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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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Ⅰ-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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 21st 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 33rd day intra-uterine growth. Mesenchymal buds appear at the dorsal banks 

of the 1st ectodermal branch cleft, referred to as the colliculus. On the 44th 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). 

 

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 

 

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



Introduction 

17 

    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 et 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. 

 

a b c d e 
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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 5. 

 

 

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

 

In France, Françoise 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 
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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 20th 

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 isolating 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). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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).  

 

 

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 

(Gonçalves 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 et 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). 

 

 

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. 

 

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).  

 

 

 

 

 

 

 

 

 

 

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 (Rodríguez-Vázquez 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 et 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-β1, 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 (Wasyłeczko 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.  

 

 

 

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 



Introduction 

40 

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). 

 

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 (García-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. 
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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.  

 



Introduction 

44 

2.3.5.3 Enzyme-assisted Decellularization 

It was mentioned before that DNase I is 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 et 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 et 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 

Scaffold 
 

Cell sources 
 In vitro In vivo References 

Tobacco 
BY-2 
cells 
Rice 
cells 

Tobacco 
hair 
roots 

Human 
foreskin 

fibroblast 
(hFF) 

Scaffolds support 
attachment and growth of 

hFF after 14 days of 
culture 

- 
(Phan et al., 

2020) 

Green-
onion 

C2C12 
human skeletal 

muscle 
cells (HSMCs) 

Microstructure of the outer 
white section of the green 
onion guided C2C12 cell 

differentiation into 
myotubes and engineered 
aligned human skeletal 

muscle 

- 
(Y.-W. 

Cheng et al., 
2020) 

Apple 
Carrot 
Celery 

Murine cell 
lines 

MC3T3-L1 
cells 

Mouse l929 
fibroblastic 

cells 

Lipid droplets 
accumulation on apple 

scaffolds promoted 
adipogenic differentiation. 
Increased ALP activity and 
inorganic matrix deposition 
on carrot scaffolds drived 
osteogenic differentiation. 
Orientation of fibroblast 

cells mimicking 
anisotropic connective 

tissue of tendons. 
Good mechanical strength 

of these scaffolds 

- 
(Negrini et 
al., 2020) 

Cabbage 
leaves 

HUVEC 

Human Endothelial cells 
highly proliferated cabbage 

scaffolds 
Generation of ROS 

malondialdehyde and 
catalases antioxidants, that 
enhanced metabolism of 

these cells. 

- 

(Walawalkar 
and 

Almelkar, 
2020) 
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Apples hiPSC 

Osteoblastic differentiation 
in apple scaffolds, 

mineralized bone-like 
tissue after 21 days 

Successful 
engraftments of bone 
organoids, Collagen 
type I deposition and 

blood-vessel like 
structures. 

Bone-organoids 
promoted defect 

healing and provided 
bone tissue with blood 

supply. 

(J. Lee et al., 
2019) 

 

Baby 
spinach 
leaves 
plus 

gelatin 
coating 

HDMEC 
hDF 

Gelatin-coating enhanced 
the attachment and growth 

of hDF on acellular 
spinach 

HDMEC Induced 
neovascularization 

and angiogenesis after 
7 days of implantation 

(Dikici et al., 
2019) 

Apples 
C2C12 mouse 
myoblast cells 

Apple scaffolds whether 
tested alone, combined to 

collagen, or gelatin, 
presented high 

biocompatibility 

Increase of Collagen 
matrix deposition, 

extensive cell 
invasion and 

vascularization, no 
calcification, nor 

fibrosis 

(Hickey et 

al., 2018) 

Spinach 
and 

parsley 
leaves 

HUVEC 
MSC 

hPS-CM 

HUVECS aligned vascular 
wall and remained viable. 

MSC adhered to the 
surface, 

hPS-CM attached to the 
surface of leaf scaffolds 

and contracted after 5 days. 
This was continued over 21 

days 
 
 

- 
(Gershlak et 

al., 2017) 

Parsley 
stems 

Calathea 
Orchid 
Vanilla 

MSC 
 hDF 

MSC highly expanded in 
parsley stem cells and to a 
low degree in Calathea and 

vanilla stems. 
Metabolic activity of hDF 
highly increased in parsley 

and to a lesser degree in 
Orchid. Parsley presented 
highest hydrophilicity and 

larger pore size 

- 
(Fontana et 

al., 2017) 
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Apples 

Human ADSC 
Human CB-

MSC 
 

Proliferation was induced 
through ASC production of 

VEGF and IL-6 
- 

(Lee et al., 
2016) 

Apples 

C2CI2 mouse 
myoblasts 
NIH3T3 
mouse 

fibroblast 

- 

Apple constructs 
implanted 

subcutaneously in 
immunocompetent 

mice, shape retained, 
ECM deposition, good 

biocompatibility, 
angiogenesis and 
vascularization of 

scaffolds 

(Modulevsky 
et al., 2014) 

Apples 

C2CI2 mouse 
myoblasts 
NIH3T3 
mouse 

fibroblast 

Cells invade, proliferate 
and remain viable after 12 

weeks of culture 
- 

(Modulevsky 
et al., 2014) 

 

Recently, it was also used in cell attachment when extracted from decellularized apples and proved 

to be biocompatible when implanted in vivo in animal models. These similarities accumulated and 

inspired researchers more towards investigating plants and their vascular system after perfusion-

techniques to decellularize these tissues.  Decellularization, as mentioned before, removes cellular 

material, while preserving the intact vascular network. These techniques were applied to various 

plant species to give rise to acellular, tissue engineering scaffolds. Multiple plants from different 

botanical groups have undergone decellularization. Among these, spinach, parsley stems, peanut 

hairy roots. Spinach was chosen due to its high availability and dense vascularity. Both quantitative 

and qualitative analyses have shown the loss of nuclear material, though conservation of the 

structure and native composition of the plant tissue. Gershlak and his team decellularized spinach 

(Figure 17) and then they recellularized the plant scaffold with human umbilical vein endothelial 

cells (HUVEC), that adhered into the inner vascular wall of the leaf. MSC progressively adhered 

to the surface of the leaf, and human pluripotent stem cell-derived cardiomyocytes (hPS-CM) 

contracted for a period of 21 days and kept attached to the surface of the leaf. They effectively used 
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the highly vascularized natural architecture of spinach leaves to engineer mammalian cardiac 

constructs (Figure 18). 

 

Figure 17: (A) Leaf is dark green and opaque prior to decellularization at Day 0. (B) At Day 1, the leaf 
loses some of its dark coloring and begins to appear translucent. (C) By Day 5, the leaf is completely 

translucent while maintaining a light green hue. (D) After being treated and sterilized with sodium 
chlorite, the leaf loses the remainder of its coloring and becomes completely 

 decellularized on Day 7 (Gershlak et al., 2017). 
 

 

Figure 18: Spinach leaves retain perfusion capabilities after decellularization (Gershlak et al., 2017). 
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Plant-derived cellulose, complementary to bacterial-derived cellulose offers a straightforward, 

potential approach to produce biocompatible, implantable scaffold that retains shape and produces 

ECM proteins, as well as promoting angiogenesis. Previous work has shown that scaffold can also 

be fused with proteins before culture.  

Apart from plants, certain bacteria, algae, and fungi produce cellulose as well. Because of their 

specific supramolecular structures, these cellulose forms are frequently used as model substances 

for further research on cellulose structure, crystallinity, and reactivity, as well as for the 

development of new materials and biomaterials (Carvalho et al., 2019). Although identical to the 

cellulose of plant origin in terms of molecular formula, bacterial cellulose is quite different. The 

degree of polymerization is very high, with DP values of 2000–8000. Crystallinity is also high, 

with values of 60–90%. Bacterial cellulose is characterized by its high purity with no association 

with accompanying substances like hemicelluloses, lignin, or pectin and by extremely high water 

content of 90% or more. Upon complete removal of water by air drying, the bacterial cellulose will 

only rehydrate to the same low extent as that of plant celluloses after re-exposure to water: about 

6%. After gentle freeze-drying, however, it can absorb up to 70% of the original water content by 

re-swelling Through a stepwise exchange of water for other solvents, it is possible to introduce 

methanol, acetone, or n-hexane, for example, at the same volume as water in bacterial 

cellulose, while maintaining the hollow space and network structure (Palaninathan et al., 2018). 

 

2.3.7 Cell sheets  

Scaffolds are successful means to regenerate tissues and organs, but may induce some undesirable 

inflammation responses once degraded. This can hinder cell viability and therapeutic effects in 

sensitive organs. On the other hand, one of the key challenges of tissue engineering is 

vascularization. Isolated cell injection presents a non-homogenous seeding efficiency and a low 

cell survival rate when transplanted in vivo. Therefore, a new cell sheet technology has been 

engineered to increase cellular survival rate in tissue. Cells proliferate and grow on culture surface 

until they reach confluency. These cell sheets maintain their cell-cell junctions and protein-ECM, 

facilitating the adhesion to the host’s tissue. This layer of cells is then transplanted as a single sheet 

or stacks of cell sheets on top of each other to regenerate damaged tissues and organs.  
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With the continuous advance in cell sheet technology, a variety of systems was used to construct 

and prepare these cell sheets. These include temperature-responsive dishes, electro-responsive, pH-

responsive, photo-responsive, magnetic, and finally mechanical systems. 

 

2.3.7.1 Temperature-responsive systems 

The first introduced system to form cell sheets was using temperature-responsive dishes, which are 

currently the most used nowadays for cell sheet preparation (Lee et al., 2021; Thorp et al., 2020). 

In 1990, Yamada et al. and Okano et al. have successfully grafted Poly (N-isopropyl acrylamide) 

PIPAAm on commercially available tissue culture polystyrene by electron beam irradiation. This 

polymer has reversible soluble/insoluble temperature-responsive character depending on 

temperature changes (Okano et al., 1993). It undergoes a reversible phase transition with a low 

critical solution temperature (LCST) of 32°C in aqueous solutions. When the temperature of these 

plates are above LCST, intra and inter-molecular hydrophobic interactions form between group of 

PIPAAm’s isopropyl groups, enabling cell adhesion and proliferation on the immobilized matrix. 

On the contrary, upon temperature decrease, hydrogen bonds between hydrophilic parts of 

PIPAAm and water increases, causing a rapid detachment of the whole cell sheet with its cell-cell 

junction and ECM proteins (Figure 19). 

 

Figure 19: A temperature-responsive matrix showing the attachment and detachment of cell sheets 
while preserving cell–cell junctions. (A) At 37 °C, the cells attach to the surface that is hydrophobic 

(above lower critical solution temperature). Cells connect to each other by various cell-to-cell junctions 
and deposit ECMs. (B) At values below LCST, cells detach from the hydrophilic surface. Temperature-

responsive culture surfaces are able to preserve the pre-existing cell-to-cell junctions  
and cell-secreted extracellular matrices (ECM) (H. Kim et al., 2019). 



Introduction 

55 

To accelerate the harvesting procedure of cell sheet, several approaches have been developed by 

modifying either physical properties of the surface or chemically adapting the structure to 

overcome the long exposure of cell sheet to low temperature and to shorten the duration of cell 

sheet detachment, thus preserving the viability of cell sheet. Integration of PIPAAm to a porous 

membrane (PM), on one hand was performed using an electron beam irradiation on surface of the 

culture plates (PIPAAm-PM). This showed a decrease in cell sheet detachment time from 75 to 

30min, compared to the traditional PIPAAm dishes. A more significant decrease in time was shown 

when PEG was co-grafted with PIPAAm on the same porous membrane. This changed detachment 

time to 20min at 20°C. This is due to the hydrophilic PEG chains, which possess flexible terminals 

and form a number of channels for water diffusion, increasing the hydration of PIPPAm layer. 

The heterogeneous cell environment plus the 3D structure is a key role in the survival of tissues 

and organs. The incorporation of specific structures in cell sheets is very important to mimic the 

complex architecture of native tissue. To construct such tissues, a micropatterning technology has 

been applied to cell sheet preparation. Micropatterning comprises the fabrication and use of a 

culture substrate with microscopic features that impose a defined cell adhesion pattern. A 

patterned, dual temperature-responsive substrate using two different cell types, was fabricated by 

polymerizing n-butyl methacrylate into PIPAAm in presence of electron beam irradiation Another 

temperature-responsive system was used to fabricate ADSC spheroids directly on adhesive 

PIPAAm substrates. Cell-cell interaction within these spheroids was then evaluated and cell 

viability was increased (Kim et al., 2020). 

 

2.3.7.2 Electroresponsive systems 

Guillaume-Gentil et al. proposed a new method to prepare cell sheets by using a system of 

electrochemical polarization. The cell sheet was formed by growing cells to reach confluency on a 

thin polyelectrolyte film. Positive potential for electrochemical polarization was applied to detach 

cell sheet from the film (Guillaume-Gentil et al., 2008). This was achieved by grafting poly (L-

lysine) on a monolayer of PEG on metal oxide surface when positive potential was applied, the 

monolayer desorbed and the cells lost their attachment points and detached. A range of cell types 

has been cultured to confluence and detached as cell sheets from these surfaces including 

hepatocytes, endothelial cells and fibroblasts (Qiao et al., 2018)Another group of researchers 
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presented another electrochemical system involving gold as a substrate modified with a monolayer 

of alkanethiol and Arg-Gly-Asp peptides. Cell sheets are formed on the surface and then harvested 

by applying a negative electrical potential for 10min. (Inaba et al., 2009). Also, the micropatterning 

technique was used in this system to create gold substrates modified with cell-adhesive and cell-

repulsive oligopeptides. To examine the detachment of cells adhering to a gold surface, relatively 

few cells detached from the gold surface after 3 min. almost all cells detached within 2min from 

surfaces modified with cell-adhesive zwitterionic that was rapid.  

2.3.7.3 Photo-Responsive Systems 

Light illumination is another approach to stimulate cell harvesting. This strategy uses ultraviolet 

light that can mediate changes in hydrophobicity and hydrophilicity of culture substrates. Hong et 

al. studied substrate wettability by using 2 metals, zinc oxide (ZnO) and titanium dioxide (TiO2), 

due to their biocompatibility and wettability at a safe range of wavelength (365nm). Mouse pre 

osteoblastic cells were first cultured on TiO2 nanodot films, coated with quartz substrate to form 

cell sheets. By applying 365nm ultraviolet beam for 20min, the osteoblastic cell sheet detached. 

This is caused by the release of adsorbed adhesive protein when the surface becomes more 

hydrophilic under luminosity. To more preserve cell sheet integrity, TiO2 nanodot film was 

immobilized to RGD that promoted cell sheet adhesion and proliferation (Hong et al., 2013). 

Another role of photo-responsive molecules is that they can also control adhesion and detachment 

of cells. Spiropyran is a photosensitive molecule. When stimulated by UV light, it undergoes a 

reversible confirmation from hydrophobic to hydrophilic state accompanied by a change in color 

Gold is a photoresponsive material investigated for cell attachment and detachment. Gold 

nanoparticle exhibits a strong photoabsorption that lies in the green spectral range. After irradiation 

of the nanoparticles-based surface with a specific wavelength of about 532nm, reactive oxygen 

species (ROS) are produced that causes some damages to the cell membrane, stimulating the 

detachment of the cell sheets (Kolesnikova et al., 2012). This technique presents an advantage 

where the surface is able to recover, allowing the reattachment of new cells, thus creating a co-

culture cell sheet system using only a single surface. 
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2.3.7.4 PH-responsive systems 

Polymers with acidic or basic groups can accept or release protons according to the surrounding 

environment, and thus change their structural and confirmation due to different solubility of the 

medium. Cell sheets could be controlled by different pH-responsive substrates such as polylactic 

acid and their derivatives. A study used a combination of cationic and anionic layer of polystyrene 

sulfonate, that has adhered to the conductive surface of culture. Guillaume and his colleagues 

seeded placenta-derived stem cells till reaching confluency on polyelectrolyte surfaces and 

managed to detach the whole-cell sheet with matrix, when using a pH of 4 in specific culture media. 

