that is
known as mechanotransduction. Tensegrity (tensional integrity) architecture, which
depends on tensile prestress for its mechanical stability, has a central role in biol-
ogy. Prestress is the internal stress prior to application of external force, it is a
critical governor of cell mechanics and function, and tensegrity can be used by cells
contributing to mechanotransduction. Tensegrity also predicts both quantitative and
qualitative behaviors of living cells. In addition, tensegrity is used to both stabilize
three-dimensional form and to channel forces from the macroscale to the nanoscale,
thereby facilitating mechanochemical conversion at the molecular level [21].

Architecture and Prestress

The musculoskeletal system supports the weight of our bodies, allows us to rapidly
adjust to resist external forces, and permits us to move freely in our environment.
Selective pressures demand that the construction of such a machine minimizes mass
with flexibility and without compromising its structural integrity to handle unex-
pected forces. The musculoskeletal system has evolved to address these demands
through optimization of both material properties (how the individual support ele-
ments are designed) and architecture (how the different elements are oriented and
connected together).

The human skeleton is actually strongly influenced by the architecture of our
bodies. Their mechanical behavior depends on how the surrounding tensile
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muscles, tendons, and ligaments are joined and oriented in. The internal tension
and/or prestress stabilizes the joints: Even when the bones are pulled away from
each other, the joint does not dislocate. Actually, there are multiple muscles, ten-
dons, and ligaments that contribute to the structure of each joint and the number and
position of these tensile elements play a critical role in defining the joint’s potential
strength, power, speed, and range of motion.

The local stress patterns are clearly visualized in sections or radiographs of the
human femur which demonstrate that the network of trabecular bone is organized to
approximate the principal stress directions. This is known by 1892, when Julius
Wolff and others realized that mechanical loads can affect bone architecture in
living beings, but the mechanisms responsible for this effect were unknown. By
2003, we know how this effect occurs and some of its applications. Our
load-bearing bones include tibias, femurs, humeri, vertebrae, radii, mandibles,
maxillae, wrists, hips, etc. The strength of such bones and their trabeculae would
represent their most important physiologic feature but in the special sense of rel-
ative to the size of the typical peak voluntary loads on them. The biologic “ma-
chinery” that determines whole-bone strength forms a tissue-level negative
feedback system called the mechanostat. Two thresholds make a bone’s strains
determine its strength by switching on and off the biologic mechanisms that
increase or decrease its strength. The largest voluntary loads on load-bearing bones
determine most of their strength after birth, and these loads come from muscle. This
process affects, in part, the healing of fractures, bone grafts, osteotomies, and
arthrodeses; the bone’s ability to endure load-bearing joint and dental endopros-
theses; why healthy bones are stronger than the minimum needed to keep voluntary
loads from breaking them suddenly or from fatigue; some general functions and
disorders of bone modeling and basic multicellular unit-based bone remodeling;
some limitations of in vitro data and of pharmaceutical actions; and the fact that
many bone-active humoral and local agents have permissive roles in a bone’s
adaptations and healing, instead of forcing them to occur [22].

This observation suggests that the living cells that continually remodel bone are
able to sense changes in mechanical stresses in their local environment and that they
respond by depositing new ECM where it is needed and removing it from where it
is not. This process results in deposition of bone ECM in specific patterns that
correspond precisely to engineering lines of tension and compression characteristic
for elastic structure of this size and shape with similar loading conditions. It is an
example of the importance of cellular mechanotransduction for regulation of tissue
morphogenesis. The specialized microarchitecture of cancellous bone further
optimizes its structural efficiency (strength/mass ratio). Architectural organization
on a smaller size scale (the molecular level) also contributes significantly to the
mechanical strength of biologic tissue [23]. In the bone, the matrix of each tra-
beculum consists of a composite material containing hydroxyapatite crystals
embedded within a network of collagen fibrils [24]. The collagen augments the
tensile strength of the bone, while the minerals contribute largely to its compressive
stiffness and strength. In the living organism, the stress in the bone ECM is
influenced by the shape of the entire bone, the pull of the surrounding muscles and
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tendons, and its loading conditions. Contractile fibroblasts also prestress the col-
lagen network during the process of tissue development and remodeling, before the
surrounding ECM calcifies. Prestress also plays an important role in determining
the mechanics of cartilage, tendons, and ligaments [23]. In cartilage, the loose
collagen network is stretched open and prestressed by the osmotic force of
hydration of embedded proteoglycan molecules [9, 25, 26]; however, the cellular
components (chondrocytes) and their internal support elements (cytoskeleton,
nucleus) may also bear some mechanical loads [27, 28]. In soft tissues, that are
composed mostly of parallel collagen fibers and elastin [29, 30], such as ligaments
and tendons, the prestress results from the active contraction of living cells (my-
ofibroblasts) that are embedded within its ECM. The cell contractions pull the
collagen into an undulating, buckled structure and keep the ligament under tension
at all times [31]. Thus, these soft tissues remodel and adjust their fiber orientations
to optimize their load-bearing capacity much like bone and cartilage [23].

Tensegrity and Mechanochemical Transduction

Tensegrity structures are characterized by use of continuous tension and local
compression; architecture, prestress, and triangulation play the most critical roles in
terms of determining their mechanical stability. In living organisms, mechanical
stresses applied at the macroscale result in structural rearrangements at the cell and
molecular level. The demonstration of discrete mechanical linkages between cells
and their ECM via integrins suggests how mechanical signals resulting from ECM
deformation may be transferred across cell surface integrin receptors to distinct
structures in the cell and nucleus, including ion channels, nuclear pores, nucleoli,
chromosomes, and perhaps even individual genes, independently of ongoing
chemical signaling mechanisms [8, 9, 27, 28]. In fact, different studies have
demonstrated that signal transduction pathways can be activated within millisec-
onds after cell surface integrins and associated cytoskeletal connections are
mechanically stressed [32]. This type of physical coupling between intracellular
structures, cell surface receptors, and the ECM could serve to coordinate, com-
plement, and constrain slower diffusion-based chemical signaling pathways and
thus explain how mechanical distortion of ECM caused by gravity or other
mechanical stresses can change cell shape, alter nuclear functions, and switch cells
between different genetic programs [8, 33]. The question remains: how could these
tensegrity-based structural rearrangements be transduced into a biochemical
response? Several potential mechanisms can be envisioned. For example, a recent
work suggests that much of the cell’s metabolic and signal transduction machinery
effectively functions in a “solid state” [34]. The enzymes and substrates that
mediate these pathways are physically immobilized on the insoluble molecular
scaffolds that comprise the cytoskeleton and nuclear matrix (nucleoskeleton). In
fact, many signal-transducing molecules that are activated by cell binding to growth
factors and ECM actually appear to be concentrated at the site of integrin binding,
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on the cytoskeletal backbone of the focal adhesion [35, 36]. Thus, mechanical
signals may be integrated with other environmental signals and transduced into a
biochemical response through stress-dependent changes in cytoskeletal scaffold
geometry or mechanical deformation [9]. For example, one potential mechanism for
mechanochemical transduction is through stress-dependent cytoskeletal rearrange-
ments that result in changes in proximity between different immobilized enzymes
and substrates. If a protein kinase and its physiological substrate were both
immobilized on the cytoskeleton and physically separated, then no phosphorylation
would result. However, if there is a mechanical deformation of the tissue, ECM,
cytoskeletal composite results in structural rearrangements that bring these two
molecules into direct apposition and then phosphorylation might proceed causing a
downstream signaling cascade to initiate. In addition, the transfer of focused
mechanical energy to soluble molecules in the cytosol will alter their shape and
hence their electrochemical potential through mechanical distortion. Stress-induced
changes in molecular mechanics (stiffness and conformation) can then produce
direct mechanochemical transduction by altering thermodynamic (association and
dissociation constants) or kinetic (molecular motion) parameters. Regulation of
tubulin polymerization (microtubule formation) by mechanical stresses balanced
between microtubules, contractile microfilaments, and ECM provides one example
of a thermodynamic transduction mechanism [37]. Stress-dependent changes in the
frequency of opening and closing “stretch-sensitive” ion channels are an excellent
example of the kinetic form of transduction [33]. Living cells sense multiple
simultaneous inputs and are able to organize a single, concerted response. The
tensegrity structure may be used to focus mechanical energy on critical transducing
molecules and to “tune” the entire cellular response to stress by mechanically
coupling biologic structures at different size scales and in different locations within
living cells, tissues, and organs. This tuning function may be accomplished by
altering the prestress in the system (e.g., by varying cytoskeletal tension), remod-
eling architecture, or modifying the mechanics of individual structural components.
Specificity results from local changes in material properties of the structural ele-
ments (e.g., stress will rapidly dissipate in highly viscous regions), and from how
the different elements are mechanically coupled (e.g., linkage of the cytoskeleton to
the ECM by integrins and to the cytoskeleton of neighboring cells by cell–cell
adhesion molecules, such as cadherins) [13].

Also in tendon studies, it is evident the important role of ECM. Tendon ruptures
are increasingly common, repair can be difficult, and healing is poorly understood.
Tissue engineering approaches often require expansion of cell numbers to populate
a construct, and maintenance of cell phenotype is essential for tissue regeneration.
Total collagen, the ratio of collagen types I and III, and decorin can be used as
indicators of matrix formation in human tendon, and expression of the integrin beta
1 subunit as a marker of cell–matrix interactions, for example in patients receiving
surgery for rupture. During the healing, cells become more rounded and are more
widely spaced at confluence, and confluent cell density declines. No change to total
cell layer collagen is observed, but the ratio of type III to type I collagen increases at
the end. Decorin expression significantly decreases, while integrin expression does
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not change. Thus, the phenotype of tenocytes in culture rapidly drifts during the
healing [38].

This architectural model of biologic organisms may help to explain one of the
most fundamental properties of living creatures: how the parts and the whole
function as a single integrated system. Due to use of tensegrity architecture,
mechanical stress is concentrated and focused on signal-transducing molecules that
physically associate with cell surface molecules that anchor cells to extracellular
matrix, such as integrins, and with load-bearing elements within the internal
cytoskeleton and nucleus. Mechanochemical transduction may then proceed
through local stress-dependent changes in molecular mechanics, thermodynamics,
and kinetics within the cell. In this manner, the entire cellular response to stress may
be orchestrated and tuned by altering the prestress in the cell, just as changing
muscular tone can alter mechanical stability and structural coordination throughout
the whole musculoskeletal system [13].

