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Summary

Summary

Successful reconstruction of auricular cartilage defects requires appropriate restoration of the
cartilaginous deformities by potential cell sources as well as providing suitable tissue supports.
This work aimed to investigate different scaffolds and biomaterials for in vitro auricular cartilage
engineering as well as in vivo auricular cartilage repair in rabbit models. We first showed that
auricular perichondrocytes are the best candidates for auricular cartilage regeneration and hypoxia
is not necessary for their chondrogenic differentiation. These cells successfully formed
cartilaginous cell sheets which were used to regenerate cartilage tissue in vitro and to fill and
reconstruct cartilage defects in vivo in allogenic rabbit models. Furthermore, we tested cellulose-
derived tissue by decellularizing apple tissue and its use as a scaffold. Repopulated with cells, these
scaffolds surpassed alginate hydrogels by enhancing colonization and upregulating the
cartilaginous expression in different mammalian cells. In the final part of the thesis, we examined
cell-secreted matrices and used them as coating for different cell culture applications. Interestingly,
these coatings promoted both allo- and xenogeneic cell culture, increased proliferation and boosted
chondrogenesis. We also highlighted phenotype preservation during chondrocytes expansion on
these cell-secreted matrices. Our study provides novel tools and approaches for multiple cell culture
applications.
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[-Introduction

1. The human ear

1.1 Sound production

Ear are constantly active, they pick up sound waves and change them into information that the
brain can interpret, such as music or speech. Sound is a pressure wave that can vibrate either quickly
or slowly. Sound enters the ear and is directed through the ear canal where it first reaches the
eardrum. As the eardrum begins to vibrate, it sets the ossicular chain of motion. The ossicular chain
consists of the hammer, anvil, and stirrup. Sound vibrations move along the ossicular chain and
into the inner ear. Within the inner ear, the cochlea plays a central role (Figure 1). It is here that
the mechanical energy of sound is converted into complex electrical signals, which are then passed
to the brain. In simplified terms, the cochlea is a spiral-shaped tube filled with fluid. Sensory cells

also called hair cells, line the entire length of the cochlea.
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Figure 1: Diagram of the main parts of the hearing system (Hearinglink.org).
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These hair cells have varying degrees of sensitivity for the detection of different tones and
frequencies. This allows the ear to perceive the entire spectrum of sound. The change from
mechanical vibration to electrical pulse is a complex procedure resulting from the movement of
hair cells in the cochlea. Along the entire length of the cochlea, the hair cells are arranged like the
keys of the piano. Hair cells located at the base or lower region of the cochlea, are responsible for
high frequency, while hair cells at the apex are responsible for the low frequency. As the fluid of
the cochlea is set in motion, it causes a corresponding movement of the fine structures on the
surface of hair cells to take place. These movements cause tension differences, which produce
electrical signals that are passed away along the hearing nerve to the brain. The auditory cortex of
the brain interprets this information as sound, for e.g. as music or speech. The entire chain of events
including the various steps that convert sound waves from the environment into information that
the brain can interpret happens so fast that individuals can hear sound both continuously and
instantaneously within this complex chain of events. There are a number of factors which can cause
an individual to experience hearing loss which differs from one another depending on the part of

the ear that is affected being the outer, middle or the inner ear (De Paolis et al., 2017).

1.2 Human external auricle (outer ear)

The external ear often referred to as the auricle or pinna, is responsible for collecting and directing
sound waves through the auditory canal and tympanic membrane. This protects the fragile eardrum
by blocking out unwanted noise from other directions and maintaining a sense of balance. In
addition to its physiological function, the pinna boosts the self-esteem of an individual by
contributing to the overall facial appearance, which is visible during social interactions (Jones et

al., 2020). Ears also provides many secondary functions, such as holding glasses, and headphones.

1.2.1 Anatomy

The first sign of ear development is the appearance of the otic placode on the 21* day of embryonic
development. The outer ear develops around the first branchial ectodermal cleft, bordered between
the first arch (mandibular) and the second arch (hyoidien). A large part derived from the

mesectoderm, a subpopulation from the neural crest migrating from the neural beads of the
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rhombencephalon. This cell population participates in the formation of the craniofacial skeleton,
in particular the cartilaginous blastema of the lower part of the face. The pinna begins its
development on the 33" day intra-uterine growth. Mesenchymal buds appear at the dorsal banks
of the 1% ectodermal branch cleft, referred to as the colliculus. On the 44™ day, these buds reach
their maximum size and begin their migration that leads to their fusion. The pinna of the ear has 2
faces, a medical one, a lateral one and a free edge (Figure 2). The auricle joins the skull to the
middle part of its front third, while the other two-thirds remain free and mobile (Powles-Glover

and Maconochie, 2018).
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Figure 2: Auricular cartilage of right auricle, lateral and medial faces (Delas and Dehesdin, 2008).

Auricle develops from 3 pairs of auricular hillocks that arise on the lateral faces of the auricles to
which they give rise. The first pharyngeal cleft gives rise to the external auditory meatus, which is
connected to the tympanic membrane Auricular hillocks begin to enlarge, differentiate and fuse,
producing the final shape of the ear, which is gradually translocated from the side of the neck to a
more cranial and lateral site. Postnatal human ear transmits frequencies in the range of 3KHz, it
could be increased by 30 to 100-fold, which corresponds to frequencies of side of the head, to allow
the precise localization of the sound reaching the ear (Hackley, 2015). Pinna possesses an important
sensory innervation supplied by auriculotemporal nerve. The human ear continues to develop
postnatally during our entire lives and occurs in 2 different sexual forms. A study reported that 3

features stopped growing after birth, among these features were the concha, inter tragica and the
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helical diameter. At birth, the auricle was known to be bigger than the head, proportionally to the
rest of the body, and kept throughout childhood, until it decreases by 8 or 10 years of age. It has
been noted that ear growth in males increases greater than for females (Powles-Glover and

Maconochie, 2018).

1.3 Auricular cartilage

Auricular cartilage is present in all parts of the auricle except the lobule which is composed of
adipose tissue. It is anchored to the human head and surrounded by a perichondrium that provides
the necessary nutrients (Saka et al., 2019). Auricular cartilage is classified as elastic cartilage that

differs from hyaline and fibrocartilage in morphology, presence of collagen and elastin fibers.

Auricular cartilage refers to the cartilage of the ear’s auricle, the outermost portion of the ear. This
cartilage helps maintain the shape of the ear while allowing flexibility. It is an avascular tissue that
consists of cartilage cells and an extensive extracellular matrix (ECM), secreted and supported by
chondrocytes (cartilage cells). This ECM is dominated by aggrecan (ACAN) and type II collagen
(COLII), giving cartilage its compressive and tensile strength. The highly sulfated
glycosaminoglycans (GAG) side chains of chondroitin sulfate and keratin sulfate enable the matrix
to hold large amount of water, thus creating a large osmotic pressure (Chhapola and Matta, 2012).
Knowing that cartilage is derived from undifferentiated mesenchymal tissue, the intermediate cell
for hyaline cartilage chondrocyte is chondroblast. However, elastic chondrocyte intermediate cell
is fibroblast, which will be later on differentiated finally into auricular chondrocyte. During this
final step, fibril bundles surrounding cells are transformed into highly branched elastic fibers.
Elastic cartilage is also found in structures that demand flexibility such as eustachian tube,
epiglottis and larynx. This extensive elastic network provides flexibility as well as the yellow color
and opaque appearance, which differentiate elastic cartilage from hyaline. Elastin is a polymer
composed of cross-linked subunits of tropoelastin, a precursor protein. Tropoelastin consists of
alternating hydrophobic and cross-linking domains. This mechanism occurs in extracellular space
where g-amino group on lysine is oxidized by lysyl oxidase and linked to a second lysine side chain
to form covalent bonds between tropoelastin monomers, thus forming a mature elastin protein

(Wise et al., 2014).
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1.4 External ear anomalies

Auricular cartilage is subjected to many pathologies, mainly from congenital malformations or

acquired causes, such as trauma, accidents, and sometimes cancer.