And thus, cell sheet detached due to the drop in pH at cell-substrate level. The viability and 

differentiation capability was retained when this latter was added in acidic medium (Guillaume-

Gentil et al., 2011). Chitosan is another pH-responsive polymer, exhibiting a pH of 7.4. When cells 

are attached to the surface of chitosan and upon lowering its pH, this latter exhibits a positively 

charged surface that attracts the negatively charged fibronectin, secreted by cells. When the pH of 

the medium is raised to 7.65, the chitosan reverses its charge and fibronectin resorbs, allowing the 

detachment of the cell sheets as shown in the Figure 20 below.  

 

 

 

Figure 20: Schematic representation of the relationship among medium pH, fibronectin adsorption, 
and cell attachment on chitosan (Chen et al., 2012). 
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2.3.7.5 Magnetic systems 

Magnetic systems rely on interactions between positively charged nanoparticles and negatively-

charged cell membranes. This technique was used for human MSC when incubated with magnetic 

nanoparticle-containing liposomes that were used to reduce apoptosis and increased expression of 

endothelial growth factor. Magnetized MSCs formed thick multilayered cell sheets according to 

magnetic force and were harvested from magnets and layered on top of each other and implanted 

in mice (Ishii et al., 2011).  Recent studies have investigated the remarkable outcomes of magnetic 

system to develop a hierarchical 3D construct for bone tissue engineering. The culture of magnetite 

labeled human ADSC and umbilical vein endothelial cells (HUVECs) that were bound that were 

organized in triple sheet conformation (Figure 21). Cells within sheets were able to interact by 

secretion of growth factors and proteins that increased cellular proliferation and viability. With the 

aid of a magnetic force, cell-cell interactions were enforced and thick and collagen-enriched 

matrices was developed that successfully promoted a stratified 3D constructs for bone tissue 

engineering applications (Silva et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Multi-layer pre-vascularized 3D construct formed and detached by using magnetic force 
(Silva et al., 2020). 
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2.3.7.6 Mechanical system  

Vitamin C is an antioxidant that improves the expression of different cellular markers that maintain 

the undifferentiated state of cells. Many studies have reported the importance of vitamin C or L-

ascorbic acid in formation of cell sheets. Wei et al., were first to suggest a method for MSC sheet 

engineering based on the addition of vitamin C without the use of thermoresponsive plates (Wei et 

al., 2012). The addition of vitamin C in cell sheets induced the increased expression of human 

telomerase reverse transcriptase (h-TERT) that enhanced cellular longevity.  

Pedroni et al., have also introduced the use of vitamin C in the formation of dental pulp stem cell 

sheets, that improved the expression of cellular markers related to longevity and maintenance of 

the undifferentiated state of cells (Pedroni et al., 2018). Shotorbani et al., have also investigated 

the formation of adipose cell sheets by the addition of vitamin C that enhanced the overall results 

of adipose cell sheets and induced a better performance and harvesting of the intact sheet in terms 

of viability and anti-aging functions of cell sheets (Shotorbani et al., 2018). On the other hand, 

ascorbic acid has also been essential in exerting beneficial effects in stem cell culture where it 

increases proliferation and DNA synthesis of mesenchymal stem cells in vitro (Wu et al., 2020). 

Furthermore, upon comparing different methods of preparing cell sheets, ascorbic acid method was 

found the most rapid and effective methods to obtain cardiac cell sheets (Kaynak Bayrak and 

Gümüşderelioğlu, 2019). Ascorbic acid stimulated the deposition of collagen upon culturing MSC 

at a confluent density on culture plates with supplementation of ascorbic-acid from bone marrow 

origin (Kaukonen et al., 2017), and synovium that highly deposited ECM proteins (Yan et al., 

2020).  

 

2.4 Application of cell sheet technology in cartilage regeneration 

With the rapid development of cell sheet technology, cell sheet technology has been implicated in 

a wide range of tissue and organs, specifically cartilage regeneration. This approach overcomes 

different problems linked to conventional tissue engineering. For instance, tissue engineering 

constructs lack spatial complexity in tissue organization, and chondrocytes sources are still key 

factors restricting large scale cartilage engineering and limiting their success. For that, it is 

imperative to define the characteristics and phenotype of cell sheets compared to native cartilage 

structure. Compared with monolayers, multilayered chondrocyte sheets showed increased 
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expression level of chondrogenic and adhesive related markers and proteins, showing that 

multilayered chondrocyte sheets regenerate cartilage defects by closely mimicking native structure 

and secreting growth factor such as transforming growth factor beta (TGF-β) and prostaglandin 

(Takizawa et al., 2020). As compared to scaffold with isolated cells, chondrocyte cell sheets 

regenerated partial and full-thickness lesions with well-integrated between native and engineered 

articular cartilage. Besides, many researchers have applied cell sheet technology to treat bone-

cartilage defects. For instance, Ebihara et al. prepared multilayered chondrocyte sheets using 

temperature-responsive elements and transplanted them into condylar cartilage defects in mini pigs. 

3 months later, articular defects repaired fast, while subchondral bone was poorly repaired (Ebihara 

et al., 2012). Ito et al., on the other hand, combined chondrocyte layered sheets with synovial cells 

and transplanted them into femoral groove of rabbits(Ito et al., 2012). These results showed an 

increase in repair in both articular and osteochondral defects in rabbits. To confirm these results, 

Takaku et al., prepared cell sheet from both chondrocyte and synovial cells and transplanted them 

in osteochondral joints of rats. He suggested that these cells could be left for 21 months in rats with 

a complete reparation and regeneration of bone-cartilage defects (Takaku et al., 2014). Another 

group explained that higher expression of TGFβ-1 is contributing to osteochondral cartilage repair, 

they fabricated chondrocyte and synovial cell sheets and transplanted these allogenic cell sheets to 

cover an osteochondral defect in a rat model. Green fluorescent proteins (GFP) were used to track 

cells in vivo. Results showed that cartilage repair was significantly enhanced in the group implanted 

with a chondrocyte cell sheet, then in that with synovial cell sheet and cell tracking experiments 

showed that regenerated cartilage was largely composed of cells derived from transplanted 

chondrocyte sheets (Shimizu et al., 2015). Moreover, Zhang and his colleagues constructed 

microtissue using growth-factor-immobilized cell sheets. They used magnetically labeled 

molecules to bind several growth factors that help mimic cartilage-bone interface. Osteogenic 

growth factor BMP-2, in addition to the chondrogenic growth factor TGFb-3 were bound to a 

magnetic nanoparticle coated with nanoscale graphene oxide that has no influence of cell viability. 

Magnetic nano particle-labelled cells can be organized via magnetic force to from multilayered cell 

sheets in different patterns. The advantage of graphene oxide is that this coating provides plenty of 

carboxyl groups to bind and deliver growth factors. Thus, a double-layered osteochondral complex 

was formed that mimics cartilage-bone interface where the upper chondrogenic cell sheet was 

immobilized by TGFb-3 and the lower bone sheet with BMP-2, after transplantation into nude mice 
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(Zhang et al., 2017).  Chondrocyte microtissue have also been combined with chondrocyte cell 

sheets that fabricated a 3D auricular mold that highly resembled and retained human auricle after 

8-week of subcutaneous implantation (Yue et al., 2020).  

Due to their limited proliferation capability and dedifferentiation nature, chondrocyte sources are 

still limiting factors for large scale cartilage engineering. For this reason, somatic stem cells have 

been good candidates and achieved much attention during recent years because of their self-

renewal abilities and their capability to differentiate into many lineages. Engineered cartilage from 

MSC cell sheets has been shown to induce a good integration between regenerated and native 

surrounded cartilage. Wang et al., compared the feasibility of cartilage cell sheet derived from 

chondrocytes and BMSCs, with bone-phase scaffolds formed from PGA/PLA to regenerate 

mandibular condyle in nude mice. The bone-phase scaffold fused well with surrounding native 

bone and induced new bone formation, however, the disc adhered firmly to the artificial condyle, 

since there was no cartilage repair. Whereas when multilayered cartilage cell sheets were combined 

with bone-phase scaffolds, integration between cartilage and bone was tighter. Thus this 

combination enhances osteochondral defects and avoids inflammation during fiber degradation (F. 

Wang et al., 2017).  A recent study has also shown the potential of allogeneic BMSC sheets in 

reconstructing rabbit osteochondral defects. These sheets were transplanted into defect site and 

quickly mixed with bone marrow blood to repair knee joints (Z. Wang et al., 2020). Similarly,  a 

transplantable hyaline-like cartilage construct was fabricated by MSC cell sheets that adhered 

directly to cartilage surfaces where they maintained cartilage characteristics, thus scaffold-free 

hyaline cartilage constructs that well regenerated articular cartilage (Thorp et al., 2020). Novel 

bioscaffolds have also been evaluated using ADSC sheet-derived ECM. These scaffolds high 

preserved 3D architecture of ECM and retained its mechanical properties. This allowed a much 

easier recellularization and less immunological response upon transplantation into in vivo models, 

thus promoting a good application for cartilage regeneration (S. Zhou et al., 2020). 

 

2.5 Growth factors and hypoxic environments  

A wide range of growth factors and signaling molecules play a vital role in cell growth, 

proliferation and differentiation. Mostly used growth factors include insulin-like growth factors 

(IGF), basic fibroblast growth factors (bFGF, bGFG-2), vascular epithelial growth factors (VGEF), 
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bone morphogenic proteins (BMP) and transforming growth factor-beta (TGF-β). These growth 

factors are delivered via different ways including carriers where DNA plasmids encode the gene 

of the desired growth factors.  

2.5.1 Insulin-like growth factors 

Are circulating cytokines that exist in circulation and in many biologic fluids associated with the 

specific IGF-binding proteins. IGFs are produced in the bone marrow and liver in response to 

growth hormones. It is present in serum and synovial fluid of cartilage and chondrocytes, and 

required to maintain cartilage integrity and facilitates maturation by increasing the production of 

sulfated glycosaminoglycans in cartilage and preserving these materials in the pericellular matrix. 

 

2.5.2 Basic fibroblast growth factor (bFGF) 

The basic fibroblast growth factor (bFGF) is a part of the family of growth factors. During 

embryology, it promotes the differentiation of MSC into chondrocytes. It also induces 

chondrogenic nature of adipose stem cells.  

 

2.5.3 BMP-2  

(The bone morphologic protein-2 is a molecule that is part of the transforming growth factor 

superfamily. It was proved that BMP-2 can promote osteoblastic differentiation of mesenchymal 

stem cells, along with bone formation regeneration in the early phase. Studies by Yin et al. 

demonstrated that a combination of multiple growth factors exerts a synergic effect facilitating 

bone regeneration (Yin et al., 2018). Another study has investigated the coating of hydroxyapatite 

on titanium surfaces with the addition of chitosan and BMP-2 that was encapsulated within 

coatings. Their in vitro tests showed that all coatings accelerated cell adhesion, and when adding 

BMP-2 within chitosan, BMP-2 successfully enhanced cell adhesion, bioactivity and 

biocompatibility (Qiu et al., 2020; X. Wang et al., 2019). 
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2.5.4 TGF-β 

It is a growth factor involved in essential physiological processes such as embryonic development, 

tissue repair, differentiation and control of cell growth. At the level of cartilage, it is considered as 

a powerful anabolic factor since it increases the deposition of ECM by promoting synthesis of 

COL2 and ACAN proteins.  

 

2.6 Hypoxia 

Hypoxia is one of the most remarkable factors that affect cells in multiple ways. It plays an 

important role in different cellular features, where it affects cell migration, proliferation, and 

metabolism. Hypoxia, mediates these cellular modifications by the HIF pathway, by inducing of 

the hypoxia-inducible factor 2α (HIF2α), to stimulate chondrogenesis via increasing of the SRY 

(sex-determining region Y) - box 9 (SOX 9) transcription factor, as well as COL2A1 (Figure 22).  

 

Figure 22: The schematic representation of an in vivo articular cartilage environment in 3D and it its 
ECM proteins regulated by hypoxia inducible factor (HIF) signaling pathway (Shi et al., 2015). 

 

HIF possess more than 1000 target genes that can be either regulated or suppressed by hypoxia. 

The process of hypoxia in promoting the decrease of hypertrophic markers such as collagen X 

(COLX) and Runt-related transcription factors (RUNX2), can be contributed to the addition of 

parathyroid hormone-related peptide hormone (PTHrP) that maintain homeostasis and play a vital 
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role in the regulation of skeletal development by suppressing the hypertrophy effect of 

chondrocytes. Studies conducted by Browe et al., showed that not only does (PTHrP) decrease 

collagen and hypertrophic genes, but also it has negative effects on GAG synthesis. However, when 

combining hypoxia with the addition of exogenous PTHrP, they observed a high and accumulative 

expression of GAG synthesis, whereas a reduction was observed in alkaline phosphate assay (ALP) 

activity. This suggests that in absence of oxygen tension, hypoxia induces the expression of the 

PTHrP receptor that increases cellular response to limit the expression of PThrP. Hypoxia also 

regulates myocyte-specific enhancer factor 2C (MEF2C) that is responsible to express COLX gene. 

So in low oxygen levels, PTHrP levels are high, subsequently protein kinase A (PKA) activates 

protein phosphatase 2A (PP2A) that dephosphorylates histone deacetylase 4 (HDAC4), which in 

turn attenuates the levels of MEF2C (Browe et al., 2019). Foyt et al., suggested that soft hydrogels 

with a hypoxic environment promoted hMSC to have more spreading morphology, and stimulate 

the increase in molecular markers of chondrogenesis, such as COL2A1 and SOX9 to develop 

cartilage tissue engineering (Foyt et al., 2019). Anderson and his colleagues cultured MSC and 

auricular chondrocyte progenitors similarly in hypoxic medium (2%). These two cell types have 

undergone chondrogenic differentiation and hypertrophic gene were then analyzed. Results 

suggested that although MSC significantly downregulated hypertrophic chondrocytes, however, 

they still secreted COLX. On the other hand, articular chondrocyte progenitors significantly 

decreased cartilage hypertrophy and expression of COLX was not detected in any clones of these 

cells (Anderson et al., 2016). Furthermore, DPSC were also tested for their stemness in hypoxic 

environment. A new hypoxic system was introduced by Ahmed et al., suggesting a supply of 5% 

O2 tension in culture that provided a good culture condition for DPSCs. They compared different 

oxygen percentages (21%, 5% and 3%) to see which is the optimal expansion culture condition 

that more suits dental stem cells. Many studies have shown that smaller cells exhibit better 

differentiation potential. Their results confirmed these studies and showed cells that have 

undergone hypoxic conditions, were smaller and promoted a better morphology compared to cells 

cultured in normoxia. Thus, these cells expressed stem cell markers way more than normoxic cells. 