The finding that cells are not bits of viscous cytoplasm surrounded by an elastic
membrane but instead structured as tensegrities with internal load-bearing struts and
tensed cables also has led to novel insights into developmental control and
pathobiology also in other fields, and not only for the musculoskeletal system. For
example, the finding that microtubules bear compression in living cells is extremely
relevant for heart physiology because an increased density of the microtubule
component of the extramyofilament portion of the cardiocyte cytoskeleton caused
by pressure overload can physically interfere with inward-directed shortening of the
myofibrillar bundle and hence lead to contractile dysfunction associated with car-
diac hypertrophy. The integrated nature of biological architecture also helps to
explain why cardiac diseases and developmental abnormalities can be caused by
mutations in various ostensibly unrelated molecules, including integrins,
cytoskeletal filaments, ion channels, or nuclear components. Forces channeled over
ECMs and to integrins are converted into biochemical changes by producing
changes in deformation of other load-bearing mechanotransducer molecules, such
as stress-sensitive ion channels, protein kinases, G proteins, and other signaling
molecules, inside the cell. Recent advances in mathematics, engineering, and sta-
tistical mechanical models of tensegrity structures, and in the use of nanotechnol-
ogy to create artificial cell–material control interfaces, may provide new ways to
investigate, model, manipulate, probe, and control these fundamental mechan-
otransduction mechanisms in living cells, tissues, and organs, including heart, in the
future [39].

Hormesis

Hormesis is a dose–response phenomenon, characterized by a low-dose stimulation
and a high-dose inhibition. The term hormesis was first introduced into the scien-
tific literature in 1943 by Chester Southam and John Ehrlich, mycology researchers
at the University of Idaho. Reactive oxygen species (ROS) are emerging as
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intracellular redox signaling molecules involved in the regulation of bone meta-
bolism, including receptor activator of nuclear factor-jB ligand-dependent osteo-
clast differentiation, but they also have cytotoxic effects that include
lipoperoxidation and oxidative damage to proteins and DNA. ROS generation,
which is implicated in the regulation of cellular stress response mechanisms, is an
integrated, highly regulated, process under control of redox-sensitive gene coding
for redox proteins called vitagenes. Vitagenes, encoding for proteins such as heat
shock proteins (Hsps) Hsp32, Hsp70, the thioredoxin, and the sirtuin protein,
represent a system controlling a complex network of intracellular signaling path-
ways relevant to life span and involved in the preservation of cellular homeostasis
under stress conditions. The biological relevance of dose–response affects those
strategies pointing to the optimal dosing to patients in the treatment of numerous
diseases. Thus, the heat shock response has become an important hormetic target
for novel cytoprotective strategies focusing on the pharmacological development of
compounds capable of modulating stress response mechanisms [40]. Hormesis is a
type of stress often related to reactive oxygen species (ROS) originating from the
mitochondrial respiratory chain (mitochondrial hormesis or mitohormesis). The
accumulation of transient low doses of ROS either through chronic physical activity
or caloric restriction influences signaling from the mitochondrial compartment to
the cell, reduces glucose metabolism, induces mitochondrial metabolism, increases
stress resistance, and increases life span. Mitochondrial formation of presumably
harmful levels (chronic and/or excessive) of ROS within skeletal muscle has been
observed in insulin resistance of obese subjects, type 2 diabetes mellitus and in
impaired muscle function associated with normal aging. Advances in mitochondrial
bioimaging combined with mitochondrial biochemistry and proteome research have
broadened the knowledge of specific cellular signaling and other related functions
of the mitochondrial behavior. Mitochondria are dynamically involved in several
muscle cellular activities including signaling, proliferation, differentiation, autop-
hagy, and death. The dynamics, size, number, and location of mitochondria in
muscle cells vary significantly according to the cellular conditions and energetic
needs. Mitochondria are generally considered as the main source of ROS in skeletal
muscle cells. Several physiological and pathological conditions may result in ROS
production by mitochondria. For example, high intense contractile activity, disuse
muscle atrophy or inflammation increase mitochondrial ROS generation. Although
the excessive ROS production is associated with the etiopathology of several
human disease, low levels of ROS are important mediators for a variety of cellular
process, including cell adhesion, immune response, apoptosis, cell growth, and
differentiation. ROS also act as second messengers in intracellular signaling.
However, chronic and excessive ROS production may lead to muscle cell damage
and death. The final effect of ROS depends on intrinsic and extrinsic factors such as
the level and the duration of ROS targeting muscle cells, the source, the site of ROS
generation, the antioxidant status of target cells, the DNA repair capacity, the
differentiation stage of muscle cells, and the proliferative and myogenic capacity of
satellite cells. Due to their hormetic nature, in muscle tissue mitochondrial ROS
may trigger different signaling pathways leading to different and diverging
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responses, from adaptation to cell death. For example, physical exercises and
chronic contractile activity induce a number of physiological adaptations that
ameliorate muscle function and exercise performance. Trained muscle undergoes a
remodeling toward a more oxidative phenotype altering the ultrastructural and
subcellular organization. One of the most important effects of endurance training is
mitochondrial biogenesis with an increase in mitochondrial content. It is
well-known that physical exercise increases ROS generation in skeletal muscle
cells. During exercise, the increased ROS production is mainly due to the high
oxygen consumption that takes place during increased mitochondrial activity. There
is probably generation of ROS at multiple subcellular locations in response to a
multiplicity of mechanical and metabolic stimuli in muscle cells [41]. Thus,
contraction-induced production of ROS has been shown to cause oxidative stress to
skeletal muscle. As an adaptive response, muscle antioxidant defense systems are
upregulated after heavy exercise. Nuclear factor (NF) kappaB and
mitogen-activated protein kinases (MAPKs) are the major oxidative stress-sensitive
signal transduction pathways. Activation of NF-kappaB signaling cascade has been
shown to enhance the gene expression of important enzymes, such as mitochondrial
superoxide dismutase (MnSOD) and inducible nitric oxide synthase (iNOS).
MAPK activations are involved in a variety of cellular functions including growth,
proliferation, and adaptation. The exercise has effects on NF-kappaB and MAPK
signaling, as well as on the time course of activation, in rat skeletal muscle. In
addition, ROS have a role in the exercise-induced upregulation of MnSOD and
iNOS, and in the potential interactions of NF-kappaB and MAPK in the signaling of
these enzymes. It is clear that ROS may serve as messenger molecules to activate
adaptive responses through these redox-sensitive signaling pathways to maintain
cellular oxidant–antioxidant homeostasis during exercise [42]. Furthermore, phys-
ical exercise shares common metabolic paths with caloric restriction and glucose
restriction increasing mitohormesis and inducing a positive adaptive response that
ends with stress resistance, antioxidant defense, and prolonged life span [41]. In
addition, the mild stress-induced hormesis stimulates maintenance and repair sys-
tems and strengthens the homeodynamic space of cells and organisms. Hormesis
through mild heat shock, natural and synthetic hormetins, and other stressors brings
about several antiaging effects in human fibroblasts, keratinocytes, and
telomerase-immortalized bone-marrow stem cells. Depending on the cell type,
these antiaging hormetic effects include extension of replicative life span, enhanced
proteasomal activities, increased chaperone levels, and improved wound healing,
angiogenesis, and differentiation. The main molecular pathways for achieving such
hormetic effects are through targeting the processes for the repair and removal
of molecular damage, which can slow aging [43].

Hormesis has a role not only in the muscle but also in the bone and in its diseases
such as Alzheimer pathology and osteoporosis [40]. Epidemiological studies also
indicate that patients suffering from atherosclerosis are predisposed to develop
osteoporosis. Atherogenic determinants such as oxidized low-density lipoprotein
(oxLDL) particles have been shown both to stimulate the proliferation and promote
apoptosis of bone-forming osteoblasts. OxLDL particles cause hormesis-like
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response with the stimulation of both proliferation and cellular NAD (P)
H-dependent reduction potential by low concentrations, whereas high concentra-
tions are associated with the cell death. The induction of hormesis-like response by
oxLDL in osteoblastic cells is associated with the stimulation of cell proliferation
and ROS production by low concentrations of oxLDL. It is generally accepted that
the stimulation of osteoblastic proliferation may compromise their differentiation
into competent bone-forming cells. In accordance, low concentrations of oxLDL
reduce the alkaline phosphatase activity, a marker of osteoblastic maturity. In
addition, oxLDL compromises the migration of osteoblastic cells. Both functions
have been shown to play a critical role in bone formation, remodeling, and fracture
repair. Therefore, low concentrations of oxLDL may alter the bone metabolism by
reducing osteoblastic differentiation in favor of uncontrolled cell proliferation and
by affecting cell migration. On the other hand, high concentrations of oxLDL cause
osteoblastic cell death that will result in reduced bone formation. In summary,
oxLDL particles alter osteoblastic cell proliferation, migration, and apoptosis rate
and thereby may contribute to alteration of bone metabolism equilibrium and may
be responsible for the reduction of bone mass associated with atherogenic condi-
tions [44].