1.4.1 Microtia

Congenital auricular anomalies either occur as isolated birth defects or can be associated with
other syndromes, especially those related to craniofacial region. The most severe type of
malformations is microtia where it is associated with the malformation of the outer ear, ranging
from 0.8 to 8.3 per 10000 live births. Microtia can affect one side (unilateral) or both sides
(bilateral), where males have higher risk than females. It can also be associated with several
syndromes such as Alport syndrome, spondyloeiphyseal dysplasia, resulting in hearing loss and
absence of external cartilaginous structure (Hartzell and Chinnadurai, 2018). Whether a major or a
minor deformity, both cases can significantly impact a child’s self-esteem and self-perception

while growing up, affecting his psychological health (Johns et al., 2015).

Luquetti et al., presented in his case-studies a summary of factors that increased the risk of microtia.
These included male sex, low birth weight, maternal acute illness and diabetes, multiple births,
maternal use of medications, and exposure to air pollution, as well as the race where he reported
the high prevalence of microtia in Chileans and Ecuadorians than previously reported worldwide.
He suggested that this could be explained by a combination of gene-environment interaction, where
genetic variations are combined to diet, causing high risk of microtia (Luquetti ez al., 2012). Nagata
classified microtia depending on the specific surgical procedure used to reconstruct it. He divided

them into 5 types presented in Figure 3.
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Figure 3: Different types of microtia. a. Lobule type, b. Concha type, c. Small concha type, d. Anotia,
e. Atypical microtia (Firmin and Marchac, 2016).

The first photo presents that lobule type that is characterized by elongated lobes and an absence of
auditory canal (a). The second present a concha type (b), that is explained by the presence of a
concha and an auditory canal. Small concha type is presented in the third figure (c) where concha
is replaced by smaller remnants and a wide variety of deformities, this type also lacks an auditory
canal. The fourth photo displays an anotia case where the patient has no ear remnants at all (d).
Finally, ear malformations can also present an atypical microtia shape that doesn’t correlate with

any of the above types (e).

1.4.2 External ear traumas and amputations

Since pinna is a protruding structure it is more prone to accidental damage due to traumas,

amputations, burns, and cancerous lesions (Figure 4).

Due to their laterofacial location and their helix, the ears are largely exposed to sunshine. It is
therefore logically that they are susceptible more to different carcinoma such as basal cell
carcinoma, skin squamous cells carcinoma or melanoma. Also, animal bites and accidents are a

common cause of trauma.
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Figure 4: Ear trauma and amputations: partial ear amputation, external ear
melanoma, melanoma at the ear lobe (Sawyer et al., 2018).

1.5 Current treatment options

1.5.1 Reconstruction using autologous cartilage

To correct a normal ear, it has always been challenging for surgeons. Tanzer was the first to
describe an ear reconstruction from autologous costal cartilage that was later on considered as the
gold standard method. His technique was revolutionary since it was the only solution for microtia
patients. However, this latter was a heavy technique that required 6-stage surgical procedure. The
first step was transposing the lobule to its normal anatomical position. He then created the
framework by harvesting from ribs to reconstruct the base, the helix and the antihelix. Next, he
combined the framework and after 4 months, projected the framework a little away from the head
and covered the retro auricular sulcus with a thickness skin graft. After another 4 months, the ear
tunnel was closed and 6 weeks later, the concha and tragus were reconstructed using cartilage grafts
(Tanzer, 1959). There were other scientists that relied on Tanzer technique and optimized it.

The two surgeons who greatly contributed to the ear reconstruction were Brent and Nagata. Brent
establishes a four-stage, step-by-step technique to correct microtia (Brent, 1980). He started by
inserting an autologous cartilaginous framework into a skin pocket, transposing the lobule,
constructing the tragus, and finally, constructing the retroauricular sulcus. Although, satisfactory
results were obtained with this technique, it was criticized by Firmin, who pointed out that the
contours were still imperfect and the tragus was sometimes disappointing, as well as when

retroauricular flap deteriorated with time (Firmin, 1998). Nagata on the other hand presented a two-
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step technique to reconstruct microtic ears. He started by constructing a complete framework of rib
cartilage and carving into a semi-lunar shape. Next, he fastened the framework firmly behind the
anthelix to reconstruct posterior wall of concha. This helped prevent secondary skin retraction. To
finish the transplantation step, a hinged flap covered the cartilage graft was added (Nagata, 1993)

as illustrated in Figure S.

Figure 5: Autologous costal cartilage graft reproducing the helix, antihelix, tragus, and the antitragus
(Firmin, 1998).

In France, Frangoise Firmin had also performed most of her ear reconstruction in 2-stage protocol
that was separated by 6-month delay (Firmin and Marchac, 2011). The main advantage of the 2-
stage techniques is that they are less time consuming, however, more challenging and requiring
experienced surgeons.

On the other hand, donor site morbidity was highly associated with autologous reconstruction, as

well as the infection that follow it that results in skin necrosis and extrusion of the framework.

1.5.2 Reconstruction using synthetic framework

To limit the complications associated with autologous costal cartilage, and in order to eliminate
donor site morbidity, the use of synthetic frameworks has been addressed by several scientists.
Materials such as rubber, tantalum, polyethylene, silicone acrylic glass and polyamides were used
for producing alloplastic frameworks. Several groups of scientists have developed the frameworks.

The most commonly used frameworks are silicone-based or polyethylene-based (Medpor®) shown

20



Introduction

in Figure 6. The first silicone framework was fabricated in 1966 that was later on ameliorated by
Fox and Edgerton who used the fan-flop method to protect the implant from necrosis by covering
it with muscle tissue (Fox and Edgerton, 1976). Polyethylene, the tissue friendly stable framework
was then processed. This framework presented biocompatible and an easy to mold structure during
surgery (Xie et al.,2017) . These frameworks eliminated resorption linked to cartilage frameworks,
as well as the variability. On the other hand, this technique increased the risk of serious
complications where it resulted in damage to overlying and adjacent tissue and sometimes induced

infection and extrusion of the implant and wasn’t recommended in aged patients.

Figure 6: Medpor® framework (Stephan and Reinisch, 2018).

1.5.3 Prosthetics

Prosthetic ears are other alternatives for auricular reconstruction. A prosthetic ear is an artificial
ear usually fabricated from synthetic materials that mimic characterization of native tissue, such as
silicone and attached to the head using magnetic clips, adhesive or by using bone-anchored titanium
screws. Poly(methylmethacrylate), was one of the mostly polymer in prosthesis since the 20™
century. Further innovations have produced different new polymers with different time intervals
presented in Figure 7. More recently, renovations in prosthesis have led to the development of
newly specialized materials and crosslinking methods, to optimize their suitability for 3D printing

and thereby enabling a large range of mechanical and visual properties (Powell et al., 2020).
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Figure 7: Timeline showing the significant improvement of prosthesis with time as well as
manufacturing process to fabricate multi material prosthesis during the
single printing process (Powell et al., 2020).

Not only prosthetic ears enhance cosmetic reconstruction, but also it directs the sound waves into
the auditory canal providing a supplying a good environment for the inner ear membranes (Cruz et
al., 2020; Unkovskiy et al., 2018). Another advantage of this technique is that it also eliminates the
use of costal cartilage and could be placed directly on healthy tissue remnants without the need of
any surgical procedure. Moreover, it adds a great value on patient’s social and psychological life.
On the contrary, many limitations restricted the success of such prosthesis. The color for instance,
was very difficult to match the native skin tone. The use of titanium screws caused local irritation

and induced inflammation and damage to the surrounding soft tissue.
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2. Tissue Engineering

2.1 Definition

Damages and degeneration of tissue and organs, due to diseases or accidents touch every organism.
Correction and treatment of these problems is a major issue to be considered, especially after the
shortage of donors and the low availability of the grafts needed for replacement. For that a new
approach of fabricating living replacement in the laboratory was referred to as tissue engineering.
Langer and Vacanti were first to define principles of tissue engineering. They defined this approach
as a technology that uses the basic principles of engineering and life sciences to maintain, improve
or restore tissue functions (Langer and Vacanti, 1993). The principle of tissue engineering consists
of 1solating and harvesting cells from different sources such as autologous cells, allogenic or even
xenogeneic. These cells, later on, will be expanded and seeded on to biomaterials that provide
support for cellular growth and maturation in presence of specific signals and molecules to enhance
cells to migrate and replace older tissues (Bakhshandeh et al., 2017). All together, these three basic

components form the triad of tissue engineering (Figure 8).
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Figure 8: The triad of tissue engineering (Vieira et al., 2017).
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The concept of tissue engineering is to regenerate neotissue, with the help of scaffolds and
regulatory signals, to achieve therapeutic means to treat many demanding medical situations.
Tissue engineering is the most challenging and interesting expanding area in the biomedical
engineering field. In spite of the rapidly developing technology, many people die every year due
to the shortage of organs and tissue donors. That’s why tissue engineering is an emerging approach
that can reconstruct and regenerate damaged tissues and organs in vitro and transplant them back
in vivo. Although surgical reconstruction that used mechanical devices, had a good impact and
saved lives of many patients, however, they didn’t accomplish all functions of native tissue and

presented many side effects (Berthiaume et al., 2011).