By comparing 5% and 3% oxygen tension, specific stem cell markers such as granulocyte colony-

stimulating factor receptor (G-CSFR) and C-X-C chemokine receptor type 4 (CXCR4) were 

significantly higher in 5% than 3% hypoxia, indicating the optimal level of oxygen for migration 

of dental stem cells. Moreover, proliferation was also tested and results suggested that the first 4 
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days, proliferation rate of normoxic and hypoxic culture were the same, whereafter cells cultured 

in 5% oxygen tension proliferated rapidly compared to 3% and 20% O2. Also, pluripotency 

markers in presence of hypoxia were upregulated, where expression of SOX9, octamer-binding 

transcription factor 4 (OCT4) were higher in hypoxic MSC (Ahmed et al., 2016). 

Diverse reports have reported the importance of hypoxia in the physiological processes of MSC 

since it is similar to the natural environment of bone marrow. Many studies have conducted 

hypoxic-induced MSC. MSC can survive by adjusting to changes in their microenvironment and 

displaying several biological responses. For instance, MSC cultured in hypoxic conditions grew 

slowly until 1st passage and increased afterward. MSC are adapted to hypoxic conditions where 

they express common surface markers and possess the ability to differentiate into the three lineages. 

Different studies have shown that adipogenic and osteogenic genes are more stimulated in hypoxic 

cells than normoxic cells (Husak and Dworzak, 2017). Binder et al., suggested that combining 

serum reduction and low oxygen levels would boost the osteogenic differentiation of MSC. They 

incubated MSC in media containing different FBS concentrations and they varied the oxygen levels 

and measured ALP activity in each case, as well as the mineralization and calcium secretions. Their 

data showed that serum concentration and oxygen levels synergistically influenced MSC 

differentiation, increased Wnt signaling and improved osteogenesis. Thus a superior level of 

osteogenesis was achieved when culturing cells in hypoxic environment and reducing serum 

amount in culture media (Binder et al., 2015).  

Due to the lack of vascularization system in articular cartilage, this latter takes and absorbs oxygen 

and nutrients from synovial fluid. Therefore, the oxygen concentration was estimated to be 

somehow low in the joint surface, ranging from 7% to reach the subchondral bone at 1%. This is 

responsible for HIF transcription factors that play roles in the development of endochondral bone 

in vivo. Many studies have tested the hypoxic culture in vitro and its effect regarding 

chondrogenesis. Phenotypical changes and molecular changes were observable usually after 

several days of culture. 

Meretoja and his colleagues investigated the co-culture of human chondrocytes with mesenchymal 

stem cells in vitro, when cultured on porous polymer scaffolds under hypoxic conditions. Their 3D 

structure showed increased collagen content and hypoxia increased matrix synthesis. Besides, 

COLX and ALP activity were induced by hypoxic co-culture, however, hypertrophy was 



Introduction 

66 

suppressed with no calcifying phenotype was observed. Co-cultured 3D constructs use fewer 

chondrocytes to produce the same end results compared to pure articular chondrocyte constructs. 

In other words, co-cultures of MSC and chondrocytes showed enhancement of cartilaginous matrix 

in porous scaffolds, which gives some advantages for cartilage tissue engineering in decreasing the 

amount of harvesting of cartilage and obtaining a more stable chondrogenic profile (Meretoja et 

al., 2013).  

In the last several years, many scientists have focused on the effects of hypoxia on stem cells 

derived from several tissues and origins. In this context, the overexpression of HIF-1α in bone 

marrow-derived MSC on COL1 scaffold promoted cartilaginous repair of chondylar osteochondral 

defect in a rabbit model (M.-S. Cheng et al., 2020). Hypoxia effects have also been investigated 

on MSC differentiation potential of these cells. Not only did low oxygen levels downregulated the 

expression of genes involved in lipid metabolism, but also osteoclast and osteoblast mineralization 

were highly decreased in these cells (Camacho-Cardenosa et al., 2020). 

A gene expression profile was analyzed by a microarray to study the effects of hypoxia on MSC 

properties. Hypoxia was found to increase the expression of different growth factors involved in 

cellular proliferation and angiogenesis (Hung et al., 2007). Moreover, mesenchymal stem cells-

derived conditioned medium (MSC-CM) and hypoxic environment have shown significantly high 

levels of VEGF and interleukin 6 (IL-6), angiogenic factors that stimulated fracture healing and 

angiogenesis in diabetic rats (Wang et al., 2012). Incubation of MSC for 48 hours in 1% oxygen 

level mediates some metabolic changes that promoted in vivo and in vitro survival of MSC. Studies 

have shown that low oxygen levels can affect lipids in MSC, which in turn are responsible for 

different regulatory and signaling functions in cellular processes. Lakatos et al., reported that MSC 

responds to hypoxia by secreting high amounts of lipids, specifically diacylglycerol (DG) that is 

responsible for mediating angiogenic factors in cells (Lakatos et al., 2016).  

 Some studies reported high chondrogenic potential when human synovial membrane 

mesenchymal stem cells were cultured in hypoxic medium (Bae et al., 2018; Li et al., 2011), other 

found a small insignificant effect on chondrogenesis (Neybecker et al., 2018), however Ohara et 

al., suggested that no effects of hypoxia were observed when analyzing chondrogenesis profiles 

(Ohara et al., 2016). In this study, SOX 9 and COL2 were increased in both synovial-membrane 

mesenchymal stem cells and BMMSC when cultured in hypoxia. Enhanced cartilage repair was 
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observed in the case of bone marrow-derived mesenchymal stem cells, while synovial membrane-

derived mesenchymal stem cells did not show high chondrogenic capability under a hypoxic 

environment (Gale et al., 2019).  

 

3. Auricular cartilage engineering  

3.1 Background  

In order to eliminate the use of large tissue harvests and the complications that result from auricular 

reconstruction techniques, auricular tissue engineering provides the means of using small biopsies 

to generate cartilage-like structures in the shape of an auricle.  However, to be able to bioengineer 

such constructs, there are many criteria that need to be evaluated. Scaffolds, should maintain an 

adequate environment and good structural and mechanical properties for supporting tissue growth 

and development. Besides, for a successful auricular cartilage engineering, the scaffold should 

maintain long-term integrity and strength with a porous architecture that supports neo-cartilage 

formation (Li and Sun, 2019).  Efforts have been devoted to engineering auricular cartilage, until 

the first successful transplantation was carried out by the two Vacanti brothers. This was illustrated 

by a human ear grown on the back of a mouse using methods of tissue engineering. This mouse 

was known as ‘auriculosaurus’ or the Vacanti mouse named after Joseph Vacanti who developed 

it. This goes back to 1986 where Robert Langer of the Masschusetts Institute of technology and 

Joseph Vacanti of Harvard children’s hospital in Boston designed and performed the first 

successful transplantation experiment using bio absorbable artificial polymers as 3D matrices. 

Since ears are very hard to create surgically, due to their peculiar and complicated shape, they 

decided to make a scaffold in the shape of a human ear. A biodegradable human ear-shaped mold 

was created and cow cartilage cells were seeded in it, followed by a subcutaneous transplantation 

in an immunocompromised mouse (Cao et al., 1997). The cartilaginous ear was implanted under 

the skin layer of the mouse, but over the muscle layer. After 3 months, the mouse grew extra blood 

vessels that nourished the cow cartilage cells, that then grew and infiltrated into the biodegradable 

scaffolding, which had the shape of a human ear presented in Figure 23.  
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Figure 23: The Vacanti mouse (Langer and Vacanti, 2016). 
 

By the time that the scaffolding had dissolved away, the cartilage had enough structural integrity 

to support itself. However, this cartilaginous structure that looked like a human ear was never 

transplanted onto a human, because it was full of cow cells and would have been rejected by a 

person's immune system. For ensuring non-immunogenicity and good biocompatibility, the choice 

of cell sources should be carefully and slowly examined. Cells from the auricles are the gold 

standards since they already produce elastin, however this choice is not easily accessible, especially 

if patients have small or no auricle. For these reasons, the choice of other cell sources should be 

slowly examined to enhance the quality of auricular cartilage tissue generated. Early research has 

investigated mature cells such as chondrocytes or epithelial cells, for their capacity of generating 

new tissue.  

 

3.2 Cell sources  

Von Bomhard et al., have used goat auricular chondrocytes to evaluate a new resorbable chondro 

conductive biomaterial. They investigated the use of a biomaterial produced from decellularized 

porcine septum cartilage, seeded with auricular chondrocytes in order to evaluate a new scaffold 

for nasal septum regeneration. Their results showed that the rate of proliferation of auricular 



Introduction 

69 

chondrocytes was lower than that of nasal chondrocytes, however, the production of a cartilage-

like matrix was more in auricular chondrocytes since they showed an expression of anabolic growth 

factors such BMP 5 and IGF1(Von Bomhard et al., 2019). Rosa et al., investigated rabbit auricular 

chondrocytes that were grown in culture mold in presence of IGF-1 and TGFβ-1 as 3D ear-shaped 

constructs. Increased expression of elastic fibers and the deposition of cartilaginous ECM was 

shown and a thick stable construct was then produced with good mechanical properties after 4 

weeks of bioreactor growth (Rosa et al., 2014).  

A chondro-supportive scaffold from auricular cartilage has been produced and repopulated with 

different cells. Nurnberger and his colleagues proposed the “AuriScaff”, derived from auricular 

cartilage, decellularized and investigated its potential to be seeded by various cell sources. Elastic 

fibers had selectively been removed to create a traversing network for cells to pass and migrate 

deep into the matrix. Bovine and human articular chondrocytes, were cultured on one hand, and 

co-cultured with human adipose-derived stromal cells on the other hand. Cells migrated and 

differentiated into chondrogenic cells that uniformly repopulated the scaffold (Nürnberger et al., 

2019).  

Chiu et al., engineered tri-layered auricular tissue in two different ways. They first used a bi-layered 

construct done from thousands of cells that were seeded into the polypropylene wells of a 

continuous flow bioreactor, provided by a flow of fresh medium supplemented with sodium 

bicarbonate and ascorbic acid. The first method of developing a tri-layered construct consisted of 

using ficol separation that isolated perichondrial cells from auricular tissues and seeded them into 

the bi-layered construct. This method produced thin perichondrial layers compared to the native 

rabbit auricular perichondrium, and GAG content was also reduced. However, when they used the 

second method that involved the growth of the bi-layered constructs in osteogenic culture medium 

without addition of cells, another layer of perichondrium was formed on top of the bi-layered 

construct, resulting in a formation of a tri-layered auricular tissue (Chiu et al., 2019).  

Microtia chondrocytes were used as cell sources for regenerating auricular cartilage. These cells 

have been considered as promising sources since they possess abilities to form elastic cartilage. He 

et al., in their work, demonstrated that microtia chondrocytes are appropriate cell candidates for 

regeneration of tissue-engineered auricle. Microtic chondrocytes when cultured in 3D 

chondrogenic culture system, restored their phenotype and generated mature cartilage with rich 
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cartilage-specific ECM and appropriate mechanical properties (He et al., 2020). Besides, insulin 

growth factor-1 stimulated the induction of concentrated growth factor that significantly 

synthesized auricular chondrocyte ECM proteins (Chen et al., 2019). Moreover, when co-cultured 

with BMMSC, microtic chondrocytes successfully generated robust cartilage tissue similar to 

auricular cartilage tissue, conserved their chondrogenic potential and elasticity and produced stable 

chondrogenesis with a homogenous distribution of lacuna structures without any calcification or 

fibrogenesis (Zhang et al., 2014). 

Akbari et al., also generated human scaffold-free auricular cartilaginous constructs. Cells were 

collected from pediatric auricular cartilage and cultured as high-density micro masses for 8 weeks. 

Their results showed that the engineered constructs structurally resembled native auricular tissue, 

with good GAG and collagen II content compared to the native auricular cartilage, in addition to a 

cellularized neo-perichondrium like layer surrounding the inner cartilage (Akbari et al., 2017).  

A Recent study has reported the use of auricular chondrocyte progenitor cells from perichondrium 

tissue. Layering and rotational culture methods were realized to form a stiff 3D multilayer cartilage 

tissue that resembled human auricle with a high COL 2 expression. This created an autologous 

scaffold-free elastic cartilage (Enomura et al., 2020). Similarly, adipose derived stem cells have 

shown to be a promising cell source for auricular cartilage repair (Oh et al., 2020; Ziegler et al., 

2021). 

3.3 Scaffolds  

Finding a suitable scaffold is the key to successful reconstruction of auricular cartilage. This latter 

supports the growth of cells and maintain their phenotypes and deliver signals that can induce cells 

to secrete ECM and thus regenerate and reconstruct tissue. Furthermore, biomaterials should adhere 

to the surrounding native tissue and provide mechanical integrity associated with the function of 

reconstructed tissue. Different options have been used to mimic cartilage extracellular matrix. 

Many studies have investigated natural polymers where a combination of natural material was used 

to optimize fabrication of a porous scaffold. Xia and his colleagues, prepared a hydrogel composed 

of gelatin with hyaluronic acid, and 3D printing was performed to ensure pore structure and shape. 

Methacrylic anhydride was then added to induce a photocrosslinking reaction, and lyophilization 

was used to enhance mechanical strength by transforming scaffolds into solid biomaterials to 

improve cell seeding procedures. Then scaffolds were seeded with goat-auricular chondrocytes and 
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constructs were cultured in chondrogenic medium in in vitro and then in vivo models. Their study 

has demonstrated that photo-cross liked gelatin and hyaluronic acid could form porous scaffold 

with good internal pore structure, high mechanical strength and weak immunogenicity for cartilage 

regeneration (Xia et al., 2018). Also, another group used an ear-scaffold composed of porous 

collagen, supported with titanium wire framework. This biomaterial supported chondrocytes 

attachment and matrix deposition where glycosaminoglycan content was high and elastin fibers 

were formed. The embedded titanium wire associated to the scaffold, prevented shrinkage and 

distortion and withstood mechanical forces during wound healing and neocartilage maturation 

(Pomerantseva et al., 2016). Other studies have also designed 3D ear model resembling human ear 

that was implanted in a rabbit model. Auricular mesenchymal progenitor cells derived from rabbit 

perichondrium were seeded on silk-alginate scaffold and the whole construct was implanted in 

rabbits for 2 months. Although silk alginate model diminished slightly over time, however, it 

maintained shape and flexibility and supported extracellular matrix production such as collagen II 

and proteoglycans (Sterodimas and de Faria, 2013). Synthetic polymers were also investigated in 

auricular cartilage engineering where a group of researchers developed a biocompatible poly 

gamma-glutamic acid hydrogels, that presented excellent elasticity and withstood 70% mechanical 

strain. Not only it mediated cell proliferation, but also played an important role in inducing gene 

expression of cartilage markers. Gamma-PGA hydrogels regenerated the phenotype of auricular 

chondrocytes that were consistent with the native chondrocytes and facilitated the production of 

extracellular matrix protein (R. Yang et al., 2020). Furthermore, it has been proved that 

polyurethane biodegradable matrix was used to treat surgically created auricular and perichondrial 

defects (Chetty et al., 2008; Iyer et al., 2016). 