Bone and Osteoinduction

Mesenchymal stem cells (MSCs) have the potential to replace or restore the
function of damaged tissues and offer much promise in the successful application of
tissue engineering and regenerative medicine strategies [45]. It has been demon-
strated that adult mesenchymal stem cells (MSCs) are capable of giving rise to
several different cell types, including myoblasts, adipocytes, fibroblasts, chondro-
cytes, and osteoblasts [46–49]. MSCs exist in a highly specialized microenviron-
ment in which their maintenance, proliferation, migration, and differentiation
involve a complex interplay of many local and systematic signals between stem
cells and adjacent cells [50–55]. Osteoblasts are derived from MSCs and exist in
close proximity to the bone marrow, which serves as a major source of MSCs and
hematopoietic stem cells. They are located on the surface of bone, express multiple
hormone receptors and various cell surface molecules, and secrete hormones and
enzymes that maintain the balance between bone formation and resorption [56, 57].
However, it remains unclear whether and how osteoblasts affect the self-renewal
and differentiation of another major stem cell population in bone-marrow MSCs.
Co-cultures with MSCs and with a higher density of osteoblasts express greater
mRNA expressions of Runx2, type I collagen, and osteocalcin [58]. Human bone-
marrow-derived MSCs, by virtue of their capacity for self-renewal and multipotent
differentiation, are considered promising candidate cells for regenerative medicine
and tissue engineering applications. The multipotent differentiation capabilities of
MSCs into various types of cell lineage, such as osteoblasts, chondrocytes, and
adipocytes, have been characterized in numerous studies [46, 47]. Osteoblasts,
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which are derived from bone-marrow MSCs, are the main cell type responsible for
bone formation and are one of the neighboring cell types close to the bone marrow.
It is believed that interaction between bone-marrow MSCs and their neighboring
cells may lead to MSC osteogenesis via cell–cell contact or osteoblast-derived
soluble factors [59]. It has been demonstrated that Runx2 is as an essential tran-
scription factor for the induction of early osteogenic differentiation. Studies of the
expression of Runx2 demonstrate that the early osteogenesis of co-cultures is highly
dependent on osteoblast numbers co-cultured in an osteoinductive environment.
Co-cultures with MSCs and osteoblasts demonstrated that direct cell–cell contact is
sufficient to induce osteogenic differentiation by enhancing the gene expressions of
Runx2, type I collagen, and osteocalcin. More significant and distinct osteogenic
differentiation is promoted by additional osteogenic supplements. The quality of
osteogenesis, as evidenced by protein expression, is proportional to the quantity of
osteoblasts in the co-cultures. A recent study has also suggested that primary bone-
derived cells promote the osteogenesis of human embryonic stem cells in a
co-culture model by releasing bone morphogenetic proteins 2 and 4 [60]. These
findings demonstrate that the osteogenesis of stem cells may be induced or pro-
moted in a co-culture system through either direct cell–cell contact or secreted
soluble factors derived from osteoblasts. These findings show that direct cell–cell
contact between MSCs and osteoblasts contributed little to MSC osteogenic dif-
ferentiation. In addition, the co-cultures required at least one osteoinductive factor
to induce or enhance the osteogenic differentiation in MSCs: either an appropriate
number of osteoblasts or treatment with osteogenic supplements. Culture conditions
that included both a large quantity of osteoblasts and osteogenic supplements
resulted in synergistic inhibition during osteogenesis by shrinking the process of
osteogenic differentiation. The direct cell–cell contact and soluble osteogenic fac-
tors might act as synergistic modulators to promote or inhibit osteogenic differ-
entiation in MSCs. Understanding the possible synergistic interactions between
MSCs and osteoblasts might be an alternative approach to manipulating the fates of
stem cells and for differentiating lineages in cell-therapeutic strategies and regen-
erative medicine [58]. Mesenchymal tissues are subjected to mechanical stimuli
in vivo, and terminally differentiated cells from the mesenchymal lineage respond
to mechanical stimulation in vivo and in vitro. MSCs have also been shown to be
highly mechanosensitive, and this may present an ideal method for controlling
MSC differentiation. External mechanical forces are able to induce or enhance MSC
differentiation into a wide variety of tissue-specific cells; however, precisely con-
trolling the timing and outcome of MSC differentiation is still a large challenge.
Characterization of the exact force MSC experience in loading systems is important
to know what mechanisms are actually inducing the observed responses and to help
simplify the design of future loading systems. While most bioreactor systems
employ a common force type (e.g., tension or compression), there are also likely to
be other mechanisms at work causing significant secondary effects. Mathematical
and computer modeling is important for characterizing the forces that are being
experienced by the cells [61].
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In conclusion, mechanical stress plays a vital role in maintaining bone archi-
tecture and this was studied for the first time by Julius Wolff: Mechanical loads can
affect bone architecture in living beings [23]. However, the process by which
osteogenic cells convert the mechanical signal into a biochemical response gov-
erning bone modeling is not clear. For example, in a recent study, was investigated
how Atlantic salmon (Salmo salar) vertebra responds to exercise-induced
mechanical loading. Bone formation in the vertebrae was favored through
increased expression of genes involved in osteoid production. Fourier transform
infrared spectroscopy (FT-IR) showed that bone matrix secreted both before and
during sustained swimming had different properties after increased load compared
to control, suggesting that both new and old bones are affected. Concomitantly,
both osteoblasts and osteocytes in exercised salmon showed increased expression of
the receptor nk-1 and its ligand, substance P (SP), both known to be involved in
osteogenesis. The functional role of SP was investigated in vitro using osteoblasts
depleted for SP. The cells showed severely reduced transcription of genes involved
in mineralization, demonstrating a regulatory role for SP in salmon osteoblasts.
Investigation of a-tubulin stained osteocytes revealed cilia-like structures. Together
with SP, cilia may link mechanical responses to osteogenic processes in the absence
of a canaliculi network. These results imply that salmon vertebral bone responds to
mechanical load through a highly interconnected and complex signal and detection
system, with SP as a key factor for initializing mechanically induced bone for-
mation in bone lacking the canaliculi system [62].

Thus, it is probably that the bone development is mediated by neurotransmitters.
In fact, SP and calcitonin gene-related peptide (CGRP) have been also found in the
perichondrium and within the cartilage canals. It is still unknown whether they exert
a direct effect on chondrocytes during joint development. The presence of CGRP
and SP indicates the presence of nerves fibers and precedes the development of
cartilage canals. Nerve fibers may play a role in the development of synovial joints
before and during the presence of cartilage canals. The presence of CGRP and SP in
the cartilage at birth may be involved in the early postnatal maturation of synovial
joints [63]. Substance P is part of the superfamily of tachinins. SP exerts a trophic
influence on neuronal tissue. The release of SP can lead to vasodilatation, plasma
extravasion, and leukocyte recruitment, with a clear proinflammatory action which
continues through the release of collagenase, prostaglandin E2, interleukin 1,
TNFa, and oxygen metabolites [64]. Peripheral nervous fibers containing SP have
been identified in the synovial membrane, in ligaments, in the menisci, the sub-
chondral bone of human or rat and in some feline and horse joints [65]. Recent
studies showed neurofilaments in arthritic cartilage and in osteophytes. This sug-
gests a role of this neuropeptide in pain transmission and during degenerative and
reparative processes occurring in arthritic joints [66]. CGRP is a peptide produced
by tissue-specific alternative processing of the primary RNA transcripts of the
calcitonin gene. Nervous fibers containing CGRP have been identified in spinal
motoneurons [67], in the motor plates of voluntary muscles, in the bone marrow,
close to the epiphyseal plates in contact with osteoblasts, in the periosteum, around
the vessels in Volkman’s channels and the Havers’s channels, in the synovial
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membrane, in ligaments, and in subchondral bone of human joints [68]. CGRP also
seems to be involved in tendon and fracture healing [68, 69]. SP and CGRP have
been identified in the perichondrium and in periarticular neurons [70]. Neuronal
involvement may play an important role in the development of degenerative joint
disease, consequent to progressive age-related loss of joint innervation. Autonomic
nerve fibers may also actively participate in bone repair [71]. It is possible that the
periarticular autonomic nerve fibers, through their neuropeptides, exert a trophic
effect on joint development.

ECM and Tendons

On the other hand, it is necessary to focus the attention on the soft tissues, such as
tendons. Only through the clarification of the microanatomy, pathophysiology,
genetics of ECM, we may be able to improve current therapeutic knowledge on
tendon diseases. Unfortunately, today too often the media and some areas of
medicine offer to the patients new medical therapy based on tissue regeneration of
tendons without scientific certainty of the effectiveness. The main effort of the
research at this time should be focused not only on the in vivo application of new
potential therapies but also and especially on the mechanisms that regulate the
homeostasis of the ECM during exercise and pathologic conditions [72].

Tendon structure. The structure of a tendon is an important example of com-
plexity of ECM three-dimensional organization. The extracellular matrix (ECM) is
a macromolecular network with both structural and regulatory functions. Tendons
are made by a fibrous, compact connective tissue that connects muscle to bone
designed to transmit forces and withstand tension during muscle contraction. The
extracellular matrix (ECM) is a macromolecular network with both structural and
regulatory functions. Indeed, ECM furnishes mechanical and biochemical signals
that cooperate in the integrated control of cell proliferation, survival, migration, and
differentiation. ECM components belong to four major types of macromolecules:
the collagens, elastin, proteoglycans, and noncollagenous glycoproteins (e.g.,
laminins, entactin/nidogen, fibronectin, and tenascins). The most copious proteins
in the ECM are members of the collagen family. The collagens are involved in the
formation of ECM fibrillar and microfibrillar networks and play a key role in
determining tissue-specific mechanical properties.

Tendon’s ultrastructure and ECM. The apparently simple tendonʼs structure
and composition provide both rigidity and flexibility. This ability is based on
tendon nonlinear, viscous-elastic, anisotropic, and heterogeneous mechanical
properties. Similar to other tissues, there is a clear relationship between structure
and function of the tendon [73]. Indeed, different tissue microenvironments provide
specific characteristics to the different three-dimensional organization of the ECM
since embryogenesis [74]. The organization of the ECM in the tendon is peculiar as
well as within different tendons. The dialogues between different cells (fibroblasts,
muscle, and cartilage cells) or better the dialects between different cells mediated by
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various signaling cascades dependent on FGFs and TGF beta are used at decisive
stages of development to make specific the phases of induction, organization,
aggregation, or differentiation of cells [75]. The structure of the tendon is so
complex that it is very difficult to maintain its function in the healing since this
process is reparative rather than regenerative in the adult [76, 77]. A tendon consists
of 70% of water and 30% of dry mass, which is composed by 60–80% of type I
collagen and 2% of elastin. Among collagens, the most abundant component is
collagen type I (95%), while type III and type V collagens represent the remaining
5% of the total collagens [77]. There are many types of collagen, and each of these
has a specific function; every year one new type or one new function is discovered.
Tendons in addition to collagen contain proteoglycans, glycosaminoglycans, and
glycoproteins including fibronectin, thrombospondin, and tenascin-C immersed in
different compositions of ECM lying cellular elements represented (90/95%) by
tenoblasts and tenocytes. The remaining 5–10% of the cells consists of chondro-
cytes, synovial and vascular cells [73]. This information can be useful to create
appropriated nanoengineering techniques [78].

Proprioception: Muscle, Tendon, and Ligament

Mechanoreceptors in healthy muscles, ligaments, and tendons procure the sensation
of the joint movement, joint position, and stability. Loss of mechanoreceptors not
only causes mechanical instability, but also leads to a disturbance in the neuro-
muscular control due to the loss of mechanoreceptors. Proprioception is the sen-
sation of the joint movement and joint position [79].

Ligaments and proprioception. Research has shown that four types of nerve
endings can be listed in ligaments: Ruffini corpuscles, Pacinian corpuscles, Golgi
tendon organ-like endings, and free nerve endings [80]. These four types of
receptors were also found in the fibrous joint capsule. Ruffini endings are inter-
twined with collagen fibers, and they seem to be activated by the displacement of
the fibers. Ruffini corpuscles are both static and dynamic mechanoreceptors which
are able to signal static joint position, changes in intra-articular pressure as well as
movement direction, amplitude, and velocity [80, 81]. Pacinian corpuscles are
dynamic, rapidly adapting mechanoreceptors with a low threshold. They are
inactive on immobile joints, though becoming active at the acceleration and
deceleration. Golgi tendon organ endings have an high threshold and are slowly
adapting. They are inactive in immobile joint, and it has been suggested that they
measure the ligament tension. They have been discovered in the cruciate ligaments,
medial collateral ligament, the medial patellar ligament. Finally, free nerve endings
are the articular nociceptor endings [82].