As a human being, there is an urge to regenerate tissues and organs when the self-healing chances
are low. The cells in tissue engineering are switched on, in presence of several regulatory signals
to generate functional tissues. This is achieved by specific support known as biomaterials or
matrices that guide and maintain the shape of the neotissue to be reimplanted into the patient's body

(Sharma et al., 2019).

The aim of tissue engineering is to engineer or reconstitute tissue by expanding patient cells in vitro
supported by a scaffold, or by implanting an acellular biomaterial in the patient’s body and allowing
cells to adhere, thus repairing autologous tissue. In both cases, scaffold implanted in vivo should
induce regeneration of injured tissue and degrade with time, leaving no toxic side effects. In
addition, this technology limits the problems of grafting techniques, since a small number of cells
are harvested from patient, therefore avoiding donor-site morbidity as well as tissue and organ
shortage. Harvested cells are seeded in scaffolds that degrade after a certain time in vivo,

eliminating the possibility of foreign body that might induce tissue inflammation.

Many challenges face tissue engineering, this is explained by the limited clinical trials, despite the

advancement done during the last decade (C. Chen et al., 2020; Li et al., 2018).

2.2. Cell sources for tissue engineering

Tissue engineering is enormously influenced by cellular sources. 3 different cell sources are usually
used in tissue engineering techniques. They include autologous cells derived from patient cells,

allogenic cells obtained from the same species but other than patient’s cells, and xenogeneic
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sources acquired from animals. Among these sources, xenogeneic is the least preferable sources,
due to the presence of porcine endogenous retrovirus in pigs. Also, xenogeneic feeder cells used
for the engineering of epidermal tissue is sometimes risky due to the viral infection that could be
coupled when regenerating skin tissue (Bi and Jin, 2013). The idea is using the patient’s own cells
(autologous cells), however for this process to occur, we need sufficient amount of cells, rendering

the harvesting techniques difficult in cases of severely ill or aged patients (Samadi et al., 2020).

Whether cells are directly seeded on the transplanted scaffold or amplified in vitro, the choice of
these cells is a very critical step. Cells are the basic biological components of tissue, and thus cell
sources may affect the type and the way scaffolds regenerate. Furthermore, the choice of cells
should guarantee free-pathogens environment. Embryonic stem cells are pluripotent and capable
of renewing and differentiating into different cell niches. They can also include adult stem cells at
their different stages of maturation. After cell harvesting, they are cultured and grown in vitro to
increase their number, maintain their profile of either differentiated or undifferentiated to be later
on seeded on scaffolds to reconstruct and engineer constructs (Golchin et al., 2020). Not only the
profile is important, but also maintaining the mechanical properties is a requirement. To begin with,
cells should adhere to the cell-adhesion site of scaffold to colonize it and start their proliferation.
Next, depending on the signals or growth factors present, cells start to differentiate into their
specific lineages and remodel the tissue being replaced. The cells receive their signals and

molecules via proteins called integrins, anchored to the ECM.

Stem cells are defined as self-renewable, undifferentiated cells with the potential of multi
differentiation abilities. They are characterized by a stable microenvironment, that stimulates and
initiates different cellular and molecular signaling pathways, that control stem cell growth and
pathways (Lane et al., 2014; Rana et al., 2017). Stem cells divide asymmetrically and give rise to
a copy of the original stem cells and a progenitor daughter that can differentiate after the exposure
of regulatory signals. It has been reported that in the stem cells niche, cells are exposed to many
regulatory cues and signals. These include growth factors (GF), ECM proteins and molecules that
mediate and support cell function and regulates cellular activities (Aamodt and Grainger, 2016;

Perez et al., 2014).

The interaction between stem cells and their surrounding microenvironment are pivotal to

determine tissue homeostasis and stem cell renewal or differentiation and regeneration in vivo.
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Stem cells niches have been identified and characterized in many adult tissue. Figure 9 shows the
different interactions of stem cells with their environment or niches. The critical components of
stem cell niches include cellular, extracellular, biochemical, molecular and physical regulators.
Thus, translational medicine aims at optimizing in vitro or in vivo, the various components and

complex architecture of the niche to exploit their therapeutic potential (Vasanthan et al., 2020).
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Figure 9: Stem cells and their different interactions, adapted from (Marino et al., 2019).

Based on their capabilities of differentiation, stem cells have been divided into four groups:
unipotent, pluripotent, multipotent, and totipotent. Embryonic stem cells (ESC) are characterized
as pluripotent stem cells, for their ability to differentiate into the 3 primary germ layers. These
ESCs can expand to a high number of cells in culture. Also, many studies have reported that when
implanted in immune-deficient animals, stem cells can divide in a noncancerous tumor that
produces an advantage in using these cells in cell therapy (Javidpou et al., 2020). Mesenchymal
stem cells (MSC), on the other hand are multipotent stem cells obtained from different sources
such as embryonic and adult sources. Bone marrow-derived mesenchymal stem cells (BMMSC)
are the most common source of stem cells. These cells are simple to harvest and are characterized

by good accessibility and a low risk of tumorgenicity. Nevertheless, BMMSC has some limitations,
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where they can change their phenotype properties upon different factors such as donor age, sex of
patients, alerting cell functions (Ohishi and Schipani, 2010). An additional source of stem cells
derives from cord blood, where it consists of abundant hematopoietic stem cells. Due to their high
availability, many studies have used umbilical cord blood (CB-MSC) and amniotic fluid-derived
stem cells (AFSC), in regenerative medicine applications. For instance, Park et al., has
demonstrated that a single intravenous infusion of human CB-MSC resulted in a therapeutic
potential for arthritis by upregulating regulatory T cells and downregulating T helper 17 cell
expression, resulting in immune modulation and reducing the inflammatory cytokine release, thus
a safe effect (Park et al., 2018). In addition to the above stem cells, various cell biology techniques
were used to harvest stem cells from amniotic fluid. AFSC have been employed for inducing
osteogenic differentiation to form bone constructs (Eea et al., 2019), tendon-like structures
(Gongalves et al., 2013; Liao et al., 2017) and skin graft to bioengineer autologous skin (Basler et
al., 2020).