3D Scaffolds made from polycaprolactone based-polyurethane were widely used in auricular 

engineering. However, the supply of oxygen and nutrients remains a challenge in reconstructive 

engineering. This is due to the absence of the perichondrium layer that is responsible for this 

transfer. Thus, microsurgical implantation of the arteriovenous loop can present ameliorated 

neovascularization of the 3D cell construct. Bomhard et al., investigated this idea by using auricular 

cartilage biopsies, as cell sources and seeded them in 3D polycaprolactone scaffolds implanted 

with vascular loops subcutaneously under the skin. After implantation, the 3D auricle was well 

integrated under the skin and with a stable well-vascularized structure that resembled that of the 

native cartilage. ECM formation was detected even in the center of the construct and newly-formed 
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collagen II was also demonstrated, however, when analyzing the control group without an 

implanted loop, they realized that the center didn’t contain any vital cells, but necrotic regions (von 

Bomhard et al., 2013). They reported that the supply of oxygen and nutrients could be enhanced 

by using a vascular pedicle implanted with the cartilage construct, that better vascularize and 

integrate it with the surrounding tissue. Repair of ear cartilage was also done using scaffold made 

up of PLGA with chitosan non-woven cloth. This was achieved by harvesting bone marrow 

mesenchymal stem cells that developed into functional cartilage that supported chondrocyte 

distribution and perfectly repaired defects in rabbit ears. A new approach of using bacterial nano 

cellulose (BNC) scaffold has been used by (Martínez Ávila et al., 2015). He used (BNC) that 

possesses excellent biocompatibility and tissue integration capability. BNC is a natural biopolymer 

derived from different bacterial species. It is mainly composed of water, that’s why it is an 

interesting component in forming a hydrogel. This bilayer BNC scaffold integrates a high porosity 

and mechanical stability for in vitro and in vivo auricular cartilage tissue engineering. Furthermore, 

BNC with alginate has provided support for nasoseptal chondrocytes alone and combined with 

human mononuclear cells to form neocartilage in vitro and in vivo. Lately, it has been confirmed 

that decellularized natural ECM has proved a regenerative capability in vitro and in vivo and has 

become an emerging approach where host cells are eliminated, leaving behind a natural functional 

ECM to be used as a support. Numerous studies have been reported on acellular xenogeneic 

scaffolds, for instance, tracheal, articular, nasal, intervertebral discs and to a lower degree acellular 

ear cartilage. This latter is composed of thick elastic fibers and collagen I and II, rendering it dense 

to be decellularized. Different methods have been used to decellularize auricular cartilage, for 

instance, freeze-thawing methods can help disrupt the cell membranes as well as causing apoptosis. 

Trypsin was also used in different protocols as an effective reagent to decellularize elastic cartilage 

(Rahman et al., 2018) 

 Chiu et al., engineered tri-layered auricular tissue in two different ways. They first used a bi-

layered construct done from thousands of cells that were seeded into the polypropylene wells of a 

continuous flow bioreactor, provided by a flow of fresh medium supplemented with sodium 

bicarbonate and ascorbic acid. The first method of developing a tri-layered construct consisted of 

using ficol separation that isolated perichondrial cells from auricular tissues and seeded them into 

the bi-layered construct. This method produced thin perichondrial layers compared to the native 

rabbit auricular perichondrium, and GAG content was also reduced. However, when they used the 
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second method that involved the growth of the bi-layered constructs in osteogenic culture medium 

without addition of cells, another layer of perichondrium was formed on top of the bi-layered 

construct, resulting in a formation of a tri-layered auricular tissue (Chiu et al., 2019).  

Other studies have investigated the implantation of biodegradable polyurethane matrix in pig 

models to assess this matrix as support for cartilage. Iyer et al., for instance, have surgically created 

auricular cartilage and perichondrial defects and filled up these defects with biodegradable 

polyurethane matrix. The matrix was able to integrate into auricular defects, however, a poor 

regenerative activity was achieved, this was due to the limited migration of cells that were trapped 

within the extracellular matrix, and their slow metabolic rates. It has been shown that not all 

successful in vitro experiments can be replicated in vivo, Since, biological and regulatory 

mechanisms are not the same (Iyer et al., 2016). Pomerantseva et al., on the other hand engineered 

successfully a human ear-shaped cartilage in an immunocompetent sheep model. They produced 

disk and human ear-shaped scaffolds from porous collagen, similar to the work of Bichara et al., 

but with superior neocartilage quality (Bichara et al., 2014). Since Pomerantseva supported the 

construct with a titanium wire to conserve the shape of the ear. These scaffolds were then seeded 

by sheep chondrocytes, cultured for 2 weeks in vitro, and implanted subcutaneously in sheep. They 

demonstrated the first stable, engineered ear that was implanted where it was rich in high GAG 

content and elastic fibers. The surrounding wireframe withstood mechanical forces and protected 

the engineered ear from retention and ameliorated the quality and stability of neocartilage 

(Pomerantseva et al., 2016). 

Acellular matrices in auricular cartilage have received a great attention, in the recent years. This 

was due to their excellent biocompatibility and biodegradability. Also, these matrices were 

characterized by robust intrinsic bioactive components, mimicking their microenvironment 

(Weiming Chen et al., 2020; Xu et al., 2020). Pore size and 3D structure are crucial elements for 

cell proliferation, adhesion and ECM production in cartilage engineering. Silk fibroin has used 3D 

printing techniques to repair cartilaginous defects in vitro and in vivo (Wei Chen et al., 2020; Shi 

et al., 2017). Furthermore, fish collagen has recently been considered as alternative to mammal-

derived collagen, where Li et al., have shown that this natural source was characterized by excellent 

biocompatibility and degradability with a significant increase in water absorption and mechanical 

strength. The porous fish collagen promoted cartilage repair when evaluated in vitro and in vivo in 
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rabbit models (H. Li et al., 2020). Many studies have investigated the biological potential of 

acellular cartilaginous matrix and dermal matrix as scaffolds for auricular cartilage tissue 

engineering. Wang et al., in their studies have demonstrated that acellular dermal matrix showed 

higher cell adhesion, neocartilage formation and more stable mature cartilage, with low immune 

response compared to acellular cartilage matrix when implanted in goat models, indicating that 

dermal matrices are more suitable for cartilage engineering (Y. Wang et al., 2020). 

The application of cell sheet technology used in cartilage tissue engineering may resolve the 

limitation of using a non-porous acellular scaffold where cells are inhibited from proliferating and 

differentiation and sometimes causing structural collapse. This technique should a superior 

adhesion and enhanced regeneration. It is also imperative to characterize chondrocyte sheets and 

evaluate its similarity to native cartilage. Mitani et al., showed in 2009 that chondrocyte sheet 

produced cartilage markers and expressed SOX9, collagen type II, and some fibronectins, in 

addition to that, these sheets efficiently regenerated partial and full-thickness cartilage, resembling 

native tissue physiology (Mitani et al., 2009). 

Gong et al., established a sandwich model for cartilage engineering, porcine cartilage was cut into 

circular sheets, decellularized, and lyophilized. Acellular sheets were stacked layer by layer with 

chondrocytes forming a sandwich model of about 20 layers. This model was cultured in vitro for 4 

weeks and in vivo in nude mice for 12 weeks, after then analyzed and showed cartilage 

characteristics with no inflammatory response (Gong et al., 2011).  

Auricular and articular scaffold-free system constructs were compared for their ECM stiffness and 

production in vitro when coupled to porous tantalum and upon in vivo implantation. Auricular 

constructs produced more and stiffer ECM compared to articular ones. Upon in vivo implantation, 

auricular chondrocytes produced thicker constructs and by attachment to porous tantalum by 

cellular ingrowth to the pores (Whitney et al., 2012). Studies by Tani et al., have described the 

preparation of auricular sheets that were looped around a silicon tube and cultured for several 

weeks. Their results showed a proper level of flexibility and rigidity in an engineered trachea (Tani 

et al., 2010).  

Auricular cartilage tissue was highly fabricated using fibrin gel auricular scaffold resembling 

human auricular anatomy shown in  Figure 24. This was achieved by extracting rabbit auricular 

chondrocytes from ear cartilage and culturing them to form cell sheets. These sheets were then 



Introduction 

75 

successfully laden with chondrocytes and constructing a fibrin gel auricle scaffold that highly 

resembles human ear. This scaffold highly maintained ear morphology after 1 week in vitro and 

became firmer since chondrocytes secreted cartilage-like matrices that substituted the initial fibrin 

gel. After implantation of the auricular-shaped tissue in animal models for 8-weeks, newly formed 

cartilaginous tissue showed mature cartilage tissue with protein rich ECM, however with a low 

mechanical strength (Yue et al., 2020).  

 

 Figure 24: Scheme showing the fibrin gel auricular scaffold fabrication process  
and its in vitro and in vivo evaluation (Yue et al., 2020). 

 

3.4 Growth factors used for enhancing auricular tissue engineering  

Growth factors are biologically active molecules, stimulating cell division, growth, and 

differentiation into specific niches. The anabolic factors can also stimulate production and 

synthesis of extracellular matrix. In cartilage, many growth factors regulate development and 

homeostasis, thus offering a key factor in treatment and regeneration of cartilage. 

 

3.4.1 Insulin-like growth factors  

They look like growth factors and physiologically stimulate growth of cartilage by stimulating 

already differentiated chondrocytes and promoted their multiplication. Also, IGF-1 was shown to 
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induce chondrogenesis of MSC from bone marrow (Zhou et al., 2016). Studies have shown a 

significant increase in IGF-1 expression when ADSC were transplanted in vivo to fill defects of 

auricular cartilage. The high expression of collagen II and IGF-1 at 8 weeks post-injection, was 

due to the high ECM matrix and the presence of IGF-1 that induced the maturation of these cells 

to produce more and more collagen and IGF-1 (Oh et al., 2020). Also, IGF-1 released by 

concentrated growth factor-stimulated the synthesis of the auricular chondrocyte extracellular 

matrix via the activation of IGF-1R/PI3K/AKT pathway. This was confirmed by silencing IGF-1 

using siRNA. As a result, the amount of GAG, proteoglycans, collagen and ACAN in CGF-treated 

groups were significantly higher than that of the auricular cartilage in presence of DMEM and of 

silenced IGF-1. This indicated that IGF-1 plays an important role in CGF-induced ECM synthesis 

in auricular chondrocytes (Chen et al., 2019). In addition to that, these growth factors were 

investigated to stimulate elastogenesis in auricular chondrocytes. Rabbit auricular chondrocytes 

that were cultivated and supplemented with insulin and IGF-1, showed after 4 weeks of growth, 

increased deposition of ECM, and good mechanical properties as well as a thick structure 

comparable to native tissue. Furthermore, IGF-1 increased expression and localized elastin within 

the matrix of the tissue (Rosa et al., 2014). 

Injection of IGF-1 on rabbit auricular cartilage autografts implants were performed every 2 weeks 

to investigate the viability of cartilage. It was revealed that IGF-1 increased the viability of the 

implanted auricular cartilage and suppressed immune modulation effect (Beriat et al., 2012; Okubo 

et al., 2019).  

Chiu et al., have engineered a tri-layered auricular tissue to reconstruct external ear anomalies. 

They combined chondrocytes with perichondrocytes in a bioreactor system with osteogenic 

medium supplemented with both insulin and insulin-like growth factor (IGF-1). They showed that 

combining IGF-1 and insulin improved the development of a bi-layered construct (Chiu et al., 

2019). 

 

3.4.2 Basic fibroblast growth factor (bFGF) 

It has been proved that bFGF is a growth factor present in the bovine extract. It induces proliferation 

and differentiation, as well as migration and angiogenic potential. Studies by Miyanaga, reported 

that when bFGF was integrated into the inner layer of the perichondrium, auricular perichondrial 
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cell markers are activated by bFGF, becoming active chondrocyte precursor cells, where they start 

proliferating and differentiating into functional chondrocytes, reforming the perichondrial 

membrane. He added that chondrogenesis was bFGF concentration-dependent since the highest 

concentration of bFGF yielded the highest level of cartilage formation and also confirmed that 

proliferative nature of human ear chondrocytes increased when these chondrocytes were treated in 

bFGF (Miyanaga et al., 2018). Not only IGF-1 induced elastic cartilage, but also bFGF can be 

supplemented in medium to enhance elastic chondrogenesis after 8 weeks of autologous 

implantation (Lou, 2020).  

 

3.4.3 BMP-2 

This transforming growth factor promotes stem cells differentiation into chondrocytes, as well as 

the redifferentiation of chondrocytes when encapsulated in 2D and 3D culture models (alginate 

beads) with an increased synthesis of collagen type II. However, if the chondrocytes are exposed 

to BMP-2 for a longer period of time, they will differentiate towards a bone phenotype. When 

BMP-2 was loaded on nanoparticles and distributed into 3D PCL scaffold and implanted in vivo, 

results showed that bone formation was highly significant and compressive strength was improved 

in coated group in presence of BMP-2 compared to the uncoated group (Kim et al., 2018). 

Moreover, BMP-2 was also implied in cartilage tissue engineering, where the combination of 

BMMSC and BMP-2 repaired completely the osteochondral defects in rabbits (Vayas et al., 2017). 

 

3.4.4 TGF-β 

TGFβ-1 was most commonly used for in vitro culture and has stimulated the synthetic activity of 

chondrocytes. It enhanced GAG’s synthesis and adipose-derived stem cells regenerative effects in 

rabbits (Oh et al., 2018). TGFβ-3 has recently been shown to have the best chondrogenic activity 

of the three isoforms. When incubated with adipose-stem cells, TGFβ-3 induced and displayed 

chondrocytes-like cells with typical lacunae which is similar to the native cartilage (Goh et al., 

2017). Furthermore, when TGFβ-3 was transfected into BMSC using an adenovirus, stable 

expression of this protein was observed and BMSC differentiation into chondrocytes was enhanced 

and Combination of TGFβ-3 with bFGF synergically increased the potential of porcine 

chondrocytes to enhance and regenerate autologous elastic cartilage (Wang et al., 2014). Recently, 
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a new study demonstrated that TGF-β modulated pSmad3 cells levels in tissue that increased 

growth of neo cartilage tissue. Moreover, fibrosis was mediated by TGFβ signaling that enhanced 

the differentiation of cartilage during ear-hole regeneration (Abarca-Buis et al., 2020). 

 

3.5 3D printing 

3D printing creates and manufactures objects using different layers of materials stacked on top of 

each other to design the specific shape required, using a software and specific bioinks. 3D printing 

technology is nowadays popular in tissue engineering, due to its easy fabrication of scaffolds with 

or without living cells. The choice of ink has always been a challenge, since specific biochemical 

and mechanical requirements are critical for mimicking biomechanics of soft tissue. 

Moreover, 3D printing techniques have been shown promising results in auricular cartilage 

engineering. Methacrylated Gelatin (GelMA) and Hyaluronic acid (HAMA) were combined 

together, as well as Polycaprolactone (PCL) to print 3D scaffolds that highly increased the viability 

of human MSC. As a result, 3D scaffold produced mimicked human auricular cartilage and 

presented excellent support and porosity of cells with good mechanical strength (Chung et al., 

2020). 3D-PCL auricular scaffolds shown in Figure 25, printed in two-stages with high fidelity 

and interconnected pores that helped to increase viability of MSC and induced robust tissue 

ingrowth and angiogenesis when implanted in vivo in rat models (Brennan et al., 2021).  Other 

studies have investigated 3D printed chitosan that stimulated differentiation of chondrocytes (Sahai 

et al., 2020). By combining chitosan to poly(ethylene glycol) diacrylate (PEGDA), induced 

excellent mechanical properties and enhanced flexibility and elasticity of 3D auricle (Deng et al., 

2020). Elasticity was also achieved by adding gelatin to hyaluronic acid (HAMA)/alginate 

hydrogel that constituted a good functionalized bioink, thus improving cytocompatibility and 

cellular proliferation (Y. Zhou et al., 2020).  
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Figure 25: 3D-printed auricular cartilage scaffolds (Brennan et al., 2021). 
 