The sensory role of the cruciate ligaments. Knee joint ligaments have been
traditionally considered passive structures only involved in mechanical functions
[83]. A variety of studies concerning the presence of mechanoreceptors in cruciate
ligaments have been reported [84]. Three different types of nerve fibers and of nerve
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endings have been described in normal ACL: (1) fibers of large diameter which are
fast-conducting mechanoreceptive sensory afferents; (2) fibers of small diameter
slow-conducting nociceptive sensory afferents, and (3) sympathetic efferent vaso-
motor fibers. How we said before, four nerve endings have been identified in human
cruciate ligaments: Ruffini corpuscles, Pacinian corpuscles, Golgi tendon organ-like
endings, and free nerve endings [82, 85]. Ligament mechanoreceptors influence
movements via the c-muscle spindle system. They contribute to the stiffness pre-
programming around the joint and are crucial for joint stability maintenance.
Therefore, the knee ligament injury would damage the mechanoreceptors and alter
neuromuscular functions secondary to diminished somatosensory information. ACL
rupture causes considerable changes in stretch reflex excitability, so the “giving
way” of the knee is not simply related to the decrease in mechanical joint stability,
but is closely associated with altered stretch reflex excitability that most probably
takes place on the spinal level. Reduction of mechanoreceptors is not only due to a
lesion of the soft tissue. Mechanoreceptors are not immutable structures, but their
properties change with aging. Aging affects numbers and morphology of
mechanoreceptors. This phenomenon could explain why normal aging process is
associated with deficits in proprioception.

It was left to Abbott et al. [86] to attribute more importance to knee structures, as
they first described the knee ligaments as having rich sensory innervation, which
allowed them to act as the first link in the kinetic chain. Ever since, our under-
standing of this complex functioning has evolved, and it is now widely accepted
that movement or charge in knee position stimulates receptors in knee ligaments
that allow the conscious appreciation of limb position in space. Proprioception is
receptor and neural arc mediated. The stimulation of mechanoreceptors in the knee
ligaments initiates different types of reflex muscle contractions through the neural
arc involving the dorsal root ganglion sensory neurons. Many studies over the last
30 years have demonstrated significant presence of mechanoreceptors in the fibers
of an intact anterior cruciate ligament (ACL). These were first described by Schultz
et al. [87] in 1984, and it was subsequently established that the receptors included
not just Pacinian, Ruffini, or Golgi tendon-type bodies, but also numerous nerve
endings distributed all over the ACL. These receptors play an important role in the
complicated neural network of proprioception. They are capable of detecting
changes not only in tension, speed, acceleration, and direction of movement, but
also allow a subconscious determination of the position of knee joint in space. It
becomes a corollary that damaged mechanoreceptors would alter neuromuscular
functions secondary to diminished somatosensory information (proprioception and
kinesthesia). In modern orthopedics, this has become a key factor in understanding
functional instability after ACL injuries and methods to treat it. Subsequent to an
ACL injury, it has been observed that the relationship between passive stability and
the functional stability of the knee joint is often ambiguous. It is possible that the
functional instability that occurs after an injury to the ACL is due to the combined
effects of excessive tibial translation and a lack of “coordinated muscle activity” to
stabilize the knee joint. This lack of coordinated muscle stabilization of the knee
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joint is thought to be due to diminished or absent sensory feedback from the ACL to
the neuromuscular system.

Mechanoreceptors in intact ACL. The first histological demonstration of
mechanoreceptors in the human ACL was done by Schultz et al. [87]. The cruciate
ligaments were obtained at the time of total knee replacement and from autopsy and
amputation specimens. The ultrastructure of nerve endings in a human knee joint
capsule was subsequently described by Halala et al. [88]. These authors found the
three types of nerve endings: free nerve endings, Ruffini corpuscles, and Pacinian
corpuscles. In the joint capsule, free nerve endings were located below the synovial
layer and within the fibrous layer near blood vessels. These nerve terminals are
derived from myelinated A-delta fibers or from unmyelinated C-fibers. Ruffini
corpuscles were present within the fibrous layer and the ligaments of the capsule in
three variations: small Ruffini corpuscles without a capsule, small corpuscles with a
connective tissue capsule, and large Ruffini corpuscles with an incomplete per-
ineural capsule. Their afferent axons were myelinated, and, inside the corpuscle,
nerve terminals were anchored in the connective tissue belonging to the fibrous
layer or to the ligaments, respectively. The presence of an incomplete perineural
capsule depended on the structure of the surrounding connective tissue. In liga-
ments with collagenous fibrils oriented in a parallel fashion, the perineural capsule
was well-developed and the Ruffini corpuscle resembled a Golgi tendon organ; in
areas where the fibrils showed no predominant orientation, Ruffini lacked a capsule.
Small Pacinian corpuscles were situated within the fibrous layer near the capsular
insertion at the meniscus articularis or at the periosteum. Larger Pacinian corpuscles
with one or several inner cores and a perineural capsule were found on the outer
surface of the fibrous layer. By the turn of the century, it was becoming clear that
the mechanoreceptors located in the ACL constitute an afferent source of infor-
mation toward the central nervous system. The ACL deficiency can cause a dis-
turbance in neuromuscular control and affects central programs and consequently
the motor response resulting in serious dysfunction of the injured limb. It was
examined brain activation by using functional magnetic resonance imaging tech-
nique (1.5-T scanner): ACL deficiency can cause reorganization of the central
nervous system, suggesting that such an injury might be regarded as a neuro-
physiologic dysfunction, not a simple peripheral musculoskeletal injury [89]. This
evidence could explain the variation of clinical symptoms that accompany this type
of injury, and the degrees of dysfunctions in different individuals with an
ACL-deficient knee.

Mechanoreceptors in the stump of an injured ACL. In untreated ACL lesions in
humans, morphologically normal mechanoreceptors persisted in the ACL remnant
for about 3 months after injury. Beyond that time, the number of receptors grad-
ually decreased. By the ninth month after injury, only a few nerve endings were
found, and they were totally absent after 1 year. These results indicate that the
proprioceptive potential of the stump may diminish with the passage of time, and
this may have a potential bearing on surgical outcomes in cases where recon-
struction is delayed. Thus, preserving the ACL remnants might improve functional
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outcome after ACL reconstruction as some reinnervation and recovery of propri-
oception are likely in such cases.

Previous studies of ACL anatomy and histology have demonstrated that the
maximum concentration of the nerve endings is at the attachment sites of the
ligament to the bone. This serves as the main tract for proprioceptive feedback.
These are the stumps that are seen at arthroscopy and are routinely removed,
thereby aggravating the sensory damage to the knee joint. In addition, preserving
remnant provided synovium for the reconstructed ACL, and it could accelerate
revascularization of the graft. The remnants not only improved proprioception but
also provided mechanical stability in certain cases. However, there is always a risk
of developing a cyclops lesion if the remnant is preserved and this could lead to
impingement. In conclusion, remnant preservation in ACL reconstruction, although
technically demanding, can provide better clinical results as compared to
remnant-sacrificing techniques.

With presence of degenerative changes, the proprioceptive potential of the
injured stump decreases more, further substantiating the fact that delays in treatment
negatively affect the mechanoreceptor and proprioceptive fibers in the stump. In
ACL-deficient knees of long duration, repeated episodes of giving way and reinjury
due to instability may render the stump prone to degeneration and decrease its
proprioceptive potential.

In conclusion, mechanoreceptors in intact ACL contribute toward functional
stability of the knee joint. Injury to ACL not only causes mechanical instability, but
also leads to a disturbance in the neuromuscular control of the injured knee due to
loss/damage to mechanoreceptors. ACL reconstruction restores proprioceptive
potential of the knee to some extent, but the results vary. Although the remnant
ACL contains residual mechanoreceptors, the number and functionally of these
receptors is dependent, to some extent, on the physical characteristics of the rem-
nant and duration of injury. Nevertheless, these remnants are worth preserving
during ACL reconstruction and can play an important role in restoration of pro-
prioception of knee following ACL reconstruction [90].

Tendinous mechanoreceptors. Golgi tendon organ-like endings have been
found in tendons. Stimulus response suggests they are high-threshold, slowly
adapting mechanoreceptors that are completely inactive in immobile joints. They
become active when joints are at the extreme of their ranges of movement and
considerable stresses are generated in the joint ligaments [80, 82].

Healing of tendon mechanoreceptors. The dynamic response of the Golgi
tendon organs is made physiologically by two components: an initial peak and a
second main component showing correlation between tension rate and discharge
frequency. During first part of the healing, motor units had to come to a full
recovery. Speed contraction and absolute tension were not fully restored yet.
Almost all receptors were reinnervated. Probably after a complete nerve section,
occurs a reinnervation by inappropriate axons. However, abnormal responses seem
more due to an immaturity of the transduction mechanism. After the nerve tran-
section, the structure of the motor units is modified; this can lead to an increase in
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the mechanical input to the Golgi tendon organs. Missing of the responses coincides
with an alteration of the dynamic sensitivities [91].

Muscle mechanoreceptors. Golgi tendon organs co-work with another
mechanoreceptor: the muscle spindle, which is the most innervated receptor, with
afferent and efferent fibers. These receptors are aligned parallel to the muscle fibers,
and they primarily detect changes in the length and the speed of muscles [92].
Mechanoreceptors function as transducer devices converting a signal in one form of
energy to another one (i.e., the physical stimulus of tension into a specific nerve
signal). The summation of receptor discharges forms a frequency-modulated code
that the central nervous system uses to analyze joint position, motion, and accel-
eration [93]. The transduction of mechanical stimuli into electrical responses is
essential for audition, kinesthesis, proprioception, and automatic sensation of
pressure and volume. Seems that Pacinian corpuscles and Golgi tendon organs are
more represented than Ruffini endings in ligaments, both Pacinian corpuscles and
Golgi tendon organs are physiologically reflexogenic. Pacinian corpuscles dis-
charge at the onset or cessation of movement and are involved in quick movements;
this afferent feedback to the central nervous system would have a stabilizing effect
on the joints. Golgi tendon organs are found in ligaments, myotendinous and
myoaponeurotic junctions of mammalian skeletal muscle. Their discharges are
responsible for tension and joint position; thus, they are also responsible for joint
stabilization [80, 94].

Healing of muscle mechanoreceptors. Few reports focused the healing of
mechanoreceptors. Some of these showed that muscle spindle afferents reinnervate
their original ending sites with the spindle after a nerve injury but the afferents that
had been regenerated are smaller than the control group. In contrast Haftel and
coworkers showed that not all the regenerated afferences were able to restore a
pathway to central nervous system. Moreover, there were some differences in
muscle spindle responses to stretch, showing that reinnervated afferences had an
increased length in threshold, probably due to an incomplete recovery of gamma
motoneurons drive to reinnervated muscle spindles [95].

In conclusion, mechanoreceptors in normal tissues contribute to stability of the
joints. Injuries of ligaments, tendons, and muscles contribute to the mechanical
instability and to a disturbance in neuromuscular control due to the loss of
mechanoreceptors. This field remains to be investigated more deeply in the way to
clarify the complex relationship between soft tissues and nervous system in normal
and pathological conditions. Further studies need to be conducted on mechanore-
ceptor functions in normal and pathological conditions and in the close future
maybe our surgical procedures; rehabilitation protocols for conservative or post-
surgical treatments will become modified if proprioception sense will be better
addressed [96].
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Nanoscale Biotechnology

Although further studies and new techniques are necessary, there are already dif-
ferent types of nanoscale biotechnology studied and experimented.