Human AFSC has been reported to treat acute and chronic kidney diseases (Da Sacco et al., 2018),
and played a role to improve cardiac function in response to cardiac infarction (Gaggi et al., 2020).
Besides, adipose tissue represents an abundant source of stem cells with easy accessibility from a
fresh stromal vascular fraction (SVF) cell population. Due to their low antigenicity, high
proliferative and differentiation ability, adipose-derived stem cells (ADSC) are very convenient
sources in many regenerative medicine approaches. ADSC was used to engineer dermo-epithelial
skin substitutes where they were encapsulated in three-dimensional (3D) scaffolds and were
implanted in immune-deficient rats. Neo-epidermis was efficiently reconstructed and tissue
homeostasis was regenerated and sustained the epidermal coverage in vivo (Klar et al., 2014). Since
ADSC is capable of differentiating into hepatocyte-like cells, it was reported that ADSC was used
as therapeutic tool to treat liver failure and restoring liver functions (Gao et al., 2017; Han et al.,
2020). Furthermore, ADSC has great potential infertility problems and hair loss. Yoshida et al., in
their studies demonstrated that ADSC supports auditory hair cells, using specific proteins that
enhanced the hair density and thickness (Yoshida et al., 2011). It was also elucidated that ADSC
could ameliorate sperm motility in male infertile patients, by secreting bioactive molecules and
growth factors that positively influence the sperm motility (Cakici et al., 2013). Not only can
ADSC resolve male problems but also female infertility. Injection and transplantation of ADSC

stimulate the ovarian follicles and thus improving the ovarian graft in rats (Fouad et al., 2016).
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Moreover, ADSC can be a safe treatment for damaged salivary glands. ADSC has been being
transplanted into salivary glands and protected them from irradiation and mediated the regeneration

of salivary gland (Lim et al., 2013).

Human-induced pluripotent stem cells (hiPSCs) technology, has also attracted interest in its
potential therapeutic application in the field of regenerative medicine. IPSCs are more preferable
than ESC since they lack ethical concerns linked with ESC. IPSC can be generated from a
reprogrammed process from a wide range of cell types. Such as mesenchymal stem cells (Zhao et
al., 2021), cardiomyocytes, (Guo et al., 2020). Nevertheless,, iPSC improved subsequent hepatic
functionalization by producing liver buds with high productivity, thus facilitating therapeutic
applications especially for liver diseases (Danoy et al., 2021; Takebe et al., 2017) and imparts
hepatocyte metabolic function and resembling the hepatocyte physiology in the liver (Pettinato et

al., 2019).

Although adult-derived stem cells are the main source of cell-based therapy, they present many
limitations. This could be related to their invasive isolation procedure and their low number of cells
with limited self-renewal potential. Recently, many progenitors have been identified and they
showed promising potential for auto and allogenic cell-transplantation. Among these progenitors,
human nasal septum tissue has been evaluated. The nasal septum is mostly hyaline cartilage and
their derived progenitors possess unique characteristics, rendering them attractive sources for cell
therapy and clinical applications. Nasal-septum derived progenitors (NsP) are expandable, stable
cell progenitors that can be expanded to more than 30 passages without any senescence or
phenotype losing. They possess multi-lineage and self-renewal capacity (Elsaesser et al., 2016).
Shafiee et al., have focused on NsP as potential sources for tissue engineering (Shafiee et al., 2014).
This was agreed by Pleumeekers et al., that reported that combining nasal progenitors with MSC,
reduced the required number of chondrocytes and improved chondrogenesis by reducing
hypertrophy of cartilage (Pleumeekers ef al., 2015). Their multi-linages characteristics were proved
by studies that showed differentiation into osteogenic and chondrogenic lineages where they
possessed stable and chondrogenic surface markers on one hand and a superior higher

chondrogenic potential and ECM production on the other hand (Shafiee et al., 2016).

Dental pulp stem cells (DPSC) are highly accessible, undifferentiated mesenchymal stem cells

present in the dental pulp tissue and characterized by their unlimited self-renewal as well as
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multipotent differentiation potential illustrated by Figure 10. Dental stem cells have been used in
many tissue engineering applications. Some studies showed the capacity of DPSC to express
chondrogenic markers (Paino et al., 2014; Westin et al., 2017), other highlighted their capacity of
generating capillary-like structure in presence of vascular endothelial growth factor (VEGF)
(Marchionni et al., 2009). Gandia et al., investigated the differentiation capacity of DPSC into
cardiomyocytes formation to reduce myocardial infarction (Gandia et al., 2008). Several groups
have reported that DPSC when seeded on multiple scaffolds such as chitosan, poly(lactide-co-
glycolide) (PLGA) and collagen porous biomaterials, regenerated bone defects in vitro and in vivo

in animal models (Graziano et al., 2008; Yang et al., 2012).
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Figure 10: Multilineage potential of human dental pulp stem cells (Rodas-Junco et al., 2017).

A recent study has also demonstrated that DPSC when seeded on collagen scaffolds, and cultured
with fibroblast growth factor-2 (FGF-2), strongly enhanced craniofacial bone regeneration in
immunodeficient mice (Novais et al., 2019).
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2.3 Biomaterials for tissue engineering

The scaffold is the center component that is used to support, house, and direct growth of cells either
seeded within scaffold or migrated from surrounding environment. An ideal scaffold should fulfill
these specifications. First of all, it should be biocompatible, thus capable to perform its function
without inducing any inflammatory response. This biomaterial should also be biodegradable, to
easily be eliminated from body and should integrate with no harm to the native tissue. Porosity is
an important requirement for optimal interaction and penetration of cells into scaffolds. It should
provide an open and interconnected pore network that facilitates the exchange of metabolites and
nutrients and promotes their transport. Moreover, scaffold chosen should be easy to process and
flexible to manipulate, depending on tissue needs. In addition to that, it should conserve its
biomechanical function after its implantation in vivo, to reconstruct a fully function integrated

tissue with its surrounding environment (Nasonova et al., 2015).

Understanding and defining the native tissue to be reconstructed, is a critical step in tissue
engineering. Before choosing cell sources and the appropriate scaffold to harbor cells, one should
understand the biological and biomechanical functions of the tissue of interest. Mechanical
characteristics should be studied more and the comparison between scaffold and construct should
be evaluated better. Consequently, there has been a recent emphasis on increasing the

biocomplexity of scaffolds to better mimic the dynamic natural of ECM.

2.3.1 Extracellular Matrix (ECM)
The ECM is an active surrounding that interacts with cells first to induce their proliferation and
differentiation. The ECM itself can offer to widen proteins revealing binding sites on its structure

that can affect the distribution of proteins and molecules to interact with each cell type differently.

It consists of structural proteins, proteoglycans, fibronectins that provide flexibility, collagens,
elastin and 3D shape due to their high water binding ability. Glycoproteins such as integrins are
also present to regulate cell adhesion and ECM-cell signaling (Figure 11). ECM proteins are
outside the plasma membrane are connected with cytoskeleton fibers and transmembrane proteins

(Xue and Jackson, 2015). The composition of ECM facilitates the diffusion of nutrients, maintains
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matrix stiffness and sustains cell adhesion and migration. Proliferation and adhesion of cells

depends on the matrix environment in which cells are cultured.
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Figure 11: Major extracellular matrix components and their interactions with each other and cell
membrane adapted from (Xue and Jackson, 2015).

Not only are cells responsive to ECM adhesion, but more to the stiffness and density of
corresponding matrices. Furthermore, an inverse correlation is sometimes found between matrix
density and cell migration. Fibroblasts, for example, migrated slowly when collagen fibers in ECM
increased (Tracy et al., 2016). Cells also respond to elasticity where they differentiate into different

lineages, depending on stiffness and softness of biomaterial involved.

2.3.1.1 Permeability of ECM

Not only rigidity and stiffness are critical for an ideal ECM, but also permeability and diffusion of
nutrients and wastes are necessary for such biomaterials. For optimal growth, an ECM that allows
metabolic activity, such as nutrients and waste exchange can highly influence cellular physiology
and function. Dense ECM can affect the passage of nutrients and metabolites to the interior of

tissues and organs. High density can prevent the removal of wastes and unwanted compounds,
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rendering the tissue necrotic (Bracaglia and Fisher, 2015). Size and organization of pores are
critical for optimal function of the tissue. Porosity is important in both natural and synthetic

scaffolds.

2.3.1.2 Cell-cell interactions

Cells respond differently to their surrounding environment by releasing proteases due to the
composition of ECM and its degree of sensitivity to the surrounding matrix. Degradation of the
matrix would influence the number of cell-matrix adhesions, thus inducing cells to initiate the

remodeling of their environment to restore functional activity (Bonnans et al., 2014).

Cell-cell interactions are crucial for the development and function of tissue and organs, due to the
communication made between themselves that recapitulates the native environment and provides
the cues for a functional tissue. These interactions and signals can mediate cellular development

and differentiation; play a crucial role in tissue maintenance, and immune responses (Figure 12).
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Figure 12: Main applications of cell-cell interactions (Armingol et al., 2021).