3.6 In vivo and clinical applications  

The identification and comparison of auricular perichondrocytes were reported in some previous 

studies. However, the in vivo chondrogenesis of these cells has not yet been well studied and 

characterized. A recent clinical study has shown that stem cells from auricular cartilage exhibit 

better chondrogenesis compared to perichondrium progenitors. After 6 weeks of in vivo incubation, 

their results showed an upregulation of cartilage genes and the formation of a mature cartilage with 

a good mechanical property (X. Zhang et al., 2019). Cartilage stem progenitor cells expressed more 

GAG and collagen II levels than perichondrium stem progenitor cells, indicating that auricular 

cartilage progenitors can serve as an ideal cell source in vitro and in vivo.  

Not many studies have investigated clinical in vivo auricular cartilage reconstructions. Iyer et al., 

have investigated a polyurethane matrix seeded with porcine chondrocytes and perichondrocytes 

and incubated afterwards in a porcine allogenic model. This matrix favored the integration of 

granulation tissue filling perichondrium defects. There was no difference between constructs 

seeded with chondrocytes alone or combined to perichondrocytes, both expressed GAGs and 

collagen II, and a good integration of the matrix to the site of injury (Iyer et al., 2016).  

Many researchers have also examined cartilaginous defects in rabbit models, where Yue et al., 

developed a 3D microtissue from rabbit chondrogenic cell sheets and chondrocytes. This 3D 

structure retained its anatomical properties after 8 weeks in allogenic rabbit models (Yue et al., 

2021).  
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Other researchers introduced bioreactor cultivated constructs to reconstruct cartilaginous and 

perichondrium-like defects with different alteration of medium, for instance, Duisit et al., in their 

studies perfused human auricular ears to prepare decellularized human auricle that retained their 

complex shape and were able to host new viable cells and vascularization upon implantation in 

animal models (Duisit et al., 2018).  

Recent high fidelity 3D-printed bioscaffolds have successfully enhanced auricular cartilage 

reconstruction. Combination of PCL material and cartilage remnants promoted better regenerated 

quality of auricular cartilage. For instance, Brennan et al., in their studies have fabricated 3D-

printed auricular cartilage scaffolds that were implanted subcutaneously in rat models for several 

week and significantly increased tissue growth and angiogenesis as shown in Figure 26. 

 

Figure 26: Ear scaffolds implanted on the dorsum of rat models (a). Angiogenesis and vasculature in-
growth of 3D-printed auricle scaffold (b) (Brennan et al., 2021). 

 

To conclude, I summarize the different sources and scaffolds that have been used in the recent 5 
years for in vitro and in vivo auricular cartilage regeneration (Table 2). 
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Table 2 : Table summarizing cell sources, scaffolds, experiment conditions and growth factors for in vitro and in vivo auricular cartilage 
engineering. 

Cell sources Scaffolds 
Experiment 
Conditions 

Growth 
factors 

In vitro In vivo References 

Rabbit auricular 
chondrocytes 

Fibrin gel-based 
scaffolds 

Chondrocytes 
cells sheet 

Chondrocytes 
mixed with 

chondrocyte cell 
sheet to from 
chondrocyte 
microtissues 

 

3D structure and 
auricular anatomy 

was retained after 1 
week 

Cartilaginous tissue 
regenerated after 8 

weeks of implantation 
in rabbit models, 
auricular anatomy 

maintained 

(Yue et al., 
2021) 

 
Auricular 

cartilage +(PCL) 
3D-printing   

Maintenance of 
integrity, of anterior 

and posterior 
auricular surfaces, 

robust tissue ingrowth 
and angiogenesis (5 
weeks in rat models) 

(Brennan et 

al., 2021) 

ADSC and their 
secretome 

 
Direct injection 

of ADSC in 
defects 

 

ADSC improved 
auricular cartilage 

regeneration,  
expression of 

collagen II, TGFβ-1 
and IGF-1 (4-8 
weeks in rabbit 

models) 

 
(Oh et al., 

2020) 

 

Scaffolds with or 
without 

autogenous 
minced auricular 

cartilage 

 

 
 
 
 
 
 
 
 

 

Minced cartilage 
scaffolds regenerated 

better auricular 
cartilage 

(Min et al., 
2020) 
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ADSC 
Rabbit articular 
chondrocytes 

PCL framework 
and cell-laden 

alginate hydrogel 
3D printing  

PCL sustained 
sustain the structure 

and enhance the 
mechanical 
properties, 

alginate inhibited 
ADSCs from 
osteogenesis, 

leading to 
chondrogenesis 

More native-
resembling auricular 

cartilage with no 
donor site-morbidity 

 

(Jang et al., 
2020) 

 

3D-printed 
auricular 

bioscaffold with 
or without 

porcine cartilage 
tissue inserts in 

an athymic 
rodent model 

with PCL 

3D printing   

Grossly visible tissue 
ingrowth and 

angiogenesis, robust 
soft tissue infiltration 
and vascularization in 

both seeded and 
unseeded scaffolds, 

maintenance of viable 
cartilage in cartilage-

seeded scaffolds 

(Chang et al., 
2020) 

Rabbit BMMSC 

Methacrylate-
PGA and 
cysteine 

functionalized ϒ-
PCA 

  

Outstanding capacity 
of anti-compression 
and shape recovery, 
matrix production 

and 3D 
chondrogenic 

formation of BMSC 

 

(R. Yang et 

al., 2020) 
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Canine auricular 
chondrocytes 

atelocollagen 
3D-cultured with 

four types of 
media 

IGF-1, 
FGF-2, 
insulin 

High gene 
expression of type II 

collagen was 
detected in the 

construct cultured 
with the 

differentiation 
medium whereas 

cell apoptosis were 
suppressed in the 

proliferation 
medium. 

Abundant cartilage 
matrices, high cell 

viability 

(Okubo et al., 
2019) 

Human 
chondrocytes 
perichondrial 

cells 

Scaffold-free bi-
layered auricular 

tissues 
Bioreactor 

IGF-1 
insulin 

Tri-layered auricular 
tissue for ear 

reconstruction 
  

Cow auricular 
chondrocytes 

Auricular 
cartilage discs 

Enzymatic 
treatment of 

elastase 

BMP-6 
TGFβ-3 

Repopulation of 
auricular cartilage 

scaffold 
  

Human auricular 
chondrocytes 

(PLA)/ (PLGA) 
with collagen 

Chondrocytes 
were put in 

scaffolds and 
implant-type 

tissue-
engineered 
cartilage 

BMP-2 
TGFβ 
IL-1β 

TGFβ stimulates 
hypertrophic 

maturation, IL-1β 
promotes 

angiogenesis and 
cartilaginous 

formation 

  

Goat auricular 
chondrocytes 

PCL scaffold and 
alginate beads 

3D printing TGFβ 

high-compressive 
moduli that were 

100 higher than that 
of native cartilage 

 
(Visscher et 

al., 2019) 
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Rabbit auricular 
chondrocytes 

Nasal 
chondrocytes 

Decellularized 
porcine nasal 

septum 
  

Auricular 
chondrocytes 

produced more 
cartilage-like matrix 
higher expression of 

anabolic growth 
factors BMP5 and 

IGF1 

 
(Von 

Bomhard et 

al., 2019) 

Rat ADSC 
Human aortic 

endothelial cells 
12 human ears 

Perfusion 
decellularization 
using SDS/polar 

solvent 

TGFβ 
VEGF 
bFGF 

Extra vascular 
rigidity, high 

vascular resistances 

Preservation of the 
ECM structure, rich 

in collagen, mild 
immune response, 
Vascularized and 
complex auricular 

scaffolds 

(Duisit et al., 
2018) 

Rodent adipose-
derived stem 

cells  Porcine ear Decellularization  
Vascularization, 

high viability of the 
different cells 

High vascularization, 
normal blood 

pressure, architecture 
and biochemical 

components retained 

(Duisit et al., 
2018) 

Autologous 
microtic 

chondrocytes 

PCL mesh as an 
inner core, 

wrapped with 
PGA unwoven 

fibers and coated 
with PLA 

3D printing  

Engineered ear 
cartilage retained its 
original 3D shape, 
decreased stiffness 

and increased 
elasticity after 2 

years 

Regenerated cartilage 
itself without PCL 

frame with 
mechanical properties 

similar to those of 
native cartilage 

(Zhou et al., 
2018) 
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Human auricular 
chondrocytes 

Remnant, normal 
pediatric 
auricular 

cartilage samples 

Micromass 
cultures 

 

Mechanical stability 
and structurally 

resembled native 
auricular tissue, with 
a perichondrium-like 

layer of cells 
surrounding the 

inner cartilaginous 
zone after 8 weeks 

- 
(Akbari et al., 

2017) 

Rabbit auricular 
chondrocytes 

PCL framework 
with alginate 

bioink 
3D printing  - 

Cell printed structure 
showed complete 

cartilage regeneration 

(Park et al., 
2017) 

Sheep auricular 
chondrocytes 

Collagen (disk-
shaped) scaffolds 

+ ear-shaped 
scaffold 

Titanium wire to 
support scaffolds 

  

Wire frame withstand 
mechanical forces 
during neocartilage 

maturation and 
prevented shrinkage 

(Pomerantseva 
et al., 2016) 
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Ⅱ-Aims 
 

 

Auricular cartilage reconstruction remains one of the most challenging techniques for 

otolaryngology head and neck surgery. Tissue engineering is an alternative and promising 

approach, that uses cells, scaffolds and growth factors to assemble functional constructs that can 

improve, restore or replace damaged tissues and organs.  Despite significant progress in this field, 

many confronts remain unsolved.  

 Several Scaffolds have been used, however, no material that perfectly mimics the nature of elastic 

cartilage has been investigated yet. Despite the significant progress of tissue engineering 

approaches, optimization is still needed to enhance cellular growth, differentiation and integration 

during in vivo implantation. 

A variety of scaffolds have been engineered and used to replace surgical reconstructions, however, 

these scaffolds degraded over weeks or months, and space was then replaced by proliferated cells 

leading to fibrosis. Cell suspension injections are also an option but not really suitable for large 

tissue reconstruction, since few percent of injected cells are integrated into host tissues.  

My thesis project aims to investigate new approaches of auricular cartilage repair through the use 

of decellularized scaffolds and to evaluate them in vitro and in vivo. Animal (native cartilage) or 

vegetal (apple) scaffolds were tested after characterization of different cell sources for their ability 

to regenerate cartilage. Alternatively, we highlighted and investigated the use of new matrices, 

namely cell sheets, as potential support for auricular cartilage engineering.  

In order to contribute to a better recellularization and reconstruction potential, the main objective 

was divided into several tasks:  

 Characterization of best cellular sources that can express chondrogenic and elastic markers, 

and enhance cartilage formation to be used in reconstructing auricular cartilage defects. 

 Developing an animal model of cartilage defect and reconstruction  
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 Investigation of cell sheet technology from auricular perichondrocytes for cartilage 

production in vitro as well as cellularized scaffold to be introduced into the site of injury 

to regenerate in vivo cartilaginous defect in rabbits.  

 Development of several in vitro uses of cell sheets as allogenic and xenogeneic cellular 

patches that result from decellularized cell sheets as a replacement of intact 

scaffolds. These investigations, also led us to develop an innovative use of cell sheets, after 

decellularization and lyophilization.  

 Designing and engineering of new cellulosic matrices from apple tissue for auricular 

cartilage engineering. 
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ⅡⅠ-Results 

1-Effects of hypoxia on chondrogenic differentiation of 
progenitor cells from different origins 

 

Cartilage tissue engineering approaches are highly controlled by cell sources. Whether directly 

seeded on transplanted scaffolds or expanded in vitro, choice of cellular material has a major and 

very important role in affecting biological processes of cartilage tissue. In the first part of my 

thesis, we were interested in producing and regenerating auricular cartilage tissue work was to 

choose the cellular source that best produce and engineer auricular cartilage tissue. For engineering 

ear tissue, it was necessary to investigate progenitors from head area that derive from different 

embryological origins. For this reason, we chose auricular perichodrocytes (AuP), nasal 

perichondrocytes (NsP) and dental pulp stem cells (DPSC) that were compared to BMMSC. The 

cells were encapsulated in a well mastered model of chondrogenesis, namely 3D alginate beads. 

Moreover, in this study we aimed also to study the effect of hypoxia on cell’s chondrogenic 

potential to form auricular cartilage tissue. This was performed by encapsulating the four cell 

sources in alginate beads and culturing them in normal (21% O2) and low oxygen levels (3% O2).  

Our results suggested that after 2 weeks of culture, all cell types were able to produce cartilaginous 

ECM as shown in histological staining. More clearly auricular perichodrocytes presented the 

highest significant expression of cartilaginous genes in chondrogenic normoxic environment. 

Interestingly, apart from the remarkable increase of elastic cartilage generation, the relatively low 

expression of COL X in auricular progenitors indicates the preservation of the phenotype in these 

cell types under in vitro chondrogenic conditions, compared to other progenitors. On the other 

hand, hypoxic environment highly stimulated BMMSC to express significantly high results of 

cartilaginous markers, except for COL1 and COLX genes that were relatively low in these cells.  

Altogether, these results indicate that among our tested cells, AuP highly produce cartilaginous 

elastic extracellular matrix and that hypoxia is not needed and didn’t affect their chondrogenesis, 

in contrast to BMMSC results. This could be explained by the different mechanisms of action of 

low oxygen levels on different cells and progenitors.  

Article 1 (to be submitted) 
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To conclude, auricular perichondrocytes are the best candidates for engineering elastic cartilage 

tissue in normal oxygen levels. Nevertheless, hypoxia, turns to be ineffective and unbeneficial for 

these cells. Our results spotlight on the role of oxygen in promoting and enhancing the quality of 

engineered elastic cartilage. To deepen our results, in vivo studies in animal models should be 

designed in the same conditions for a clear investigation of cells to regenerate and repair auricular 

cartilage.  
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Effects of hypoxia on chondrogenic differentiation of 

progenitor cells from different origins 

Mira Hammad1,2, Sylvain Leclercq1,3, Vincent Patron4, Alexis Veyssiere1,2,5, Catherine Baugé1,2, 
Karim Boumédiene1,2 

1Normandy University, UNICAEN, EA 7451 BioConnecT, Caen, France, 2Fédération Hospitalo 

Universitaire SURFACE, (Amiens, Caen, Rouen), France, 3Clinique Saint Martin, Service de Chirurgie 

Orthopédique, 14000, Caen, France, 4Service ORL et chirurgie cervico-faciale, CHU de Caen, 5Service de 

chirurgie Maxillo-faciale, CHU de Caen, Caen, France,  

 

Abstract 

Ear cartilage malformations, resulting from congenital anomalies, trauma or cancer, are commonly 
encountered problems in reconstructive surgery, since cartilage has low or no self-regenerating 
capacity. Malformations that impose a psychological and social burden on one’s life are currently 
treated using ear prosthesis, synthetic implants or autologous flaps derived from rib cartilage. 
These approaches were challenging, not only they do request high surgical expertise, but also 
because they face progressive resorption, lack of flexibility and severe donor-site morbidity. 
Through the last decade, a newly approach of tissue engineering gained attention. It aims at 
replacing, regenerating human tissues or organs in order to restore or establish normal function. 
This technique consists of three main elements, cells, growth factors, regulating cellular activity 
and above all, a scaffold that support cells and guide their behavior. Several studies have 
investigated different scaffolds prepared from both synthetic and natural materials, and their 
effects on cellular differentiation and behavior. In this study, we investigated natural scaffold 
(alginate), as three-dimensional (3D) hydrogel where it was seeded with progenitors from different 
origins such as bone marrow, perichondrium, and dental pulp. In contact with the scaffold, these 
cells remained viable and were able to differentiate into chondrogenic lineage when cultured in 

vitro. Quantitative and qualitative results show the presence of different chondrogenic markers as 
well as elastic markers for the purpose of ear cartilage, upon different conditions of culture. Here, 
we confirm that auricular perichondrocytes outperform other cells to produce chondrogenic tissue 
in normal oxygen levels and we report for the first time the effect of hypoxia on these cells. Our 
results provide some updates for cartilage engineering and regeneration for future clinical 
applications.  