Electrospinning. Electrospinning has emerged to be a simple, elegant, and
scalable technique to fabricate polymeric nanofibers. Pure polymers as well as
blends and composites of both natural and synthetics have been successfully
electrospun into nanofiber matrices. Physiochemical properties of nanofiber
matrices can be controlled by manipulating electrospinning parameters to meet the
requirements of a specific application. Such efforts include the fabrication of fiber
matrices containing nanofibers, microfibers, combination of nano- and microfibers,
and also different fiber orientations/alignments. Polymeric nanofiber matrices have
been extensively investigated for diversified uses such as filtration, barrier fabrics,
wipes, personal care, biomedical and pharmaceutical applications. Recently elec-
trospun nanofiber matrices have gained a lot of attention and are being explored as
scaffolds in tissue engineering due to their properties that can modulate cellular
behavior. Electrospun nanofiber matrices show morphological similarities to the
natural extracellular matrix (ECM), characterized by ultrafine continuous fibers,
high surface-to-volume ratio, high porosity, and variable pore-size distribution.
Efforts have been made to modify nanofiber surfaces with several bioactive
molecules to provide cells with the necessary chemical cues and a more in
vivo-like environment. The current paper provides an overlook on such efforts in
designing nanofiber matrices as scaffolds in the regeneration of various soft tissues
including skin, blood vessel, tendon/ligament, cardiac patch, nerve, and skeletal
muscle [97].

Nanofiber scaffolds. Nanofiber scaffolds, produced by the electrospinning
technique, have gained widespread attention in tissue engineering due to their
morphological similarities to the native extracellular matrix. For cartilage repair,
studies have examined their feasibility; however, these studies have been limited,
excluding the influence of other scaffold design features. It evaluated the effect of
scaffold design, specifically examining a range of nano- to micron-sized fibers and
resulting pore size and mechanical properties, on human mesenchymal stem cells
(MSCs) derived from the adult bone marrow during chondrogenesis. MSC differ-
entiation was examined on these scaffolds with an emphasis on temporal gene
expression of chondrogenic markers and the pluripotent gene, Sox2, which has yet
to be explored for MSCs during chondrogenesis and in combination with tissue
engineering scaffolds. Chondrogenic markers of aggrecan, chondroadherin, sox9,
and collagen type II were highest for cells on micron-sized fibers (5 and 9 lm) with
pore sizes of 27 and 29 lm, respectively, in comparison with cells on nano-sized
fibers (300 nm and 600 to 1400 nm) having pore sizes of 2 and 3 lm, respectively.
Undifferentiated MSCs expressed high levels of the Sox2 gene but displayed
negligible levels on all scaffolds with or without the presence of inductive factors,
suggesting that the physical features of the scaffold play an important role in
differentiation. Micron-sized fibers with large pore structures and mechanical
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properties comparable to the cartilage ECM enhanced chondrogenesis, demon-
strating architectural features as well as mechanical properties of electrospun fi-
brous scaffolds enhance differentiation [98].

For example, polycystin-1 (PC1) is a large membrane-associated protein that
interacts with polycystin-2 in the primary cilia of renal epithelial cells to form a
mechanosensitive ion channel. Bending of the cilia induces calcium flow into
the cells, mediated by the polycystin complex. Antibodies to polycystin-1 and
polycystin-2 abolish this activation. Based on this, it has been suggested that the
extracellular region of polycystin-1, which has a number of putative binding
domains, may act as a mechanosensor. A large proportion of the extracellular
region of polycystin-1 consists of beta sandwich PKD domains in tandem array.
Atomic force microscopy was used to investigate the mechanical properties of the
PKD domains of polycystin-1. These domains, despite having a low thermody-
namic stability, exhibit a remarkable mechanical strength, similar to that of
immunoglobulin domains in the giant muscle protein titin. Molecular dynamic
simulations performed at low constant force show that the first PKD domain of
polycystin (PKDd1) has a similar unfolding time as titin I27, under the same
conditions. The simulations suggest that the basis for this mechanical stability is the
formation of a force-stabilized intermediate. Thus, these domains will remain folded
under external force supporting the hypothesis that polycystin-1 could act as a
mechanosensor, detecting changes in fluid flow in the kidney tubule [99].

In other studies, PKD1 gene was stably silenced in osteoblastic cell line
MC3T3-E1 by using lentivirus-mediated shRNA technology to investigate the
involvement of PC1 in mechanical strain-induced signaling cascades controlling
osteogenesis. It was showed that mechanical tensile strain sufficiently enhanced
osteogenic gene expressions and osteoblastic proliferation. However, PC1 defi-
ciency resulted in the loss of the ability to sense external mechanical stimuli,
thereby promoting osteoblastic osteogenesis and proliferation. The signal pathways
implicated in this process were intracellular calcium and Akt/b-catenin pathway.
The basal levels of intracellular calcium, phospho-Akt, phospho-GSK-3b, and
nuclear accumulation of active b-catenin were significantly attenuated in
PC1-deficient osteoblasts. In addition, PC1 deficiency impaired mechanical
strain-induced potentiation of intracellular calcium, and activation of
Akt-dependent and Wnt/b-catenin pathways, which was able to be partially
reversed by calcium ionophore A23187 treatment. Furthermore, applications of
LiCl or A23187 in PC1-deficient osteoblasts could promote osteoblastic differen-
tiation and proliferation under mechanical strain conditions. Therefore, these results
demonstrated that osteoblasts require mechanosensory molecule PC1 to adapt to
external mechanical tensile strain, thereby inducing osteoblastic mechanoresponse,
partially through the potentiation of intracellular calcium and downstream Akt/
b-catenin signaling pathway [100].

Scaffolds for chondrogenic differentiation. How we said before, chondrogenic
differentiation of mesenchymal stem cells is strongly influenced by the surrounding
chemical and structural milieu. Since the majority of the native cartilage extracel-
lular matrix is composed of nanofibrous collagen fibrils, much of recent cartilage
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tissue engineering research has focused on developing and utilizing scaffolds with
similar nanoscale architecture. However, the current literature lacks consensus
regarding the ideal fiber diameter, with differences in culture conditions making it
difficult to compare between studies. It was studied how to develop a more thor-
ough understanding of how cell–cell and cell–biomaterial interactions drive in vitro
chondrogenic differentiation of bone-marrow-derived mesenchymal stem
cells (MSCs). Electrospun poly(e-caprolactone) microfibers (4.3 ± 0.8 µm diam-
eter, 90 lm2 pore size) and nanofibers (440 ± 20 nm diameter, 1.2 lm2 pore size)
were seeded with MSCs at initial densities ranging from 1 � 105 to 4 � 106 cells
cm−3 -scaffold and cultured under transforming growth factor-b (TGF-b) induced
chondrogenic conditions for 3 or 6 weeks. Chondrogenic gene expression, cellular
proliferation, as well as sulfated glycosaminoglycan and collagen production were
enhanced on microfiber in comparison with nanofiber scaffolds, with high initial
seeding densities being required for significant chondrogenic differentiation and
extracellular matrix deposition. Both cell–cell and cell–material interactions appear
to play important roles in chondrogenic differentiation of MSCs in vitro, and
consideration of several variables simultaneously is essential for understanding cell
behavior in order to develop an optimal tissue engineering strategy [101].

The objective of the scientific studies is to develop a scaffold for mesenchymal
stromal cell (MSC) recruitment, proliferation, and chondrogenic differentiation. The
concept behind the design is to mimic the cartilage matrix and contain stimulatory
agents that make continuous supply of inductive factors redundant.

The use of electrospun extracellular matrix (ECM)-mimicking nanofibrous
scaffolds for tissue engineering is limited by poor cellular infiltration. Cell pene-
tration could be enhanced in scaffolds by using a hierarchical structure where
nanofibers are combined with micron-scale fibers while preserving the overall
scaffold architecture. To assess this, were fabricated electrospun porous poly(lactic
acid) (PLA) scaffolds having nanoscale, microscale, and combined micro/
nanoarchitecture and evaluated the structural characteristics and biological
response in detail. Although the bioactivity was intermediate to that for nanofiber
and microfiber scaffold, a unique result of this study was that the micro/nano
combined fibrous scaffold showed improved cell infiltration and distribution than
the nanofibrous scaffold. Although the cells were found to be lining the scaffold
periphery in the case of nanofibrous scaffold, micro/nanoscaffolds had cells dis-
persed throughout the scaffold. Further, as expected, the addition of nanoparticles of
hydroxyapatite (nHAp) improved the bioactivity, although it did not play a sig-
nificant role in cell penetration. Thus, this strategy of creating a three-dimensional
(3D) micro/nanoarchitecture that would increase the porosity of the fibrous scaffold
and thereby improving the cell penetration can be utilized for the generation of
functional tissue-engineered constructs in vitro [102].

Thus, it is possible to combine nanofibrous (N: *400 nm) and microfibrous (M:
*10 lm) poly-e-caprolactone (PCL) scaffolds; for example, they were combined
with 1% high-molecular-weight sodium hyaluronate (NHA/MHA), 1% hyaluronan
(HA) and 200 ng transforming growth factor beta 1 (TGF-b1; NTGF/MTGF), or
0.1% bovine serum albumin (N/M). Scaffolds were seeded with MSCs from bone
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marrow and cultured without growth factors in vitro. Cultures with chondrogenic
medium supplemented with TGF-b1 served as controls. Proliferation, migration,
and release of TGF-b1 were investigated. Cell differentiation was evaluated by
polymerase chain reaction (PCR) and real-time PCR. NTGF and MTGF exhibited
primarily an initial release of TGF-b1. None of the factors released by the scaffolds
recruited MSCs. The expression of aggrecan was dependent on the scaffold ultra-
structure with nanofibers promoting increasing and microfibers decreasing
expression levels. Composites containing HA demonstrated elevated seeding effi-
ciency and lower type I collagen expression. Expression of type II collagen was
dependent on continuous or late supply of TGF-b1, which was not provided by the
scaffold design. The initial release of TGF-b1 induced an expression of type I
collagen and osteogenic marker genes. Thus, nanofibrous PCL scaffolds with or
without augmentation are suitable for chondrogenic initiation of MSCs. Initial
release of HA is sufficient in terms of directing the implanted MSCs toward a
chondrogenic end, whereas a late release of TGF-b1 is preferred to foster type II
and avoid type I collagen expression [103].

Hyaluronic acid (HA) is a molecule of particular interest for producing scaffold
for tissue engineering. It has been reported that bone marrow (BM) is the MSC
source an appropriate in the setting of cartilage regeneration to treat cartilage focal
lesions. Thus, can be used HA membranes reached of BM-MSCs, aspirated by the
posterior iliac crest, as scaffolds. The interaction of MSCs with the scaffolds such as
HA membranes may contribute to positively influence the differentiation process
toward chondrogenesis. Many other factors may help MSC differentiation into
chondrocytes as the spatial conformation of the culture system, additional reagents
as platelet rich plasma (PRP), PL or TGF-b1, but the influence of the structure and
composition of the scaffold is particularly relevant since it could provide favorable
microenvironment for MSC chondrogenesis [104].