Researchers showed that co-culturing of both epithelial cells and myoepithelial cells formed
penetrating tubes via adherens and gap junctions. This led to the development of basal and apical
membranes for a proper secretory function. Integrins are the first class of receptors that manage
cell-matrices adhesion. They are made up of two transmembrane units, where alpha subunit is large
and beta is the smaller one. Integrin family can form a different combination of each of their

subunits and can reach 24 different heterodimers (Moreno-Layseca et al., 2019). They are ECM
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anchors and transmit mechano-chemical signals to the cells via different mechanisms, especially
intracellular transduction.

Tissue engineering has used a variety of biomaterials both natural and synthetic to repair and
replace lost or diseased tissue. These biomaterials serve as 3D scaffolds, providing the appropriate
environment and satisfies bulk and surface properties to avoid failure of constructs after
implantation. Bulk properties are related to the type of bonding and atomic forces between scaffold
components, whereas surface properties are more of physical characteristics such as energy,
roughness and surface composition. In addition, interaction between materials and scaffolds should

not cause any toxic or deleterious effects on the surrounding host tissue.

2.3.2 Natural scaffolds
2.3.2.1 Collagen

A Nature polymer that has been used for different applications in tissue engineering. It is the major
protein component in ECM that interacts with cells in connective tissue and combines with other
proteins to transmit signals for the migration, proliferation and differentiation of cells. Possessing
a 3D structure, collagen encourage cellular growth and modifies morphology where it can be cross-
linked in much different tissue such as bone, tendon, cartilage skin and cornea (Meyer, 2019).
Compared to other proteins, collagen has a good biocompatibility and biodegradability, with high
mechanical strength. Cell seeding on 3D scaffolds of bovine collagen I biomaterial created a

commercialized product as a skin substitutes.

2.3.2.2 Silk fibroin

A tough natural biomaterial, derived from silkworm Bombyx mori, has a strong and elastic
character and exhibits mechanical properties comparable to the best synthetic fibers produced by
modern technology. It’s biocompatibility and high porosity in vitro , that make it an excellent
candidate for tissue engineering, where it has slow degradability and could be modified by several
chemical treatments to be explored and used in various application such as wound healing, liver,
bone and cartilage tissue engineering. It has also been shown to play a role in supporting Schwan

cells and thus an interesting factor for nerve tissue engineering (Pham and Tiyaboonchai, 2020).
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2.3.2.3 Chitosan

It is a polysaccharide derived from chitin, with a pH-sensitive character since it’s the chain is rich
in amino acid groups. It is a biological biocompatible, biodegradable and affordable polymer
however, it induces rapid bone regeneration at site of implantation. Scaffold prepared from chitosan
has been used in regeneration of bone and cartilage, tendon tissue and sometime chitosan is
modulated with biochemical or physical properties for better performance (Rodriguez-Vazquez et

al., 2015).

2.3.2.4 Hyaluronic acid

It is one of the major ECM components, natural non sulfated glycosaminoglycan, biocompatible
but present poor mechanical properties. Numerous natural materials and polymers were used to
mimic the extracellular matrix and facilitate cellular adhesion. These include alginate, collagen,

hyaluronic acid (HA), fibrin, acellular scaffolds.

2.3.2.5 Alginate

Alginate are natural, biocompatible polymers extracted from brown algae or polysaccharide
derived from bacteria. This polymer can create ionic binds when exposed to different ions such as
calcium, magnesium, barium or strontium (Amorim et al., 2021). Its carboxyl group increases the
swelling capability of alginate to induce simple gelation and to be resistant to acid solutions. On
the other hand, it presents a poor mechanical property since the rate of degradation is uncontrolled.
A wide range of applications has been linked to alginate. Alginate beads were implicated in drug
delivery, they encapsulated cells and served as a hydrogel for bone (S. Yang et al., 2020), cartilage
(Saygili et al., 2021), liver (Rajalekshmi er al., 2021) and pancreas tissue engineering, as well as

vascularization procedures.

Alginate-based hydrogels have gained interest in cell encapsulation and tissue engineering. Due to
their availability and non-immunogenicity, many scientists have used them as biomaterials.
Researchers have encapsulated MSC into Arg-Gly-Asp-modified alginate microspheres to examine
cellular viability and their bone regeneration efficiency. MSC as a result showed high survival in

alginate microspheres, where alginate guided their functions and ensured bone regeneration (Ho et
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al., 2016). Another study by Ansari et al., demonstrated that periodontal ligament stem cells
encapsulated in a hydrogel made up of alginate and HA in combination of TGF-B1, differentiated
into chondrogenesis in vitro and in vivo (Ansari et al., 2017). Jin et Kim has reported that also
alginic hydrogels may suppress dedifferentiation of chondrocytes. They used 3 different gels:
alginate, collagen and a combination of both, considering that maybe combination of these gels
can enhance growth of chondrocytes and lower their dedifferentiation. Their results have suggested
that chondrocytes cultured in Alginate/collagen gel preserved better chondrocyte phenotype and
significantly suppressed dedifferentiation, compared to those in alginate or collagen gel alone,
shedding light on the importance of optimizing hydrogel conditions for successful cartilage-tissue
engineering (Jin and Kim, 2018). A novel approach was published by Visscher et al., where they
printed an auricular implant model that was easy to inject with hydrogel. They combined both
polycaprolactone (PCL) and alginate and created a two-part biodegradable 3D-printed mold. First,
this mold was made from PCL and was injected later on with chondrocyte-laden alginate that
supported cell survival after 21 days. Their model can be easily printed and injected with any type

of cell source, providing possibility of fabrication of tissue and organs (Visscher et al., 2019).

2.3.3 Synthetic scaffolds

2.3.3.1 Metals and polymers

Although these biomaterials presented natural ECM, however, some products weren’t really
desirable since they were produced from animals and carried diseases and pathogens (Hughes et
al., 2010). Due to their physical and chemical properties, synthetic polymers are of high interest
in regenerative applications. These biomaterials are more reproducible and more conformable
compared to natural biomaterials. They are designed in simple, degradable matrices, controlled by
different polymers, crosslinks, and organizations. Among the most frequently used synthetic
scaffolds for tissue engineering are Poly (ethylene glycol) (PEG), poly (vinyl alcohol) (PVA),
polycaprolactone (PCL) and poly (lactic-co-glycolic acid) (PLGA), that showed a great impact on
directing stem cells fate and supporting their adhesion and proliferation (Wasyleczko et al., 2020).
Many studies have reported the use of these synthetic materials in directing cells towards a specific
lineage. Mirzaei et al., showed that the addition of an optimized PEG into polylactic acid (PLA)
solution enhanced the hydrophilicity as well as the mechanical properties of the nanofibrous

meshes. Besides, the addition of glucosamine in the scaffold promoted cell adhesion and
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differentiation of MSC towards chondrocytes (Mirzaei et al., 2017). Others have designed a 3D
PEG-based hydrogel crosslinked with collagen I, that provided easy support without affecting cell
differentiation and proliferation. Also, the encapsulation of human adipose-derived stem cells in
ECM PEG hydrogel enhances the lipid formation and thus adipose regeneration after 2 weeks (Li
et al., 2018).

2.3.3.2 Ceramics

Apart from metals and polymers, bioceramics have been recognized as candidates for dentistry and
orthopedic application, due to their critical properties and resistance to weight. They are classified
into 3 types, consist of bioactive ceramics such as glass and polycyclic aromatic hydrocarbons,
bioglass, and high strength ceramics including alumina, zirconia and carbon. Zirconia-based
ceramics has been an attraction for bone stem cell differentiation, since it is characterized by a
superior mechanical strength and toughness character, to support implants. In their studies, Komine
and Kitagawa, found that zirconia was able to induce chondrogenic differentiation of equine
BMMSC, that was seeded into the microwells. There was an upregulation of COL II, ACAN and
cartilage oligomeric matrix protein (COMP) markers in the microwells supported by the physical
properties of zirconia (Inui et al., 2019). Furthermore, alumina has also been attractive in skeletal
regeneration application, due to its hardness and firmness properties. As for bioactive glasses, they
were formed from glass precursors such as silica, phosphoric oxide and sometime boric acid.
Scientists have demonstrated the use of bioactive glasses with stem cells and showed that different
ions could be released during the incorporation of glasses with cells and may lead to change their

pathway and fate.