 

Introduction 

External ear anomalies describe a wide range of birth defects such as microtia and anotia, as well 
as amputation and burns that can result from animal bites, surgery and sometimes cancer 
(Wernheden et al.,  2019). Different clinical approaches are used to correct such anomalies. 
Reconstruction was first done by harvesting autologous cartilage from ribs and carving it in the 
shape of the ear (Firmin and Marchac, 2011). However, this technique possesses some 

Article 1 (to be submitted) 
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disadvantages such as donor-site morbidity and poor elasticity of the cartilage. On the other hand, 
synthetic scaffolds and prosthesis have been widely used and created a proper shape for ear 
reconstruction. These latter were also shown to produce undesirable effects, where they induced 
inflammation and tissue irritation. This explain the ever-lasting demand for tissue engineering, 
investigating multiple scaffolds. Significant advances have been successfully accomplished in 
regenerative medicine, with various innovative approaches and scaffolds that have been introduced 
to replace current treatments (Li and Sun, 2019). Many studies have investigated fabricated 
constructs, were cells were seeded in scaffolds or encapsulated into polymers of cross-linked 
monomers to be injected later on into ear molds (Bernstein et al.,  2018; Cohen et al.,  2016).  
Successful engineering of a clinically auricular implant necessitates a biomaterial, providing 3D 
system to control and support cellular growth and chondrogenesis. 3D systems are biologically 
more relevant and thus using these kinds of systems, add biological relevance to cells and optimize 
their response to their environment. Among them, alginate has been proved to successfully 
maintain chondrogenic profile and neocartilage regeneration (Yang et al.,  2018). Recent research 
highlighted that alginate-hydrogels serve as a stable, cytocompatible, high integrity scaffold in 
chondral regeneration (Gentile et al.,  2017) and auricular 3D printing (Visscher et al.,  2019). In 
addition to alginate, oxygen level also plays a key role in chondrogenesis. Hypoxia was shown to 
enhance nuclear accumulation of HIF-1alpha levels that promotes mesenchymal stem cells (MSC) 
to follow a chondrogenic pathway by activating SRY-Box Transcription Factor 9 (SOX 9) 
promoter activity in mesenchymal stem cells and promoting chondrogenic differentiation (Bae et 

al.,  2018; Foyt et al.,  2019). Regarding the cells used for cartilage reconstruction, chondrocytes 
were used as native autologous sources, from desired tissues. However, the low cell density of 
biopsies, the possible donor-site creation and the propensity of chondrocytes to dedifferentiate 
upon subculturing, led to the widely use of progenitor cells that are characterized by a good 
proliferation rate. Their differentiation is mastered under specific conditions (3D culture, 
differentiation media, and environment).  

Tissues and organs are rich with a certain number of progenitors that can replace cells or restore 
injured tissues and organs. Cartilage is mainly targeted with bone marrow-derived stem cells 
(BMMSC). Interestingly, several studies have reported the high proliferative rate of tissue 
progenitor stem cells identified  in auricular perichondrium of different species (Shinji Kobayashi 
et al.,  2011; Togo et al., 2006). This cell population was characterized by multiple differentiation 
potential as well as the expression of cell surface markers and colony forming units (Xue et al.,  
2016). Perichondrial derived porcine progenitors were shown to induce cartilage-like matrix 
(Derks et al., 2013), both in vitro and in vivo. Furthermore, monkey-derived perichondrial cells 
transplanted in subcutaneous autologous craniofacial injuries developed mature elastic cartilage 
after 3 months (Kagimoto et al., 2016). Another recent study has also suggested the importance of 
the use of auricular perichondrial cells in mice that produced mature elastic cartilage under 
chondrogenic conditions (Zhang et al., 2019).  

Dental pulp stem cells (DPSC) have also been investigated for cartilage regeneration and repair. 
Nemeth et al.,  have demonstrated that DPSC when encapsulated in nanopatterned polyethylene 
glycol, gelatin methacrylate hyaluronic acid (PEG-GelMA-HA) 3D spheroids, upregulated the 
chondrogenic gene markers and enhanced cartilage tissue engineering (Nemeth et al., 2014). 
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Encapsulated in a nanoscale thermosensitive scaffolds, DPSC presented a stable biocompatible 
construct in vitro and in vivo where it showed a proliferative capacity similar to MSC and retained 
mechanical strength (Talaat et al., 2020). In other report, DPSC were evaluated in animal models 
and their chondrogenic potential was proved to repair hyaline cartilage (Fernandes et al., 2018; 
Mata et al., 2017) as well as fibrous cartilage (Longoni et al., 2020).   

Recent literature has also shown that nasal chondrocytes have similar structural composition as 
articular chondrocytes, however a greater chondrogenic ability since they possess greater cell 
density and higher amount of glycosaminoglycans (GAGs) (Mumme et al., 2016). They also 
reported that nasal chondrocytes and neural-crest derived cells successfully repair articular 
cartilage with a greater chondrogenic capacity than mesenchymal stem cells (Li et al., 2020). 
Moreover, Amaral et al.,  characterized chondrogenic cell population from human nasal septal 
cartilage tissue and showed their potential to differentiate into osteogenic and chondrogenic 
lineages where they observed a high expression of the master gene SOX 9 and also presented 
cartilage-like extracellular matrix (ECM) in pellet culture system (Amaral et al., 2012). Other 
reports have also compared the chondrogenic potential of nasal septal chondrocytes to 
perichondrial cells and establishes a novel process to ensure effective and safe clinical use of these 
cells (Asnaghi et al., 2020). In this study, we wanted to determine the best cell candidate to use in 
order to engineer auricular cartilage for cartilaginous graft preparation. Auricular and nasal 
perichondrocytes (AuP and NsP) were chosen as well as DPSC to compare their chondrogenic 
potential to the goal standard BMMSC. Due to the different embryological origins of these cells 
from ear cartilage which is mainly derived from neural crests, it was therefore, necessary to 
investigate and compare progenitors from head area.  

 

Materials and methods 

Isolation and cultivation of human cell sources   

Cells were obtained from several sources. BMMSC were derived from bone marrow aspirates that 
were collected during arthroplasty. Patients have signed the consent form according to local 
legislation. Bone marrow was separated by ficoll gradient and the intermediate ring containing 
peripheral blood mononuclear cells (PBMC) was plated and cultured in alpha-MEM containing 
basic fibroblast growth factor (bFGF). Medium was changed twice per week and cells were freezed 
when they reached passage 3.  

Dental pulp tissue was obtained from freshly-extracted teeth of young donors (16-20 years). These 
latter were transferred into hypotonic phosphate buffered saline solution and were disinfected by 
a solution of antibiotics. Then pulp tissue was isolated from the pulp chamber where the tissue was 
minced into small pieces and sequential enzymatic treatment was carried out by collagenase I 
(3mg/ml) and dispase (4mg/ml) for 30-45min, at 37°C. After enzymatic digestion, cell suspension 
was centrifuged at 2000 rpm for 10min, and the cell pellet was resuspended with cultivation media 
(alpha-MEM + 10% FBS + 1% penicillin/streptomycin + bFGF 0.5μg/ml) and seeded into 
cultivation dishes, and freezed when reaching passage 3.  
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Nasal perichondrocytes samples were collected after septoplasty to remove a part of nasal cartilage 
and its perichondrium. Cartilage was dissected and separated from perichondrium layer that was 
transferred to a tube of PBS and antibiotics. Perichondrium was then washed with a diluted solution 
of antibiotics, tissue was cut into small section and digested with pronase and collagenase for 
45min to collect cells. Cell suspension was centrifuged at 1500 rpm for 10min and the remaining 
cell pellet was resuspended using the same cultivation media as above. Medium was changed twice 
a week cell were expanded until reaching passage 3, after which they were freezed at -150°C.  

Auricular perichondrocytes were obtained from fresh-human auricular cartilage biopsies after 12-
year old children rhinoplasty. Perichondrium was separated from cartilage by dissection and sliced 
into small pieces. Cells were collected by sequential enzymatic digestion using pronase for 45-60 
min at 37°C and collagenase II overnight at 37°C. The next day cells were seeded in T75 flasks 
and amplified till reaching passage 3, which then freezed for further use.  

Trilineage differentiation 

The four progenitors were tested for their ability to differentiate in vitro towards osteogenesis, 
adipogenesis and chondrogenesis. Cells were then plated in 6-well plates at a density of 12.5x10^4 
cells/cm2. After 24hrs, they were incubated with appropriate differentiation media. Osteogenic 
medium (Alpha-MEM, 0.1% antibiotics, 10% fetal bovine serum, 100nM dexamethasone, 
50μg/ml ascorbic acid-2 phosphate, β-glyceraldehyde 10μmol/L. Adipogenic medium (alpha-
MEM, 0.1% antibiotics, 10% fetal bovine serum, 100nM dexamethasone, 0.5mmol/L 
Isobutylmethylxanthanine. Chondrogenic medium (DMEM initially with glutamine, 0.1% 
antibiotics, 100nM dexamethasone, 50μg/ml ascorbic acid-2 phosphate, 40μg/ml proline, 1mM 
sodium pyruvate and ITS+1 (Insulin transferrin solution selenite media supplement (100x) and 
transforming growth factor beta-3 (TGFβ-3). 

 Cells were incubated for 14 (osteogenic medium) and 21 days (adipogenic and chondrogenic 
medium) and then fixed with 4% PFA and prepared for cytological specific stainings with Alizarin 
red, Oil red and Alcian Blue for osteogenesis, adipogenesis and chondrogenesis, respectively. 

Tridimensional culture and chondrogenic conditions 

 Cells were used after the forth passage, collected by centrifugation and mixed with (1%) alginate 
solution (5x10^6 cells/ml). The suspension was extruded into calcium chloride solution (0.1M) to 
produce gel beads that were kept in calcium chloride solution for 10min, then rinsed with NaCL 
(0.15M). The beads were then separated into desired conditions and cultured in 6 well-plates 
dishes. Cells were tested in both normoxic (21% O2) and hypoxic (3%) conditions with or without 
chondrogenic medium for 2 weeks.  

Cytology 

After 2 weeks, alginate beads were fixed in 4% PFA for 30min and rinsed overnight with 30% 
sucrose solution. The next day they were embedded in Optimal Cutting Temperature (OCT) 
mounting medium and cryosectioned (Leica CM 3050S) at -21°C. Sections of 10µm were 
collected on super frost® plus microscopic slides (Fisher scientific) and air-dried before 
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histotology and immunostaining. Safranin O and Alcian blue staining were applied to stain 
glycosaminoglycans and proteoglycans, respectively.  

Immunohistochemistry  

Sections on super frost slides were rinsed in PBS and incubated overnight at 4°C with ELN (1:100, 
ab21607 abcam, Cambridge, UK), collagen II (1:100, ab34712 abcam, Cambridge, UK) and 
ACAN (1:200, ab3773abcam, Cambridge, UK) primary antibodies. A negative control was 
performed by replacing primary antibody solutions with PBS. The next day, slides were rinsed 
five times in PBS to remove traces of primary antibody, and a secondary antibody (Alexa 
Fluorophore 594 conjugated anti-rabbit) diluted (1:800) was used to incubate slides for 1.5 hour. 
Rinsing with PBS was done to remove excessive secondary antibody. Slides were then rinsed three 
time with PBS before mounting for microscopic observation by EVOS cell imaging system 
microscope, Thermo fisher scientific).  

RNA extraction and real time RT-PCR 

Alginate microspheres were dissolved in a solution of sodium citrate (0.1M) and total RNA was 
extracted by Qiagen kit (RNeasy® mini kit 250), according to the manufacturer’s protocol. 1μg of 
total RNA was treated with DNAse before retrotranscription into cDNA using MMLV enzyme 
(28025-013, Invitrogen by thermofisher scientific) and oligodT primers. Specific transcripts were 
then amplified by real time PCR using the following primer sequences: 

Gene Forward primer Reverse primer 

ELN CCAGGTGTAGGTGGAGCTTT CCATAGCCATAGGGCAGTTT 

SOX9 CCCATGTGGAAGGCAGATG TTCTGAGAGGCACAGGTGACA 

COL1 CACCAATCACCTGCGTACAGAAC CAGATCACGTCATCGCACAAC 

ACAN GTGCCTATCAGGACAAGGTCT GATGCCTTTCACCACGACTTC 

COL2A1 CCAGATGACCTTCCTACGCC TTCAGGGCAGTGTACGTGAAC 

COLX CCTGGTATGAATGGACA CCCTGAGGGCCTGGAAGA 

GAPDH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC 

RPL13 GTTCGGTACCACACGAAGGT CTGGGGAAGAGGATGAGTTTG 

Β2-MG GAGGCTATCCAGCGTACTCCA CGGCAGGCATACTCATCTTTT 

 

The relative expression was determined with the 2ddCT method, using 3 (GAPDH, RPL13 and β 2-
MG) housekeeping genes for normalization. 

Statistical analyses 

Data are presented as mean ± standard deviation. Statistical data were performed by two-way 
ANOVA with Tukey’s multiple comparison test, to compare different sets of data, using GraphPad 
prism 7 software, significance level was set at P˂0.005.  
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Results 

Cell choice and characterization  

In this study, we wanted to compare the potential of different progenitors to produce cartilaginous 
and elastic matrix in comparison to MSC isolated from human bone marrow as a gold standard for 
chondrogenesis. Progenitors were derived from head and neck area, i.e. nasal and auricular 
perichondrium and dental pulp. They were tested first for their ability to trigger chondrogenesis, 
osteogenesis and adipogenesis in vitro. Cytological stainings showed their potential to evolve 
towards the trilineage, indicating an undifferentiated status (Fig. 1). Difference in staining intensity 
was shown depending on cell types. Although, these differences were not quantitative, however, 
they suggested some differentiation tendencies towards cartilage and bone tissue. 

 
Fig. 1 Multilineage differentiation potential of human progenitors. AuP, DPSC and NsP were 
assayed for trilineage differentiation and stained with Alizarin red (a, b, c,), oil red O (d, e, f), and alcian 
blue (h, i, j), respectively. Control samples were stained after 24 hrs (supplementary data). Scale 500μm. 