PRP and MSCs for tendon regeneration. PRP and mesenchymal stem cells can
be used also for tendon injuries. Tendon tissue shows limited regeneration potential
with formation of scar tissue and inferior mechanical properties. Several growth
factors have the capacity to improve the healing response and decrease scar for-
mation. PRP and MSC work as efficient growth factor carriers. Platelets contained
in PRP produce a number of relevant cytokines participating in physiological
tendon healing (e.g., platelet-derived growth factor (PDGF), epidermal growth
factor (EGF), vascular endothelial growth factor (VEGF)). The angiogenic effect is
vital for tendon and ligament healing, and PRP may contribute to increase it. In
vitro experiments and animal studies showed promising results for the use of PRP;
however, clinical controlled studies have shown a tendency to reduce the
pain-related symptoms but no significant differences in overall clinical scores.
Unfortunately is yet unknown which dose and which type of PRP should be used to
have more significant results. On the other hand, MSCs can contribute to tendon
healing in different ways. First, they can provide tenocytes by direct differentiation
into these cells. Secondly, they can provide a number of anabolic cytokines by their
extraordinary paracrine activity. Thirdly, they show significant anti-inflammatory
activity that may contribute to the healing process. MSCs are not totally arrived in
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clinical use so that there is still a lack of randomized controlled trials. In basic
research experiments, they show an extraordinary paracrine activity,
anti-inflammatory effect, and the possibility to differentiate in tenocytes when
different activating factors are added [105].

PAM and SCF. For some specific tissue regeneration, to overcome problems
such as cell survival, lack of cell differentiation, and integration in the host tissue, a
new tool described as pharmacologically active microcarriers (PAM) has been
described. PAMs are biocompatible and biodegradable microdevices coated with
cell adhesion molecules, conveying cells on their surface and presenting a con-
trolled delivery of growth factor. For other specific tissue regeneration, micro- and
nanoporous scaffolds with a specific 3D-shape serve as temporary support for cells
to grow into a new tissue, before it is transplanted back to the host tissue. PAM
production can be performed by using an innovative continuous process that
involves the use of supercritical fluid (SCF) (mainly supercritical carbon dioxide),
for the treatment of simple or multiple emulsions at relative low temperatures.
Scaffolds with a specific 3D shape require several characteristics, such as high
regular and reproducible 3D structure, porosity exceeding 90% and an open pore
geometry, high internal surface areas, and specific mechanical properties. To pro-
duce interconnected microcells and a nanometric substructure, a new
supercritical-fluid-assisted technique for the formation of 3D scaffolds has been
proposed. It consists of three steps: formation of a polymeric gel loaded with a solid
porogen, drying of the gel using SCF, washing with water to eliminate the porogen.
When gel drying is performed by SCF, the supercritical mixture formed during the
process has no surface tension and can be easily eliminated in a single step. One of
the major problems in gel drying is the possibility of gel collapse; using SCF, the
absence of surface tension avoids this problem preserving the nanoporous structure.
“Injectable scaffold” or temporary scaffold was also tested, respectively, for the
culture of mesenchymal stem cell in order to study their growth and differentiation.
The result showed higher biocompatibility with respect to similar product obtained
by conventional technology [106–110].

Conclusions

The complexity and well-orchestrated structure of musculoskeletal tissues reacts
physiologically and pathologically to mechanical stresses. Thousands of molecular
events occur during these events; understanding both the nanophysiology of cellular
mechanoresponse and how to use this knowledge is the key point of tissue engi-
neering. New information is required to introduce new types of nanotechnology or
to modify those already used, which will be able to improve the reparation of
injuries in various systems such as the musculoskeletal system.
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Chapter 8
Modular Tissue Engineering:
An Artificial Extracellular Matrix
to Address and Stimulate Regeneration/
Differentiation

Giovanna Della Porta and Ernesto Reverchon

Abstract Tissue engineering uses living cells as engineering materials cultivated
and merged within a tri-dimensional structure in order to develop a tissue-like device;
these artificial extracellular matrixes, called scaffolds, are important in influencing
cells microenvironment and addressing their fate, both ex vivo as well as in vivo.
Indeed, tri-dimensional scaffolds allow cell attachment, enable diffusion of vital cell
nutrients or catabolites and can also deliver mechanical or biological signals. In the
traditional tissue engineering “top-down” approach, cells are seeded onto biopolymer
scaffold and then let them to migrate and colonize the structure; recently, the “bottom-
up” approach has been described to design structural bioengineered microfeatures
that can be used as building blocks to create larger tri-dimensional structures and
build modular tissues. In some specific applications, a mix of the two approaches is
also proposed to generate multiphase matrices. Several technologies for scaffold
production are described in this chapter both using conventional organic solvent and
dense gas or supercritical fluid; some solutions for artificial extracellular matrices
useful for musculoskeletal tissue regeneration are also proposed.

The “Top-Down” or “Bottom-Up” Approach:
Which Is the Best Choice?

Traditional tissue engineering strategies involves the so-called “top-down”
approach (see Fig. 8.1), in which cells are seeded on a biodegradable
three-dimensional (3D) biopolymer structure [1–3] and it is expected that they will
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populate the scaffold with the aid of dynamic cultivation, often supplemented with
growth factors, generating an appropriate extracellular matrix (ECM) [4–6]. These
3D scaffolds are still far from leading to successful tissue reconstruction in a clinical
setting because of the absence of specific microarchitecture, a limited mass trans-
port of metabolites or oxygen through the 3D structure, a reduced control over their
biodegradation. Moreover, when bio-signals or growth factors are incorporated by
simple adsorption onto bulk scaffolds, they normally leads to uncontrolled burst
release on implantation with an overdose that may give rise to undesired effects
[7, 8].

More recent tissue engineering approach described as “bottom-up” one or
modular tissue engineering aims to address the challenge of recreating bio-mimetic
structures by designing structural microfeatures that can be used to build modular
tissues such as building blocks to create larger tissues (see Fig. 8.2). These 3D
modules can be fabricated in different ways, such as microfabrication of cell-laden
hydrogels [9, 10], creation of cell sheets [11], or direct tissue printing [12]. By
mimicking native microstructural functional units, these approaches aim to create
more bio-mimetic engineered tissues because these modules can be assembled into
larger tissues-like structure through a number of methods such as random packing
[13, 14], stacking of layers [15], or ordinate assembly [16].

Bottom-up approach is aimed to provide guidance on the cellular level to direct
tissue morphogenesis by creating modular tissues with more physiological
microarchitectural features [17]. In addition, bio-plotting technology can help this
approach by designing a zonal organization into the 3D engineered artificial matric
plotted; for example, one strategy may be to spatially pattern cells with specific
additives from different zones into stratified layers to better mimic the in vivo zonal
organizations of the extracellular matrix. In this sense, bio-plotting additives such as

Fig. 8.1 Top-down approach involves monolithic scaffold on which the cells are seeded; often,
cells do not colonize the interior part of the scaffold
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biopolymer microcapsules can further be organized into a 3D pre-designed
microenvironment where they can deliver biomolecule within the continuous matrix
without compromising the properties of the bulk structure; these microdevices
allow generating scaffolds of higher complexity and functionality that can be

Fig. 8.2 Bottom-up approach allows generating scaffolds of higher complexity and functionality
that can be designed with several advantages over conventional monolithic scaffolds
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designed with several advantages over conventional monolithic bulk scaffolds [18, 19].
Moreover, by introducing microspheres, mechanically weak scaffolds can be sta-
bilized or reinforced providing an improved mechanical behaviour [20, 21].

Biopolymer microspheres with peptides immobilized on the surface have been
also reported as a mouldable scaffold for cartilage tissue engineering [22, 23],
whereas gelatin microspheres with bioactive domains including peptides resulted in
cytocompatible microcarriers suitable to deliver live cells such as chondrocytes for
in vivo chondrogenesis [24, 25]. During the dynamic cultivation, cells adhered,
proliferated and synthesized a thin layer of extracellular matrix (ECM) in and
around the macroporous beads allowing a biological sintering via cell–cell and
cell–matrix interaction after only a few days of dynamic seeding [26].

Biomaterials for Scaffold Fabrication

Natural polymers are of great importance for tissue engineering, basically due to
their intrinsic biocompatibility and biodegradability. This class of polymers is often
favoured more than synthetic ones due to their abundant side groups in their
molecular chains that allow for further functionalization. Further, natural polymers
such as collagen and gelatine contain motifs such as RGD (arginine–glycine–as-
partic acid) sequences, which can modulate cell adhesion and improve their
behaviour. Collagen is the most extensively investigated natural polymer since the
ECM of many mesenchymal tissues (including bone and cartilage) is mainly
composed of collagen as organic phase. Collagen is an attractive candidate material
for bone regeneration due to its excellent biocompatibility, desirable biodegrad-
ability and negligible immunogenicity [27, 28]. As a derivative from collagen,
Gelatin has been also used for biomedical applications; its characteristics include a
controllable degradation, and abundant presence of functional groups that allow for
further functionalization and modification via chemical derivatization. Specifically,
the unique electrical nature of gelatin (commercially available as both positively or
negatively charged polymers at neutral pH) enables gelatin to encapsulate bioactive
molecules by forming polyion complexes [29, 30].

Fibrin can be prepared by combining fibrinogen with thrombin, which are both
derived from the patient’s own blood, thereby fabricating an autologous scaffold
that does not induce an excessive foreign body reaction. However, the rapid
degradation rate and poor mechanical stability of fibrin have been stated as the main
limitation for bone tissue engineering. To overcome this problem, composite
microspheres (alginate/fibrin, poly-hyaluronic acid/fibrin) were developed to sta-
bilize the fibrin matrix, solving the problems of both alginate shortage of bioactive
sequence for cell attachment and fibrin poor capacity for cell encapsulation [31, 32].

Chitosan is a frequently used hydrophilic polysaccharide derived from chitin,
which exhibits favourable physicochemical and biological properties for biomedical
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applications including biocompatibility and intrinsic antibacterial nature [33],
whereas alginate favourable characteristics including its biocompatibility,
non-immunogenicity, hydrophilicity and cost-effectiveness make it highly suitable
for many applications in drug delivery and tissue engineering. The most pro-
nounced advantage of alginates is related to its gentle gelling behaviour using
crosslinking in the presence of divalent cations, such as Ca2+ [34, 35].