2.3.3.3 Nanomaterials

Although hydrogels and porous scaffolds have stimulated stem cell differentiation, however, they
still fail to completely mimic the nanoscale of ECM. Various studies have reported the use of
nanofibers, nanocues to control stem cell growth and function in cartilage tissue engineering (Chen
et al., 2021; Ding et al., 2020). Other studies have provided the possibility of using carbon-based

nanomaterials such as carbon nanofibers, diamond-like carbon, graphene and its derivatives and
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carbon-based quantum dots. Due to their excellent mechanical, chemical and thermal properties,
in addition to their novel structure and unique composition, these materials have attracted interest
as carriers of stem cells and delivery of molecules for tissue engineering and cell therapy. (Kim et
al., 2016; Menaa et al., 2015). Yao et al., have provided that the incorporation of PLA into PCL
nanofibers, enhanced the human MSC osteogenic potential and the differentiation towards bone
formation in vivo (Yao et al., 2017). Onoshima el al., has utilized quantum dots and incorporated
them as bioprobes or biological labels for cell, he used them as fluorescent probes that were used
for stem cells labeling (Onoshima et al., 2015). As mentioned above, many nanomaterials can
enhance stem cell growth and function, however, some other studies have reported the toxicity that
can be imparted from silica nanoparticles. Mouse embryonic stem cells were exposed to four
different silica nanoparticles in different concentrations, where they impaired and inhibited the

differentiation of stem cells.

In contrast to natural hydrogels, synthetic hydrogels alone permit but don’t promote cellular
activity, however, when combined with bioactive polymers most commonly PEG, they fine-tune
biochemical and mechanical properties. PEG is an interesting bioactive molecule due to its
hydroxyl end groups that crosslink with peptide and growth factors. In order to have superior
engineering effects, synthetic and natural polymer combine together by conjugating their functional
groups together to form hybrid hydrogels. Using their specific reactive groups such as carboxylic
groups, thiol groups, polymers form covalent bonding with natural scaffolds such as collagen,
chitosan, heparin and others (Hao et al., 2016). Many examples of hybrid hydrogels were
investigated by several researchers, for example PEG was coupled to matrigel and was shown to
play a specific role of mechanical and adhesive inputs on 3D tumor growth, invasion, and
dissemination (Beck et al., 2013). In other reports, PEG was combined to photoinitiator and
exposed to UV to form hydrogels to cultivate cells in 3D environment (Almany and Seliktar, 2005;
Pradhan et al., 2017), also heparin-based hydrogel showed to be a promising matrix in presence of

PEG for encapsulation and differentiation of hepatocytes and stem cells (Kim et al., 2010).

2.3.4 Hydrogels

3D structures have received remarkable attention in the in vitro cell culture. Indeed, these 3D

structures mimic the natural environment found in vivo. So that the cell morphology closely
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resembles its normal shape in the body. In cartilage tissue engineering, it has been shown that
chondrocytes encapsulated in 3D hydrogels, sustain and conserve their phenotypic stability, that
limit their dedifferentiation (Gz and Hw, 2018). Many 3D natural and synthetic scaffolds were
evaluated for their chondrogenic properties, however there is an increasing demand for other
substitutes scaffold that may enhance cartilage tissue engineering. 3D hydrogel models are
illustrated in Figure 13 where they present porous hydrogels, fibrous scaffolds, cellular
encapsulated systems, microwells and microfluidics, and sandwich scaffolds until reaching 3D

bioprinting.
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Figure 13: Scheme illustrating different types of hydrogel models (Liaw et al., 2018) .

Porous scaffolds are mainly produced by lyophilization. Leaching and sometimes gas foaming. The
pore size is larger than cells to permit attachment and migration of cells, as well as the facility of

nutrients and oxygen transport.

Fibrous scaffolds are usually prepared by self-assembly, phase separation, and electrospinning
technique. Researchers have investigated self-assembly when producing amphiphilic peptide that
assembled into nanostructure that was highly bioactive in tissue-engineered and spinal cord therapy
(Cui et al., 2010). Other studies have mentioned electrospinning technique and thermal phase

separation of nanofibrous collagen into a nanostructure that improved cell adhesion and promoted
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bone tissue formation, and PCL/PLA electrospun technique for cartilage regeneration (Holzwarth
and Ma, 2011; Yao et al., 2017). Gelatin was also blended with natural or synthetic polymers and
showed increased biomechanical and biocompatibility properties, attractive for bone, cartilage and

vascular tissue engineering (Aldana and Abraham, 2017).

Microencapsulation of cells has also been used in different fields. Cells are encapsulated and
immobilized in 3D environment by hydrogels that isolate them from the outside environment,
enhancing their cell-cell interaction and differentiation and secretion properties. Extrusion,
emulsion and microfluidics systems were most common for cellular encapsulation. Not only this
microencapsulation system enhances growth and development of cells, but also serves to regulate
cellular physiology. To produce this system, cells are first seeded on the surface of the hydrogel,
cultured to let cells attach on to the surface of the hydrogel. Next, a second layer of the hydrogel is
placed on top of seeded cells, producing a sandwich model where cells are in the middle of two

layers of hydrogels.

Microwell is another way to trap cells and induce them to form spheroids. It is a multi-step process,
where a mold is created usually from poly(dimethylsiloxane) PDMS, using the soft lithography
technique. The hydrogel is then introduced and crosslinks with PDMS in microwells. Hydrogel-
based microwells can be further modified by the incorporating of different proteins using their
bottom surfaces to enhance cell-matrix adhesion. Zhang et al., have engineered 3-based PDMS
microniches using soft lithography technique for regulating the phenotype and function of
chondrocytes in native cartilage. Chondrocytes were cultured in these micro niches that enhanced
their mechanical properties and the functionality of the chondrocytes (Kavand et al., 2019; Q.-Y.

Zhang et al., 2020) and osteoconductive regeneration of bone tissue (Kiyama et al., 2018).

2.3.5 Decellularized scaffolds

Due to the challenges associated with preparing synthetic matrices that can mimic cell
microenvironment, there has been an increasing demand for the use of the naturally-derived ECM
obtained with the help of decellularization processes. Decellularization is the elimination of cells
and genetic materials from a native tissue while conserving its structural, biochemical and

mechanical properties (Keane et al., 2015). These bio-derivative scaffolds could then be used either
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as personalized tissue when repopulated by the patient own cells, or an allogenic or xenogeneic

biological support for developing engineered tissues or organs (Figure 14).
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Figure 14: Decellularization of animal or human tissue and its recellularization by implanting
extracellular matrix (ECM) into the body or evaluating the tissue using
a bioreactor then transplanting it back to the patient Adapted from (Fu et al., 2014)

Extracellular matrices provide a niche for cells, architecture for tissues, in addition to some proteins
and growth factors that can drive cellular differentiation and sustain development of tissues and
organs. To characterize and asses the quality of the decellularized matrix, three different factors
should be measured: A complete removal of cellular materials and total elimination of genetic

materials to prevent immune rejection of the scaffold after repopulation of cells (Figure 15).
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Figure 15: Cell-free tissue can be generated by decellularization of native tissue. The remaining ECM
can then be seeded with different cell types adapted from (Bourgine et al., 2013).

The criteria for producing good, efficient scaffold is that the decellularized ECM should have less
than 50ng double-stranded DNA (dsDNA) per mg of ECM dry weight, less than 200bp DNA
fragment length and no visible nuclear material when staining with 4’6-diamidino-2-phenylindole
(DAPI). ECM proteins such as fibronectin, collagen, GAGs should be conserved during
decellularization processes as well as the structure and integrity. Finally, the decellularized scaffold
should be able to attain its biomechanical properties in order to restore its function after

transplantation (Garcia-Gareta et al., 2020).