 

Chondrogenic differentiation in alginate microspheres and cytochemistry  

Next, a comparative chondrogenic study of different cells was performed in a well mastered 3D 
hydrogel model (alginate) against BMMSC. Cellularized beads were cultured under chondrogenic 
media in normoxic (21% O2) or hypoxic environment (3% O2) for 2 weeks. Beads were then 
analyzed by cytological staining for ECM production and cell morphology (Fig. 2). Alcian blue is 
known to stain proteoglycans while safranin O stains cartilage and mucins. After 2 weeks of 
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culture, all cell types were able to produce cartilaginous ECM as shown in histological staining. 
Except in BMMSC, where the effect was not clear. 

 
Fig. 2 Histological staining after chondrogenesis in alginate microspheres. Safranin O and alcian 
blue staining were respectively performed for illustrating the positive production of proteoglycans (red) 
and glycosaminoglycans (blue). These were shown in bone marrow-derived mesenchymal stem cells 
(BMMSC) a, e, i, m, auricular perichondrocytes (AuP) b, f, j, n dental stem cells (DPSC) c, g, k, o, and 
nasal perichondrocytes (NsP) d, h, l, p, encapsulated in 3D alginate microsphere in normoxic and hypoxic 
conditions, respectively, after 2 weeks of culture in chondrogenic medium (scale bar 500μm). 

Gene expression by real-time RT PCR 

Gene expression analysis was also conducted after the same treatment, targeting cartilaginous 
matrix markers. The expression of cartilage markers (COL2A1, ACAN, SOX9), elastin (ELN) and 
unspecific collagen type I (COL1) as well as hypertrophic marker (COL X) was analyzed by real-
time RT-PCR after normalizing data against three housekeeping genes (RPL13, GAPDH and beta 
2-MG) (Fig. 3-A). After 2 weeks of chondrogenic differentiation, all cell types were able to 
enhance the expression of cartilage markers (COL2A1, ACAN, SOX9) and ELN. Progenitors from 
auricular perichondrocytes (AuP) demonstrated the highest significant expression of these gene 
that were upregulated in these cells. AuP showed more interesting results regarding undesirable 
genes, since expression of COL1 and COLX were not regulated by chondrogenic medium, 
compared to other progenitors.  

Hypoxia also induced chondrogenesis and was used in our study. As expected, it enhanced 
cartilage gene expression (COL2A1, ACAN, SOX9, ELN) and did not regulate COL1 and COLX 
except in dental progenitors. Although hypoxia appears as a potent stimulator of BMMSC, it did 
not improve chondrogenesis of dental progenitors, nasal perichondrocytes and most of all auricular 
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perichondrocytes (Fig. 3-B). This suggests that hypoxia has different mechanisms of action in 
controlling chondrogenesis depending on the cell progenitor source used.  

 
 
 

Fig. 3 Expression of cartilage genes in four different cell sources in normoxic and hypoxic 
environments. RT PCR analyses were performed to examine cartilaginous markers in 4 different cell 
lines in normoxic (A) and hypoxic (B) conditions. The expression of these markers was normalized to 
the average of the 3 housekeeping genes. 
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Taken together, these results indicate that among our tested cells, AuP highly produce cartilaginous 
elastic extracellular matrix and that hypoxia is not needed and did not affect their chondrogenesis. 

Immunohistochemistry and cartilage-markers expression  

To confirm gene expression study, immunohistochemistry of COL2A1, ACAN, ELN was 
performed on sections of cellularized alginate beads. We limited the test to AuP and compared 
them to BMMSC which presented significantly high results in real-time RT-PCR analyses. 
Negative controls were performed to ensure that secondary antibody binding is specific (Fig. 4-
A). As expected both cell types were able to produce cartilage specific proteins (COL2A1, Fig. 4-
B and ACAN, Fig. 4-C and ELN, Fig. 4-D). Here again, we noticed that hypoxia doesn’t 
beneficially impact chondrogenesis of AuP, as in the case of BMMSC. This is particularly glaring 
when regarding COL2A1 expression. 

 



Results 

100 

 



Results 

101 

 



Results 

102 

Fig. 4 Immunohistochemistry of ELN, COL II and ACAN. (A): Negative control was illustrated 
where primary antibody was replaced by PBS (a, b, c). (B-C-D): represent ELN, COL II and ACAN 
expression, respectively. This expression was detected in auricular perichondrocytes and bone marrow-
derived mesenchymal stromal cells in presence of high (a, b, c, g, h, i) and low oxygen tension (d, e, f, j, 
k, l), respectively (scale bar 200μm). 

 

Discussion 

The aim of this study was to evaluate the ability of different cellular sources to form and better 
express cartilage genes and to investigate whether hypoxia can affect their chondrogenesis. The 
cells progenitors were chosen for their ability to differentiate into cartilage and their origin area. 
The comparison was made against human bone marrow derived mesenchymal stem cells as gold 
standard for chondrogenesis. They were used regarding several previous studies and as expected, 
when encapsulated in 3D alginate microspheres they presented the highest expression of 
cartilaginous genes in 3% hypoxic environment and a dense proteoglycans aggregates, which is 
correlated with previous studies that demonstrated that hBMMSC grown in 3D with extended 
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hypoxia increased the expression of cartilaginous genes (Ma et al., 2009). It also corroborates our 
previous studies showing that hypoxia induced the differentiation of BMMSC into cartilage-like 
cells, with an upregulated expression of COL2A1, ACAN and SOX transcription factors with no 
hypertrophic markers in both in vitro and in vivo conditions (Duval et al., 2012). Other groups 
have also investigated that immortalized murine MSC incubated in 1% oxygen increased the levels 
of chondrogenesis markers SOX 9, ACAN, COL2A1 (Robins et al., 2005).  Effect of hypoxia on 
MSC from different sources has been demonstrated where hypoxic culture of BMMSC enhanced  
in vitro and in vivo chondrogenesis capacity, proliferation and tissue formation (Chen et al., 2020; 
Contentin et al., 2020; Pattappa et al., 2020).  

The choice of alginate hydrogel to recapitulate 3D environment, was based on the porosity, 
flexibility and elasticity of alginate material. It is biocompatible and easily injectable in minimal 
invasive manner, which leave it very interesting in tissue engineering applications. In addition, 
this biomaterial support chondrogenesis and stem cell differentiation into cartilage cells (Sahai et 

al., 2020; Weizel et al., 2020).  

Knowing that hBMMSC are the gold standard cells and well mastered source for chondrogenesis, 
their embryological origin is different from auricular cartilage. To fully engineer auricular tissue, 
progenitors from head and neck area should investigated for their chondrogenic ability to form 
robust cartilage. Hence, we used cartilage-derived progenitors from ear and nose perichondrium, 
since can generate large number of cells and represent a promising source for in tissue engineering 
based cell therapy (Otto et al., 2018).  

Human nasoseptal derived perichondrium were also tested for their ability to form cartilage. 
Staining results showed a better proteoglycans and collagen amount at standard oxygen tension 
compared to other cell sources. Also, these cells presented a good expression profile of elastic 
cartilage. Although nasal perichondrocytes expressed ELN, SOX 9, ACAN and COL2A1, but still 
expression of these genes were significantly lower than those of auricular perichondrocytes. A 
similar pattern of results was obtained when Hellingman et al., in their studies evaluated the 
potential of culture-expanded human auricular and nasoseptal chondrocytes as cell sources for 
regeneration of cartilage. Chondrocytes originating from both nasal septum and auricles showed 
potent proliferation in either monolayer or 3D condition. Their results suggested that auricular 
chondrocytes produced large pellets with more cartilage-like matrix and had a higher expression 
of anabolic growth factors than nasoseptal chondrocytes (Hellingman et al., 2011). However, both 
cell types didn’t produce COLX, in agreement with our results.  

AuP were also compared to progenitors from dental pulp. Recent reports have described the 
potential of dental stem cells as stem cell therapies for articular cartilage repair (Fernandes et al., 

2020). These cells contained microvilli-like structures on their surfaces, permitting a good 
attachment to the specific scaffold (Fernandes et al., 2018). Once grown in chondrogenic medium, 
dental stem cells presented a rounded morphology that was correlated with ACAN and COL2A1 
expression (Mata et al., 2017). Another study reported that formation of collagen fibers by dental 
stem cells, confirming their ability to effectively differentiate into chondrocyte within matrices 
(Westin et al.,  2017). In our experiment, their chondrogenic differentiation was weaker compared 
to BMMSC and AuPs. These results have been suggested by other studies where they found that 
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3% hypoxia suppressed differentiation of dental stem cells (Iida et al., 2010). Also, Ahmed et al., 

compared the different low oxygen tension concentrations and reported that 3% O2 has a positive 
effect on in vitro survival and cell-renewal of BMMSC, 5% O2 induced a significant increase in 
expression of CXR4 that controls stem cell trafficking and migration. 5% O2 enhances 
proliferation of DPSC better than 3% O2 and 20% O2. 5% O2 significantly increased the expression 
of pluripotency marker SOX9 compared to 3% and 20% O2 in dental stem cells (Ahmed et al.,  
2016). In line with previous reports, that suggested that dental stem cells boosted bone healing 
process and promoted increase in VEGF expression by hypoxia, as well as bone formation, 
collagen ECM arrangement and numerous mineralization modules (Novais et al., 2019). Our 
results showed that after 14 days of culture in normoxic and hypoxic conditions, dental stem cell 
showed the highest expression of COL 1, which could more a profile of bone tissue. These were 
consistent with finding that showed that hypoxic condition promoted mineralization and 
differentiation of dental pulp cells of the odontoblastic layer (Wang et al., 2017) . Hypoxia was 
shown to be an effective treatment to amplify numbers of progenitor cells and to enhance 
angiogenic potential and affect the differentiation ability of odontoblasts (Ito et al., 2015).  

Auricular progenitors behave similarly to MSC in terms of multipotency, and possess the ability 
to differentiate towards multiple lineages. Auricular progenitors from perichondrium were 
described to be good candidates for ear cartilage production (Otto et al.,  2018; Zhang et al., 2019). 
However, to date, no study has evaluated the effect of hypoxia on AuP.  

In this study, auricular perichondrocytes presented good results of chondrogenesis where they 
highly produced elastic cartilage genes (ELN, COL2A1, ACAN, SOX9) with low expression of 
COL1 and COLX.  It is also noteworthy that the best effect is obtained in normoxic conditions 
even though hypoxia strongly modulated the chondrogenesis of several progenitors, including 
hBMMSC (Peck et al., 2019). 

Aside to the remarkable increase of elastic cartilage generation, the relatively low expression of 
COLX in auricular progenitors indicates the preservation of the phenotype in these cell types under 
in vitro chondrogenic conditions. This was also proved by Gale et al.,  who reported that hypoxic 
culture of MSC downregulated hypertrophic markers such as COLX and increased chondrogenesis 
(Gale et al., 2019). Several studies have reported the expression of COLX in cartilage tissue 
engineered from auricular chondrocytes, indicating that the low expression of this gene, preserved 
the phenotype in these cells.  

Similarly, the chondrocyte dedifferentiation marker, COL1 was also mostly reduced in auricular 
perichondrocytes both in normoxic and hypoxic conditions. It is widely known that human 
perichondrium tissue initially contains COL1. When these cells were encapsulated in alginate 3D 
beads, COL1 expression significantly decreased where a small expression was confirmed by our 
results in normoxia as well as hypoxia. This indicated that 3D encapsulation of auricular 
perichondrocytes suppressed the expression of COL1and increased elastic cartilage phenotype.  

On the contrary, Xue et al.,  has shown that cell derived from the cartilage tissue appear more apt 
to differentiate towards the chondrogenic and osteogenic lineages, whereas perichondrium-derived 
progenitor cells differentiate more into adipose tissue (Xue et al., 2016). This wasn’t the case in 
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our work since auricular derived perichondrium cells showed the best cell source to produce 
healthy elastic cartilage non hypertrophic when cultured in alginate beads in normoxic conditions. 
Also, MSC from both bone marrow and adipose tissue, despite a high proliferation capacity, appear 
not to be the optimal cell source for cartilage due to limited chondrogenic differentiation 
development of hypertrophic cartilage (Derks et al., 2013).  

To validate the results of real-time RT-PCR, immunohistochemistry was performed and results 
were consistent with real-time RT-PCR results, where auricular perichondrocytes expressed more 
COL 2, ACAN and ELN, in normoxia and the lower expression of these genes in hypoxia. Hypoxia 
suppressed cartilaginous activity of auricular perichondrocytes on one hand, and stimulated the 
significant increase of BMSC on the other hand. Overall, these finding are in accordance of results 
by Kobayashi et al. who identified a human progenitor auricular perichondrium cells that are 
highly proliferative and able to differentiate into multiple lineages and can differentiate and 
produce an elastic mature cartilage rich with elastic fibers and proteoglycans, when subjected to 
bFGF and IGF1(S. Kobayashi et al., 2011). 

 

Conclusion 

In conclusion and as previously described, auricular perichondrocytes are the best candidates for 
elastic cartilage. Although these cells highly present elastic cartilage markers in normoxic 
conditions, hypoxia, on the other hand, turns to be ineffective and useless for these cells. Our 
results highlight the importance of these cells to be cultured in normal oxygen levels to promote 
and enhance elastic cartilage formation. In order to profoundly evaluate our in vitro results, in vivo 
studies in animal models should be carried out in same conditions for further investigation of the 
potential of these cells to regenerate and repair elastic cartilage.  
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Supplementary figure 1 Control Staining (A): Safranin O (a) and alcian blue (b) staining of BMMSC 
in normoxic condition in normal medium after 24 hours. (B): DPSC were tested for the trilineage 
differentiation (a, b, c). Scale: 500µm. 
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2-Cell sheets as tools for ear cartilage reconstruction in vivo 

 

Many researchers are still using 2D approaches, since they provide efficiency and simplicity to 

cell culture applications. However, recent research focuses more on self-assembly and 3D culture 

to reproduce cell-cell interaction in vitro and to mimic in vivo environment. Cell sheet technology 

is based on cell harvesting without any proteolytic enzymes or chelating agents, thus, preserving 

cell-cell junctions and ECM secreted by cells. It is based on the cultivation and recovery of the 

layer of cells as an intact sheet of cells that can be used later on in cell therapy applications.  

We have already shown in our first part of the thesis that auricular perichondrocytes presented the 

best chondrogenic potential compared to the different cell sources tested. From this point, we 

tested our different cellular sources for their potential to form cell sheets and mainly focused on 

auricular perichondrocytes and their tendency to regenerate cartilage in vitro and in vivo. Despite 

the high ability of stem cells and progenitors to produce cell sheets, rabbit auricular 

perichondrocytes were the best to form an intact, pliable, flexible cell sheet after one month of 

culture. These latter were then characterized and revealed a similar ECM composition closely 

related to native auricular cartilage.  

Cell sheets were investigated in different in vitro and in vivo applications. First of all, they were 

used as carriers, in order to recellularize porcine decellualrized cartilage. Two different culture 

methods were examined and results showed that wrapping decellualrized cartilage with cell sheets, 

promoted better recellularization. This is shown by deep penetration of cells that advocated a 

homogenous distribution throughout the whole cartilage tissue after 2 weeks of culture.  

To better expand cell sheet biocompatibility and cartilage repair, we proceeded to examine these 

cell carriers by creating in vivo allogenic animal models. Cartilaginous defects were created in 

rabbit ears and filled with cell sheets, previously cultured in chondrogenic medium in vitro for 

several weeks. After 2 months of in vivo implantation in rabbit models, these cell sheets presented 

good integration of host tissue and a suitable good defect filling that highly repaired cartilaginous 

defects.  