Poly-(glycolic acid) (PGA), poly-(lactic acid) (PLA) and their copolymers are a
family of linear aliphatic polyesters, which are the most frequently used in tissue
engineering because they degrade through hydrolysis of the ester bonds. Because of
its relatively hydrophilic nature, PGA degrades rapidly in aqueous solutions or
in vivo and loses mechanical integrity between two and four weeks. PLA is also
widely used for scaffold fabrication; the extra methyl group in the PLA repeating
unit (compared with PGA) makes it more hydrophobic, reduces the molecular
affinity to water and leads to a slower hydrolysis rate. It takes many months or even
years for a PLA scaffold or implant to lose mechanical integrity. To achieve
intermediate degradation rates between PGA and PLA, various lactic and glycolic
acid ratios are used to synthesize PLGA. Particularly, poly-lactic-co-glycolic acid
(PLGA, with a copolymer ratio of 75:25 or 50:50) has received a great interest in
the development of injectable microparticulate devices [36]. For example, PLGA
microparticles are described for in situ injection to achieve a precise and localized
drug delivery which is more effective in chemotherapy, hormone therapy, DNA/
protein or vaccine delivery [37–40]. Moreover, PLGA microparticles with a specific
size and distribution have also been proposed for the use in tissue engineering as
building blocks of implantable 3D scaffolds offering benefits such as good mor-
phology control and better versatility in the release kinetics of specific growth
factors for cellular function orienting and directing or biodegradable support for cell
culture and/or cell administration [41].

There are other linear aliphatic polyesters, such as poly-(e-caprolactone)
(PCL) and poly-(hydroxy butyrate) (PHB), which are also used in tissue engi-
neering research. PCL degrades at a significantly slower rate than PLA, PGA and
PLGA. The slow degradation makes PCL less attractive for general tissue engi-
neering applications, but more attractive for long-term implants and controlled
release applications [42].

3D Scaffold Fabrication: The Organic Solvent
Can Be Replaced by Supercritical Fluid

Conventional technologies for scaffold and microsphere fabrication use organic
solvents to solubilize the chosen biopolymer or their blend to generate a 3D scaffold
or microcapsules. One largely used method for pre-shaped 3D scaffolds fabrication
is the solvent casting and particulate leaching (see Fig. 8.3). The protocol involves
first mixing water-soluble salt particles in the polymer solution, and then, the
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suspension is cast into the mould of a desired shape; after solvent evaporation or
lyophilization, the salt particles are leached out to obtain biopolymer porous 3D
structure with porosity that can be of 90%. Closed cavities in the resulting matrix
and smooth wall are the described drawbacks of these structures as well as complex
post-treatments to remove the residual amount of solvents used [43]; moreover,
poor metabolites mass transfer within the structure during the cell cultivation and
poor cell colonization inside the structure is often described for these scaffolds,
even if cultivated in dynamic conditions [44, 45]. Electrospinning is a more
advanced fabrication technology that uses an electric field to control the formation
and deposition of biopolymer microfibres onto a target substrate (see Fig. 8.4).
A critical voltage is applied in order to overcome the surface tension of the
biopolymer solution and obtain an electrically charged jet; the jet within the electric
field is, then, directed towards the ground target, during which time the solvent
evaporates forming oriented or random fibres with diameters ranging from several
microns down to several hundred nanometres [46]. Limitations described are: low
mechanical strength and difficulty in controlling the 3D structure pore shapes and
sizes. Rapid prototyping is a technology based on the development of computer
science and manufacturing industry. The main advantage of these techniques is
their ability to produce complex products rapidly from a computer-aided design
(CAD) model. One of these rapid prototyping techniques, called 3D printing, has
been used to process biodegradable polymer scaffolds for tissue engineering
applications [47, 48]. All the described technologies lack biological agents incor-
porating within the biopolymer structure; for example, peptides such as growth
factors cannot be easily loaded into the 3D scaffolds because of the extreme con-
ditions (temperature/organic solvents) used in the fabrication process.

Technologies that replace the use of an organic solvent with dense gases or
supercritical fluids are also emerging in fabricating 3D devices for biomedical
applications. Supercritical fluids (SCFs) are defined substances at a temperature and
pressure above their critical point as described by the pressure vs. temperature
diagram for a pure compound (see Fig. 8.5). In a specific pressure and temperature
conditions, a substance becomes supercritical and can be described as an homo-
geneous fluid that can effuse through solids like a gas, but has also the ability to

Fig. 8.3 Solvent casting and particulate leaching method and SEM image of the microstructure of
the 3D scaffold obtainable
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dissolve materials like a liquid. In addition, close to the critical point, small changes
in pressure or temperature result in large changes in density, allowing a fine tuning
of the supercritical fluid solvent power. As a consequence, the supercritical fluids
seemed suitable to substitute organic solvents in a wide range of industrial pro-
cesses [49]. Particularly, its reduced surface tension coupled with higher diffusivity
(that is similar to gases and of about two orders of magnitude larger than that of
liquid solvents) offers possibilities of fabrication structures not obtainable by using
the conventional liquid solvents. Carbon dioxide is the most commonly used
supercritical fluids (SC-CO2) because it is not toxic, not flammable, cheap and with
critical parameters of pressure and temperature are readily accessible on the
industrial scale (304.1 K and 73.8 bar).

The first use of SC-CO2 for temporary 3D scaffolds production has been sug-
gested with the gas-foaming technique. The process is solventless and very efficient
in producing the porous biopolymer structure because the dense gas can foam a

Fig. 8.4 Schematic representation of electrospinning method and SEM image of the microstruc-
ture of the 3D scaffold obtainable

Fig. 8.5 State diagram for a
pure component in the PT
region
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given biopolymer inducing the formation of bubbles within its structure (see
Fig. 8.6). It was also described that the morphology of the foams can be varied by
controlling the depressurization rate of the foamed biopolymer, such as PLA or
PLGA, and the density of the gas; particularly, a rapid depressurization locked in
large numbers of spherical pores within the biopolymer structure, whereas a slower
depressurization reduced pores elongation. Drawbacks of the gas-foaming process
are smooth surfaces and generally closed pores structures [50]. Another technology
described for scaffold production by dense gases is the supercritical assisted phase
inversion method (SAPIM); the process reproduces the traditional phase inversion
method (obtained by liquid–liquid diffusion or by varying the system temperature)
by using SC-CO2. Therefore, the dense gas is used to dry the biopolymer structure
more rapidly due to an enhanced mass transfer caused by a reduced surface tension
and the absence of liquid–vapour interface. In a specific condition of pressure and
temperature and system composition, open pores are obtained and no traces of
organic solvents are described in the resulted scaffold. Moreover, the use of
SC-CO2 by means of pressure introduces an additional variable to influence the
biopolymer/solvent solution de-mixing process and, therefore, the porous structure
morphology. Indeed, it was described that it is possible to control the average pore
size that can decrease with the increase of SC-CO2 density (either by increasing the
pressure or by decreasing the temperature), whereas the average pore diameter
decreased with the increase of the initial polymer concentration [51]. Reverchon &
Cardea [52] explained this behaviour indicating that the phase separation process
can be responsible for the porous cellular structure obtainable in depending on the
liquid/liquid de-mixing by nucleation and growth of droplets of a polymer lean
phase. The subsequent removal of the solvent produces a dry and stable structure.
The proposed process is versatile, and the scaffold characteristics can be continu-
ously modulated varying supercritical CO2 properties. Limitations are again smooth
porous walls and poorly interconnected pores within the 3D structure. To fulfil the
necessity of producing interconnected micropores, a supercritical fluid-assisted
technique named supercritical gel drying has been also proposed and described
[53]. The process involves the formation of a biopolymer alcohol gel loaded with a
solid porogen that is then dried by SC-CO2; the final washing with water eliminates
the porogen fabricating a porous structure. When the gel drying is performed by
supercritical CO2, the supercritical mixture formed during the process (ethanol plus
CO2) has no surface tension and can be easily eliminated in a single step by the
continuous flow of SC-CO2 in the drying vessel. The major problem during gel
drying is the possibility of gel collapse; however, the reduced surface tension of the
supercritical mixture used to avoid this problem preserving the nanoporous struc-
ture in the fabricated 3D aerogel [54]. These scaffolds were successfully tested for
human mesenchymal cells cultivation in a specific dynamic cultivation [55].
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Microdevices and Microcapsules Fabrication:
A Challenge for Supercritical Fluid Technology

Several techniques can be used to prepare biopolymer microcarriers, but the solvent
evaporation/extraction of emulsion (single, double or multiple) is the most widely
used. The process involves single oil-in-water (o/w) or double water-in-oil-in-water
(w/o/w) emulsions to encapsulate biomolecules [56]. The biopolymer is first dis-
solved in a water-immiscible organic solvent. The bioactive molecule is then added
to the polymer solution to produce a solution or dispersion of the substance;
however, more often, a double emulsion is prepared that involves the formulation of
a water-in-oil (w/o) primary emulsion to encapsulate water-soluble molecules like
peptides or proteins, unlike the o/w formulation which is ideal for water-insoluble
compounds [56]. The primary w/o emulsion is, then, emulsified (with appropriate
stirring and temperature conditions) in a larger volume of water in presence of an
emulsifier to yield the final w/o/w emulsion. The emulsion is subjected to solvent
removal by either evaporation or extraction process to harden the oil droplets [57].
The solid microspheres obtained are, then, washed and collected by filtration or
centrifugation and then dried under appropriate conditions or lyophilized. One
of the disadvantages of the emulsification method is the poor encapsulation
efficiencies of moderately water-soluble and water-soluble compounds. Indeed,
these molecules could diffuse out or partition from the dispersed oil phase into the
aqueous continuous phase, and their microcrystalline fragments can deposit
on the microsphere surface and/or outside of the biopolymer matrix [58].

Fig. 8.6 Schematic representation of supercritical gas-foaming method with SEM image of the
microstructure of the 3D scaffold obtainable

8 Modular Tissue Engineering … 199



Moreover, the evaporation has several drawbacks because it requires relatively high
temperatures or reduced pressures and shows batch-to-batch reproducibility dis-
turbances, whereas the solvent extraction uses relatively large amounts of a second
solvent with the subsequent problem of solvent mixtures recovery. Both processes,
also, require quite long processing times (several hours) and, as a consequence,
aggregation phenomena may occur between the droplets, producing microspheres
with a larger poly-dispersity with respect to the droplets in the starting emulsion
[59].

Several supercritical technologies were proposed to produce microparticles, and
they are reviewed elsewhere [60]. Recently, the use of SC-CO2 has also been
proposed for biopolymer micro-/nanocarriers manufacturing, replacing the con-
ventional emulsions evaporation/extraction technology. Particularly, SC-CO2 was
proposed as extracting agent of the oily phase of emulsions to lead to solvent-free
microparticles [61–65]. The supercritical extraction of emulsion (SEE) process was
also proposed with a continuous operating mode that allowed greater product
uniformity, higher throughput with smaller plant volumes and elimination of
batch-to-batch repeatability problems (see Fig. 8.7). Indeed, SC-CO2 assured a
faster oily phase extraction with respect to the traditional evaporation/extraction
processes that will have a significant effect on the size distribution of the
biopolymer microcapsules which reproduce exactly the size distribution of the
originally droplets (with a given shrinkage) because any aggregation phenomena is
prevented due to the faster processing [66, 67]. The supercritical technology
achieved the fabrication of microcarriers of several biopolymers such as PLGA,
PLLA, PCL, PMMA with no solvent residues and higher encapsulation efficiencies
with respect to the conventional extraction/evaporation technology, especially when
double emulsions were processed [68, 69].