Reducing the scaffold’s immunogenicity is a critical factor for the use of a decellularized scaffold
in clinical applications. The factors capable of inducing immunogenicity are genetic materials such
as DNA, RNA and antigens. Specific epitopes must be measured such as alpha-gal epitopes which
can induce the complement cascade immune response and major histocompatibility complexes
located on the cell membrane. Next, restoring mechanical properties is an essential characteristic

to ensure optimal scaffolding.

Due to the cartilage high density, native tissue should be disrupted in order to allow chemicals and
reagents to increase their efficiency of decellularization. This could be performed by first exposing
tissue to physical and mechanical treatments such as freeze-thaw cycles, osmotic pressure, this
would increase cell lysis and thus exposing tissue less to chemical reagents, which is very important
for the retention of microstructure and preservation of ECM proteins. Decellularization has been

performed using different strategies and methods.

41



Introduction

2.3.5.1 Chemical and enzymatic techniques

Several chemical and enzymatic agents have been used in the decellularization process:
Surfactants are most common as decellularizing agents. Their mode of action is to lyse cells by
disarranging the phospholipid membrane, which facilitates the elimination of cells and genetic
material. These surfactants are classified according to their charges. They can be ionic, nonionic
and zwitterionic. Sodium dodecyl sulfate (SDS), is the successful most used surfactant due to this
ability to efficiently remove cells and genetic material. It was the major and agent used in
decellularization of the whole rat heart perfusion by (Ott et al., 2008) that showed a revolution in

decellularization processes (Figure 16).

SDS was also used to decellularize human heart and valve (Guyette et al., 2016). Not only did
SDS maintain and preserve the ultrastructure of whole organs via perfusion, but also it prevented
deformation of certain vessels and organelles in perfusion of human and porcine lungs (Gilpin et
al., 2014), porcine kidneys (Sullivan et al., 2012), porcine cornea (Pang et al., 2010) and tubular
small intestine protocols (Syed et al., 2014).

Figure 16: Perfusion decellularization of whole rat hearts. SDS perfusion yielded full removal of
cellular consituents after 12hrs. Ao: Aorta; LA: left atrium; RA: right atrium;
LV: left ventricle; RV: right ventricle (Ott et al., 2008).

Despite the advantages of using SDS for decellularization, some problems lie behind the use of
SDS, where it may be also damaging to the structure and signaling protein. For instance, GAGs
were decreased upon SDS treatment, which prevented the full retention of mechanical properties

of the decellularized tissues.
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Sodium deoxycholate (SD) is another ionic surfactant that works by solubilizing the cell membrane
and produces highly biocompatible scaffolds. To avoid DNA agglutination on surface of tissue,
this latter is combined with deoxyribonuclease I (DNase I) enzyme, to breakdown DNA. SD was
used to retain structural proteins necessary for the tissue’s function such as myosin after
decellularization of lungs (Kuevda et al., 2017), as well as the preservation of collagen and elastin
in heart valves (Namiri et al., 2018). Cells have also shown a high metabolic activity when seeded

on SD-decellularized matrices.

On the other hand, Triton X-100, a nonionic detergent, less damaging to the structure of tissue and
was used sometimes to remove traces of SDS. Also, it was used to decellularized many whole
organs such as heart (Ramm et al., 2020), lungs (Hashimoto et al., 2019), liver (Zhao et al., 2020)
and cartilage (Vas et al., 2018) . Moreover, when Triton X-100 was combined with ammonium
hydroxide, it preserved ultrastructure, mechanical properties and a greater amount of collagen I

that maintained after decellularization compared to SDS treatment (Sullivan et al., 2012).

As for zwitterionic detergents, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), has been applied to many decellularization processes. Wang and his colleagues used
decellularized autologous ECM-based grafts using CHAPS, to regenerate neoartery in minipig
model (T. Wang et al., 2019). CHAPS helped in a complete acellular conduit with excellent

performance in mechanical properties.

2.3.5.2 Acids and bases

These agents solubilize the cell membrane by utilizing charged properties. For instance,
Ethylenediaminetetraacetic acid (EDTA), decreases salt and acid-soluble ECM proteins. It is used
alone to replace non-ionic detergents to form an ECM scaffold with high biocompatibility, low
cytotoxicity and good mechanical properties (Xu et al., 2017). Also, it creates a denser, more
compacted matrix with well conserved microarchitecture of ECM in the decellularization of hepatic
tissue (Maghsoudlou et al., 2016). Moreover, EDTA can be combined to Triton X-100 and trypsin
in some decellularization protocol to enhance the lower DNA contents and to achieve high GAG

preservation and good biocompatibility.
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2.3.5.3 Enzyme-assisted Decellularization

It was mentioned before that DNase Iis usually added to SDS treatment to prevent the agglutination
of DNA on the surface of tissue. Similarly, many enzymes have been used to supplement the
activity of chemical properties. For example, trypsin which breaks cell-matrix adhesions was used
with EDTA to decellularize human corneal lenticule. The hypotonic solution was added to
trypsin/EDTA and this treatment resulted in transparent, biocompatible where ECM proteins were
preserved and the tissue looked like the native corneal tissue (Huh ef al., 2018). Trypsin was also
used in decellularization of porcine pulmonary valves to completely remove cell material after 24
hours of incubation. However, this long exposure led to decrease in the amount of ECM proteins
such as GAG’s, collagen, elastin and eventually limited the mechanical strength of the tissue
(Schenke-Layland et al., 2003). In another study and for the aim of heart valves decellularization,
Triton X-100, DNase I and RNase I were added after trypsin/EDTA treatment. This step allowed
the complete removal of cell remnants and preserved elastin fibers (Zhou et al., 2010). Therefore,
chemical approaches can be enhanced by adding enzymes, and chelating agents. Although
chemical and enzymatic decellularization may result in good cell removal and biocompatibility of
scaffold, cytotoxicity can be encountered easily after such treatments. That’s why various studies
have introduced mechanical and physical approaches depending on temperature and pressure.
Freeze-thaw cycles can vary from -80°C to 37°C, they involve the rapid change of temperature that
can cause lysis of cells but not complete removal of cellular materials (Xing et al., 2015). High
pressure, is another option to destroy cell membranes, but it is harsh on ECM where it can denature
ECM proteins such as collagen and elastin. Although this treatment sterilizes the tissue by

destruction of bacterial and viral membranes, it can affect structural and mechanical properties.

To achieve a biocompatible, non-immunogenic scaffold, mechanical approaches should be
combined with chemical approaches to completely remove cellular material with less damage to
the tissue structure. Indeed, the construction of perfusable, functional organs requires a vascular
optimized ECM. Thus, flow-controlled and pressure perfusion are the two suitable perfusion

systems to completely decellularize whole organs.

Recellularization is the repopulation of decellularized, acellular scaffolds of tissues and organs with
specific cell types to reconstruct their microstructure, thereby restoring their function. Cells

populated on ECM scaffold requires support and guidance by specific growth factors and signals
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from ECM for their maturation and differentiation. Thus, the preservation of these proteins and
signals during decellularization is essential for obtaining an optimal recellularization process (W.

Yang et al., 2018).

Recellularization is performed using two different ways. The first technique uses perfusion in the
vascular network of organs, while the second is via direct injection of cells. And sometimes both

techniques are combined to optimize outcomes (Robertson et al., 2014).

The first successful perfusion decellularization and recellularization were done on a cadaveric rat
heart, where Ott and his colleagues used SDS for 12 hours to produce a complex, biocompatible
perfusable cardiac ECM scaffold with vascular valves. This latter was reseeded with rat neonatal
cardiomyocytes and rat endothelial cells. This bioengineered heart showed contractile responses
upon electrical stimuli and developed a functional ventricle (Ott et al., 2008). After that, many
other decellularization techniques of mouse, porcine and human heart has been performed. Lu et
al., for instance, used xenogeneic cell scaffold combinations of mice ECM and human cells, they
created heart constructs by repopulating decellularized mouse hearts with human induced
pluripotent stem cells derived from cardiac progenitors and showed that these cells migrated and
proliferated towards cardiomyocytes and endothelial cells reseeding decellularized heart. They also
realized that after 20 days of perfusion, the heart constructs generated contractions and mechanical
forces (Lu et al., 2013). Furthermore, human hearts have also been decellularized, producing
acellular cardiac scaffolds with preserved ECM material properties, that were functionally
regenerated upon seeding with human iPS-derived cardiac myocytes. As a result, heart constructs
presented contractile and functional myocardial tissue (Guyette et al., 2016). Regenerated
pulmonary vasculature was achieved by repopulating the vascular system of decellularized human
lung with human derived iPS (Ghaedi ez al., 2018). They were later on optimized using a bioreactor.
Various studies have also investigated recellularization of liver (Wang et al., 2015) and the kidneys

(Hu et al., 2020).

2.3.6 Vegetal matrices

Cellulose is most abundant source of organic matter in nature. It exists as a structural component

for plant cell walls and also produced by bacteria itself as a protective envelope. Cellulose is the
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preferred choice for biomaterial fabrication because of its natural source and availability. Being
bioactive, biocompatible and biomechanical, as well as its representation of a low-cost platform
for engineering tissue. Cellulose fibers strengthen plant cell walls and comprise a matrix of
hemicellulose containing pectin or lignin. Cellulose is arranged in microfibrils and organized in an
orderly structure. Hydrogen bonds form between cellulose and the polysaccharide hemicellulose
to sustain and interconnect the matrix (arabinoxylans, xylans) and the stiff cellulose microfibers.
Plants offer a unique transport system, where it possesses a branching system that consists of highly
interconnected pores and vessels to ensure a feasible transport system of oxygen, water and
nutrients(Courtenay et al., 2018).

Different plant species were tested for their ability to retain a substantial amount of water after their
decellularization. Vanilla and parsley stem maintained their porosity after decellularization, this
enlarged their pore size. Stiffer stems like bamboo were able to retain almost four times their weight
in water, however, softer stems (vanilla and parsley) retained 20 times their weight. Due to their
ability to conserve ultrastructure’s hierarchy and hydrophilicity, they were interesting scaffolds for
mammalian cells. The highly hydrophilic characteristic of plant tissue and their efficacy in
transport of fluids enabled efficient expansion of human cells. Decellularized plants were coated
with RGD- dopamine conjugate that supported the adhesion of human dermal fibroblasts as well
as maintaining plant’s topographical features. Human MSC and fibroblasts were seeded on
different stems. Significant MSC expansion was shown in parsley stems compared to vanilla and
calathea stems that presented significant decrease in cell number Different plant species were tested
for their ability to retain a substantial amount of water after their decellularization. Vanilla and
parsley stem maintained their porosity after decellularization, this enlarged their pore size. Stiffer
stems like bamboo were able to retain almost four times their weight in water, however, softer
stems (vanilla and parsley) retained 20 times their weight. Due to their ability to conserve
ultrastructure’s hierarchy and hydrophilicity, they were interesting scaffolds for mammalian cells.
The highly hydrophilic characteristic of plant tissue and their efficacy in transport of fluids enabled
efficient expansion of human cells. Decellularized plants were coated with RGD- dopamine
conjugate that supported the adhesion of human dermal fibroblasts as well as maintaining plant’s
topographical features. Human MSC and fibroblasts were seeded on different stems. Significant
MSC expansion was shown in parsley stems compared to vanilla and calathea stems that presented

significant decrease in cell number (Fontana et al., 2017). Human cells efficiently attached to the
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plant network, where they totally aligned in the plant microstructure. For instance, human dermal
fibroblasts preferred to grow in plants stomata and within grooves. This alignment direct cell
differentiation and proliferation. It should be noted that many plant types can cause or secret toxic
materials, so the use of these plants as a scaffold should be avoided, since when in contact with
cells, these plants can accumulate heavy metals and elements that can interfere with the
proliferation and expansion of cells. Furthermore, it has been proved that high crystalline celluloses
provoke no immune complication and thus are safe to use in designing scaffolds. Interestingly, the
tightly packed structure of crystalline cellulose chains protects cellulose enzymes to degrade
cellulose over time. In their study, they conserved the complexity of plant structure after
decellularization and by a simple biofunctionalization, they managed to support the adhesion and
proliferation of human cells. The hydrophilic property of plant tissue helped the fluid transportation
into conduits and vessels to nourish cells and support its growth for a period of time. Human cells
were well aligned into the topography of plant structure and sensed the topographic features of
plants and this offer the potential to shorten and economize the time and cost of scaffold production
(Dutta et al., 2019).

In this context, many studies have investigated whether plants and their vasculatures could serve
as scaffolds to engineer human tissue and organs. Plants are composite materials, composed of hard
and soft materials arranged hierarchically. Plant cell walls reinforce a variety of cellulose, pectin
and lignin polymers. Cellulose, on one hand, which is the main component of plants that gives
rigidity to cells, has been playing a role in wound healing processes (Blasi-Romero et al., 2021).
Cellulose microfibrils form hydrogen bonds with hemicelluloses, such as xylans, to increase their
stiffness. Together they cross-link with polymers of pectin, a group of polysaccharide rich in
galacturonic acid units, using intramolecular hydrogen bonds and low-inter molecular attractive
forces, to combine strength and flexibility. Plant materials may offer good transport properties due
to their pores and vessels that maintain hydraulic continuity achieved in parallel by the branching
system ranging from wide conduits into small vessels. From this point of view, plants would
provide the desired biomaterial for tissue engineering, by applying decellularization principles.
This will result in a sophisticated and biofunctionalized scaffold, supporting human cell attachment

and expansion (J. Lee et al., 2019).

Furthermore, cellulosic scaffolds derived from decellularized apples, have shown feasibility and

good cellular proliferation in vitro (Modulevsky et al., 2014) as well as in vivo where decellularized
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apple scaffolds were implanted subcutaneously in wild-type immunocompetent mice for 4 to 8
weeks, where they retained much of their original shape and demonstrated biocompatibility
(Modulevsky et al., 2016). Cellulose fibers strengthen plant cell walls and comprise a matrix of
hemicellulose containing pectin or lignin. Cellulose is arranged in microfibrils and organized in an
orderly structure. Hydrogen bonds form between cellulose and the polysaccharide hemicellulose
to sustain and interconnect the matrix (arabinoxylans, xylans) and the stiff cellulose microfibers.
Plants offer a unique transport system, where it possesses a branching system that consists of highly
interconnected pores and vessels to ensure a feasible transport system of oxygen, water and
nutrients.

One of the major limitations of tissue engineering is the lack of an organized and functional
vascular system that permits the transfer and diffusion of oxygen and nutrients. The difficulty in
creating such network of perfusion vessels and conduits, has shifted researchers to focus more on
plants and vegetal tissues (Jahangirian et al., 2019). Plants and animals exploit different approaches
of chemicals, and fluid transportation, however they share high similarities in their vascular
network. Plant structure possesses similar mechanical properties, similar to human tissue, and
presents a multi-functional tissue. Knowing that cellulose is most abundantly present in plant cell
walls, it was also studied as a natural biocompatible compound and has been shown to promote
wound healing and was used in a wide range of tissue engineering applications (summarized in

Table 1), bones, cartilage.
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Table 1: Plant-derived scaffolds and their use in tissue engineering approaches

Plant Cell sources
Scaffold In vitro In vivo References
Tobacco
BY-2
cells Human Scaffolds support
Rice foreskin attachment and growth of i (Phan et al.,
cells fibroblast hFF after 14 days of 2020)
Tobacco (hFF) culture
hair
roots
Microstructure of the outer
white section of the green
C2CI12 onion guided C2C12 cell (Y.-W.
Green- | human skeletal . Do
i differentiation into - Cheng et al.,
onion muscle .
cells (HSMCs) myotubes and engineered 2020)
aligned human skeletal
muscle
Lipid droplets
accumulation on apple
scaffolds promoted
. adipogenic differentiation.
Mu;ilrrllzscell Increased ALP activity and
. inorganic matrix deposition
Apple MC3T3-L1 on carrot scaffolds d