Micro-/nanocapsules entrapping magnetic iron oxide or gold nanoparticles have
been also fabricated by SEE technology in order to obtain a remote controlled or
triggered drug delivery [70, 71]. SEE-C technology can also generate multiloaded
microsystems with different molecules such as hydroxyapatite (HA), gentamicin
(GE) and teriparatide hormone (TH), for example, to be used in the bone cement
formulation in the treatment of osteoporosis [72].

Micro-/Nanocarriers as Functional Components
for a Bottom-Up Approach to Bioengineered Scaffold

Recent tissue engineering strategies suggested the use of 3D scaffold not only to
simply support the cells growth but also to interact with the cells on-board pro-
viding an additional level of cell environment regulation. In this sense, the locally
and controlled release of specific growth factors and/or bio-signals can be a good
approach in order to mimic more properly the microenvironment that the extra-
cellular matrix provides to the cells in order to address their behaviour.
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Current fabrication methods for GF-loaded scaffolds can be divided into two
main categories: attachment of the GF (physical and non-physical) to the scaffold or
entrapment of the GF within the scaffold. The attachment may be achieved by
adsorption or through chemical crosslinking. Fibrin-based matrices are popular
biomaterials for this purpose [73, 74], and the release then occurs passively and
through simultaneous fibrin degradation. Entrapment of GFs has been also

Fig. 8.7 Supercritical emulsion extraction (SEE) process layout description with optical
microscope image of an emulsion (left side) and of an SEM image of the microcapsules produced
(right side)
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proposed in porous solid scaffolds, through solvent casting/particulate leaching and
supercritical fluid (SCF) processing [75, 76]. SCF processing seemed to be
attractive since it does not require the use of harmful solvents which could
adversely affect the GFs. However, the protein denaturation during scaffold fabri-
cation is the main problem associated with the incorporation of proteins in various
systems and leads to a considerable loss of their activity. Biomolecules have been
also directly incorporated into electrospun nanofibres by mixing the biomolecules
into a polymer solution prior to electrospinning the mixture [77] or by using coaxial
electrospinning wherein a secondary polymer solution containing the biomolecules
is electrospun within the core of the forming nanofibre surrounded by a shell
polymer [78–80]. Again severe protein damage may occur during the scaffold
production.

Loading GFs into hydrogels is also possible by simply mixing the GF into the
hydrogel precursor. As the polymerization occurs, the GFs become entangled in the
polymer chains and are physically trapped within the hydrogel network. However,
the hydrogels pore size is often larger than the size of the GF, so that it often
releases the majority of the contained GF within the first days of cultivation.
However, the direct GF loading into scaffolds does not allow a precise control of
the release kinetics and often when GFs are exposed to the medium; this may result
in loss of bioactivity.

The use of micro- or nanocarriers can overcome this problem by protecting the
GF and allowing the use of various populations of particles with different degra-
dation properties and thus different release kinetics of the encapsulated GFs [81,
82]. Indeed, by incorporating GFs into microspheres and then use these micro-
spheres as a dispersed phase surrounded by a continuous matrix (biopolymer or
hydrogel) allows to establish a skilled 3D scaffolds able to mimic a surrounding
matrix. For example, it has been reported that hBMP delivery from PLGA nano-
spheres incorporated into a PLA scaffold induced significant ectopic bone formation
while failure of bone formation was observed with passive adsorption of hBMP
onto the scaffold, likely due to significant loss of biological activity of the GF and
diffusion away from the implantation site [83].

Microspheres embedded into a continuous matrix can provide a temporal and a
geometrical controlled release of GFs to surrounding cells; an initial burst release or
a sustained release of GFs can be engineered in different part of the bioactive matrix
by tailoring the microcarriers size and distribution, as well as, the biopolymer
compositions or copolymer ratio loading different molecules and by loading dif-
ferent molecules in different micro-/nanodevices population. In the case of bone
engineering, for example, an initial burst release of BMP-2 is actually preferential
for promoting new bone formation. This can be explained by the fact that BMP-2
plays an important role during the healing process to promote cell differentiation but
is equally important at the early stages in the healing processes for the initial
migration of progenitor cells and triggering the fracture healing cascade [20, 84].
Geometrical indications inside a specific scaffold can be also obtained by incor-
porating different microdevices loaded with different bio-signals in different part of
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the structure or by using magnetic micro-/nanodevices to generate a specific
molecular/enzyme gradient by their orientation with an external magnetic field.

Bio-plotting technology may also have advantage from microdevices designed
for the controlled delivery of bio-signals. Indeed, the bioplotter deposits hydrogel
matrix loaded with living cells in small groups using similar technology to tradi-
tional printing systems. The advantage of this technique is the high potential level
of control in cell and ECM placement and alignment to create engineered tissues
with a wide array of properties and geometries. Indeed, by replacing ink with cells,
therefore named “bio-ink” because suspended in liquid matrix, a specific pattern can
be designed and printed onto a substrate that has to be cultured to allow the cells
and the produced ECM to integrate into a real tissue structures [85, 86]. However,
the bio-plotting technology also allows the loading of additive with the bio-inks;
these additive can be biopolymer microdevices or microcapsules that may influence
not only the mechanical behaviour of the 3D structure but also deliver in a con-
trolled spatio-temporal manner several biomolecules such as growth factor or
enzymes in order to better mimic the specific microenvironment of the extracellular
matrix and give rise of a faster and more appropriate cell addressing versus a
specific fate (see Fig. 8.8). These pre-designed 3D structures may better reproduce
the cells microenvironment that encourage cells differentiation and ECM produc-
tion. Engineered modular tissues, made using these techniques, have often shown
insufficient mechanical properties and on the order of native tissues [87]. However,
these drawbacks can be overcome by a mixed approach with bio-plotting hydrogel
onto a structure with pre-selected mechanical properties.

An example of bioactivated 3D scaffold easy bioplottable can be a continuous
hydrogel matrix of Ca-Alginate (2%w/w) loaded with stem cells and additives such
PLGA microcapsules carrying growth factors such as VEGF and BMP-2 [88].
PLGA-encapsulated GFs were produced by SEE technology, and they assured a
sustained release over 18 days when compared to GFs directly encapsulated into
scaffolds that was released in almost 3 days. Osteogenic differentiation pathway of
hMSCs was clearly observed after few day of cultivation in presence of controlled
release of hBMP-2 and faster with respect to the control cultivation without the
bio-signals delivered within the scaffold structure. Biopolymer micro-/nanocapsules
have been also loaded into collagen [89], gelatin [90], fibrin [91], chitosan [92], and
by functionalizing each type of spheres separately, the structure of the resulting
scaffolds can be precisely controlled at a microscale and/or customized by encap-
sulation of signalling biomolecules or bioactive minerals.

Recently also emerged a common theme of incorporating biopolymer microcap-
sules into densely cellular constructs where microcapsules can offer specific
microenvironment to chondrogenic cells in high-density culture in order to regulate
cell behaviour and tissue formation. As in the case of bone, microspheres may act in a
variety of specialized roles to define the three-dimensional arrangement of neocar-
tilage tissue formation, deliver chondrogenic growth factors in a temporally and
spatially controlled manner and instruct cell–cell and cell–material interactions. In
this particular case, biopolymer microspheres incorporated within densely cellular
tissues can also act as spacers, defining 3D space for tissue formation, while
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accommodating ECM accumulation and cell infiltration as the microdevice degrades.
The inclusion of polymer microspheres into high-density cell cultivation systems
enables a more uniform cartilaginous matrix assembly with a morphological structure
similar to that of native cartilage tissue when compared to cell-only constructs
without microdevices [93, 94]. Moreover, the use of microcapsule with specific
properties, such us biopolymer degradation rate and size distribution, can influence
cartilage tissue formation, as well as, enabling the formation of a uniform, structurally
appropriate cartilage tissue if microspheres are fabricated with a fine-tuned degra-
dation rate proportional to the rate of ECM elaboration [23]. Microdevices may
contribute to the mechanical stability of the constructs and give a spacing effect that
could be advantageous for creating tissues morphologically similar to native articular
cartilage, which consists primarily of an organized ECM containing water, type II
collagen and proteoglycans with relatively few, disperse chondrocytes.

Fig. 8.8 Schematic representation of the use of micro-/nanospheres for spatio/temporal delivery
of bioactive molecules. These, pre-designed 3D structure may better reproduce the cells
microenvironment that encourage cells differentiation and ECM production
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Beyond their utility as structural elements, biopolymer microcapsules can
delivery chondrogenic growth factors such as TGF-b family. The incorporation of
bioactive microspheres in cell culture systems could provide a means to decrease
growth factor diffusion distance within densely cellular constructs, improving
growth factor delivery to central regions of the tissues. Further, these systems
allow growth factor release over a sustained period of time as the microspheres
degrade, enabling localized delivery of chondrogenic factors to the surrounding
cells at controllable rates over a period of days, weeks or months [23, 95–97]. The
sustained delivery of either TGF-b family in implantation models may play a role in
maintaining the chondrocytic phenotype of the cells, preventing dedifferentiation or
hypertrophic progression, as often occurs after the in vivo implantation of in vitro
differentiated MSC pellets [98, 99].

Conclusions and Perspectives

The bottom-up approaches seemed the best tissue engineering approach choice
because it is able to fabricate a better reproduction of the 3D microenvironment that
interacts with the cells to faster and better address their fate. The modular approach
also seemed to rely on the assembly of micron scale structural elements as the basis
for providing defined signals to drive the formation of tissues that can be scaled up
to create larger tissues. Moreover, the use of biopolymer microcapsules inserted
within the 3D scaffold can allow the design of a specific microenvironment able to
instruct the cell behaviour and to organize a pre-designed microenvironment with
an engineered spatio-temporal delivery of multiple bio-signals.

Biopolymer microspheres are also proposed as regulators of the chondrogenic
microenvironment within high-density cell cultures as three-dimensional structural
elements for cell expansion and delivery or vehicles for spatiotemporally controlled
growth factor delivery, to regulate cell behaviour and/or cell material interactions.
These drug-releasing microspheres have the capability not only to overcome dif-
fusion limitations posed by traditional culture techniques, but also to lend tailorable
release kinetics for temporal control of differentiation and extended maintenance of
differentiation state in vivo.

Furthermore, micro-/nanospheres can serve as reinforcement components or
crosslinking agents to provide hydrogels with additional mechanical support.
Indeed, microspheres loaded with inorganic materials of high stiffness can reinforce
the initial mechanical strength of the composites. For example, biopolymer
microspheres can be used as different “bio-ink additives” added to a 3D bioplotted
hydrogel to give specific mechanical or biochemical indications to the cells in the
different layers following the novel concept of 3D organ printing, in which scaffold/
cellularized tissues or organ can be fabricated layer by using tissue spheroids as
building blocks.
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