In short, our rabbit auricular cell sheet provides a novel tool for cartilage engineering approaches, 

promoting and enhancing in vitro cartilage regeneration as well as in vivo cartilage repair.  

Article 2 (to be submitted) 
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Abstract 

Cartilage reconstruction and repair has always been a challenge in both tissue engineering research 
and clinical practices. Tissue engineering approaches for cartilage regeneration presented 
promising results when cells were seeded into scaffolds. However, many obstacles such as scaffold 
biocompatibility and cellular viability interfered in the clinical application. Due to these reasons, 
a new cell sheet technology has gained increasing interest because it can provide a naturally 
occurring, complex set of physiologically functional signals required for cellular growth. Cells are 
cultured to reach hyperconfluency and are harvested without utilizing proteolytic enzymes, such 
as trypsin, thus their endogenous extracellular matrix (ECM) and cell-cell junctions are effectively 
preserved, allowing the constructed tissue to have a high cell density and a uniform cell distribution 
to mimic native tissue more closely. As a consequence, cell sheet offers features that retain the 
microenvironment of cells. In this study, we used cell sheets as carriers to colonize and restore a 
xenogenous decellularized cartilage and to repair a defect in rabbit model of auricular cartilaginous 
defect in vivo. First, native ear porcine cartilage was decellularized and then firmly wrapped by 
cell sheets that recellularized porcine cartilage after 2 weeks in chondrogenic medium. Moreover, 
to validate their ability of regeneration, cartilaginous defects were produced in auricular area of 
rabbits and were filled with cell sheet pre-cultured with chondrogenic medium. After 2 months of 
transplantation to the site of injury, we observed good integration in host tissue and total 
regeneration of cartilage defects. Our results show that this natural scaffold could be used as a cell 
carrier for recellularization in vitro and regeneration of cartilage in vivo. Therefore, it holds great 
and promising potential for cartilage tissue engineering and regenerative medicine. 

 

Introduction  

Tissue engineering is widely used for regenerative medicine, where it combines cells, scaffolds 
providing structural support, signals and growth factors that help cellular growth and 
differentiation to reconstruct or regenerate damaged tissues or organs. One of the major challenges 
of this field is to find the best scaffold that can mimic the native microenvironment of the cells. 
(Wang et al., 2021).  

Article 2 (to be submitted) 
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A Lot of tissues are subjected to reconstruction and among them, cartilage that is frequently 
targeted due to a lack of innervation and vascularization. It has also poor cell content, nutrients 
and oxygen supply (Jiang and Tuan, 2015). These characteristics limit its potential of self-repair 
and intrinsic regeneration capacity. Several repair techniques are utilized, especially in orthopedic 
or plastic surgery, such as microfracture, mosaicsplasty, autologous chondrocyte implantation, 
costal cartilage harvesting for ear reconstruction (Nixon et al., 2017). They often result in 
insufficient functional cartilage with fibrocartilage apparition and donor site morbidity. Therefore, 
tissue engineering hopes to solve these problems through the investigation of new cell and 
scaffolds combinations. 

In the last decade, a natural cell-free scaffold has emerged, namely decellularized tissues. These 
types of scaffold are obtained by removing the cellular part of a tissue, leaving only an ECM 
(Serban et al., 2008). Several decellularization protocols have been used to eliminate cells while 
conserving the structure and function of ECM, organized as in a native tissue. Such matrices 
appears as good standards that provide cell adhesion, bioactive molecules regulating cellular 
differentiation and migration (Duisit et al., 2018; Rahman et al., 2018; Schwarz et al., 2012; Utomo 
et al., 2015; Zheng et al., 2011).  Once decellularized, they can be repopulated by different cell 
types, either specialized or progenitors. This step could be achieved with many techniques, 
including static culture, pulsatile perfusion, ultra sonication and centrifugal force. However, all of 
them failed to attain homogeneity of recellularization of tissue. Usually, the seeded cells formed 
only a monolayer over the scaffold with no deep penetration ability in matrix, and therefore, this 
step is still one of the technological limitations for using decellularized tissues. 

Different cell sources can been used for cartilage engineering, including, primary chondrocytes 
(Luo et al., 2016), mesenchymal stem cells (MSC) and adipose-derived stem cells (ADSC) 
(Martinello et al., 2014). Bone marrow derived MSC (BMMSC) are widely used owing to the 
advantage of easy obtainment, high proliferative rate and differentiation capacity (Reboredo et al., 
2016). 

Recent progression in this field, aimed to investigate new approaches to treat cartilage disorders, 
by introducing cell sheet technology to overcome all conventional acellular tissue problems, thus 
increasing migration ability of cells deep into tissues (N.-C. Cheng et al., 2020).  

Cell sheet technology is based on cell harvesting without any proteolytic enzymes or chelating 
agents, thus, preserving cell-cell junctions and ECM secreted by cells. It is based on the cultivation 
and recovery of the layer of cells as an intact sheet (S. Zhou et al., 2020). This technology was 
applied to many tissues and organs, including heart (Ito et al., 2020; Kc et al., 2020), skin 
(Merrilees et al., 2021; Yu et al., 2018), liver (Sakai et al., 2018), nerves (Junka and Yu, 2015) 
periodontal ligament and also bone (F. Wang et al., 2017) and cartilage (Thorp et al., 2020; Xue 
et al., 2018). In this context, cell sheet would be used either alone, replacing bone and cartilage 
scaffolds, mimicking more native tissue, or in combination with other scaffolds as a source of 
cells, to better way of recellularization than using scaffolds seeded with cell suspensions. 
Engineered cartilage cell sheet from chondrocytes or MSC has been shown effective regeneration 
promoting partial and full thickness lesions where they present satisfactory results, especially upon 
the integration between regenerated cartilage and native surrounded cartilage (Zhou et al., 2021). 
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Moreover, cell sheet avoids the inflammation caused by exogenous scaffold (Matsuura et al., 
2014). Hence, this promising cell sheet technology which is rich in ECM can be innovatively used 
as both scaffold and cell source.  

In this study, we investigated different cells sources for their ability to form cell sheets. Thereafter, 
we used them as cell carriers both in vitro an in vivo. First, after cellular and genetic material 
removal from porcine cartilage, we set up a wrapping model with cell sheets to drive rabbit cells 
to colonize the decellularized tissue. In a second step, we developed an auricular cartilaginous 
defect in vivo in rabbit and proceeded to its filling by cell sheets from allogenic auricular 
perichondrocytes. In both cases, the resulting tissues showed a deep cell penetration and 
repopulation of decellularized cartilage in vitro and an appropriate filling defect in vivo. 

 

Materials and methods 

Isolation and cultivation of human cell sources 

Human cells were obtained from several sources. Bone marrow samples were collected from 
patients undergoing arthroplasties who have signed the consent form according to local legislation. 
To obtain mesenchymal stem cells, bone marrow was separated by Ficoll gradient and cultured in 
alpha-MEM medium containing basic fibroblast growth factor (bFGF), with medium changes, 
twice per week, and freezed after passage 3. For dental stem cells, freshly extracted teeth (from 
young patients, average age of 17 years) were transferred into hypotonic phosphate buffered saline 
solution and were disinfected by a solution of antibiotics. Then pulp tissue was isolated from the 
pulp chamber where the tissue was minced into small pieces. Enzymatic treatment was carried out 
by collagenase I (3mg/ml) and dispase (4mg/ml) for 30-45min, at 37°C. After enzymatic digestion, 
cell suspension was centrifuged at 2000 rpm for 10 min, and the cell pellet was seeded into 
cultivation dishes and resuspended with cultivation media (alpha-MEM). For nasal samples, a 
surgery was performed to remove a part of nasal perichondrium that was transferred to a tube of 
PBS and antibiotics. Nasal perichondrium was digested with pronase and collagenase for 45min 
to digest tissue and to collect cells. Fresh human auricular cartilage was harvested from 12-year 
old children undergoing plastic surgery. Perichondrium was separated, mechanically from 
connective tissue, washed in phosphate buffered saline, and cells were extracted by enzymatic 
digestion using pronase for 45-60 min at 37°C. After that, 0.2% collagenase II was added overnight 
at 37°C. The next day, cells were seeded in T75 culture flasks and cultured in alpha-MEM medium 
containing bFGF. Cells were passaged twice and then freezed at -150°C. All patients were 
informed and signed the consent form according to local law. 

Rabbit perichondrocytes and bone marrow-derived MSC  

Rabbit ears were obtained from a 3 weeks-old rabbit. Animal procedures were approved by animal 
care ethical committee. Perichondrium tissue was harvested and cultured as a primary outgrowth 
culture for one month. After that, cells were cultured in alpha-MEM medium until reaching 
passage 3 and were then freezed at -150°C until further use. Rabbit bone marrow was harvested 
from femoral heads and separated afterwards using ficoll reagent. BMMSC were seeded in alpha-
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MEM, medium with supplemented bFGF. Medium was changed twice a week, passaged until 
reaching passage 3 and freezed for further uses.  

Progenitors from both humans and rabbits, were assayed for their ability of trilineage 
differentiation, i.e. chondrogenic, osteogenic and adipogenic, before storage and use.  

Cell sheets production 

Cells were cultured to reach hyperconfluency in 6-well plates with appropriate media containing 
concentration of 100μg/ml of L-ascorbic acid. After one month of culture, cell sheets were then 
harvested as an intact single sheet with tweezers and processed for further use.   

Scanning electron Microscopy  

The ultrastructure of the cell sheets was analyzed by scanning electron microscopy (SEM). For 
that, upon harvesting, the sheets were fixed with 2.5% glutaraldehyde sodium cacodylate 0.1M, 
pH 7.4 for 24 hours, and rinsed with sodium cacodylate 0.1M, pH 7.4. Then they were incubated 
with 1% osmium tetraoxyde for 1h post fixation, and rinsed with sodium cacodylate and 
dehydrated with alcohol. Thereafter, they were embedded in Epon 812 resin and sectioned into 
ultra-thin sections using Ultra Cut R microtome (Leica). Observation were done using on SEM 
microscope (JEOL 1011) equipped with Orius 200 GATAN camera. 

Cell sheets characterisation 

Fastin elastin kit was used to detect and quantify elastin, Sircol collagen kit to quantify total 
collagen in samples and Blyscan kit for glycosaminoglycan content. All these kits were purchased 
from Biocolor (life science assays, UK). 

Animal surgery and cartilage defect model 

Animal experiments in this study were approved by the institutional animal care. The operative 
procedure and care of rabbits were performed in accordance with the institutional guidelines of 
ethical committee. General anesthesia was induced before surgery through an intravenous injection 
of ketamine hydrochloride (60mg/kg) and xylazine (6mg/kg). Cartilaginous defects were 
performed on auricular regions, by removal pieces of perichondrium and cartilage. After defects 
were made, cell sheets previously prepared from allogenic rabbit were stacked into the defects. On 
average one sheet harvested from one well in 6-well plate (9.5cm^2/well) was used for filling one 
cartilage defect. For negative control experiments, defects were created but kept unfilled. 
Postoperatively, all rabbits were housed in separate cages and allowed to move freely immediately 
after surgery. No animal showed any evidence of infection and all wounds healed well.  

Histological analysis  

Harvested samples were fixed in 4% PFA for 8 hours, then they were rinsed in 30% PBS-sucrose 
overnight. The next day they were embedded with Optimal Cutting Temperature (OCT) and flash-
freezed in liquid nitrogen. These samples were then sectioned into slices of 10μm thickness, and 
stained with safranin O to analyze glycosaminoglycan distribution, as well as hematoxylin-eosin 
for cell nuclei and extracellular matrix 
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Porcine Cartilage  

Auricular cartilage was harvested from 3-month-old Piglets. Animal procedures were approved by 
the animal care ethical committee. Piglets were sacrified and perichondrium was removed, and 
cartilage was harvested and cut into fragments of 2x2cm, washed with PBS in presence of 
ciprofloxacine and stored at -80°C.  

Decellularization of porcine cartilage  

Decellularization of porcine cartilage was performed by an enzymatic protocol from our laboratory 
consisting of several steps. First, 0.2% of collagenase I was added to cartilage pieces at 37°C, 
under agitation (200 rpm for 2hr). Thereafter, samples were rinsed thoroughly with distilled water 
at 4°C. After that, cartilage pieces were incubated with 0.2% pronase under the same conditions 
for 2 hrs, before washing again with water to remove traces of pronase. The final stage of 
decellularization protocol was digestion of DNase for 30min at 37°C and a final wash in distilled 
water overnight at 4°C.  

Recellularization of porcine cartilage 

After decellularization, porcine cartilage was recellularized using rabbit cell sheets. On one hand, 
cell sheets were firmly deposited on top of porcine cartilage, on the other hand, the entire porcine 
cartilage was covered and wrapped firmly using cell sheets. These two constructs were then 
cultured for 2 weeks in chondrogenic medium, in presence of TGFβ-3 at 37°C. After 2 weeks, 
traces of cell sheets were removed and recellularized cartilage was analyzed.  

Fluorescence Microscopy 

Recellularized cartilage was fixed with 4% PFA for 4 hrs and then rinced overnight with 30% 
PBS-sucrose, then embedded with OCT, flash freezed in liquid nitrogen and stored at -80°C. 
Sections of 10μm were produced using Leica cryostat. Porcine cartilage stained with DAPI and 
was observed under EVOS FL Auto 2 (Invitrogen, Thermofisher Scientific) microscope. 

Immunohistochemistry 

 Sections on super frost slides were rinsed in PBS and incubated overnight at 4°C with ELN (1:100, 
ab 9519 abcam, Cambridge, UK), collagen II (1:100, ab 185430 abcam, Cambridge, UK) primary 
antibodies. A negative control was performed by replacing primary antibody solutions with PBS. 
The next day, slides were rinsed five times in PBS to remove traces of primary antibody, and a 
secondary antibody 715-166-150 Cy3 conjugated Affini pure f(ab)2 fragment donkey anti-mouse 
(Jackson Immuno Research) diluted (1:800) was used to incubate slides for 1.5 hour. Rinsing with 
PBS was done to remove excessive secondary antibody. Slides were then rinsed three time with 
PBS before mounting for microscopic observation by EVOS cell imaging system microscope, 
Thermo fisher scientific).  

RNA extraction and RT-PCR  

Total RNA was purified according to the RNeasy® Mini Kit protocol (Qiagen) Quantity and purity 
was determined by 260/280absorbance. RT was carried out using a mixture composed of 1μg of 
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RNA, 2.5 μM of oligodT, 0.5 mM of dNTP, 1X First Strand Buffer and 10 U / μL of Moloney 
Murine Leukemia Virus reverse transcriptase (M-MLV-RT, Invitrogen) for each RNA condition. 
Amplification was carried out on a StepOnePlus ™ Real-Time PCR System thermocycler (Applied 
Biosystem) for 40 cycles which consist of a denaturation step at 95 ° C for 15 seconds and a 
hybridization and polymerization step of one minute at 60 ° C. The specificity of the amplification 
products was checked by analysis of the melting curve. The relative expression of the gene studied 
using real time RT-PCR primers are listed in the table below. Results were compared to normalized 
to three housekeeping genes (GAPDH, RPL13, HPRT1). 

Gene Forward primer Reverse primer 
ELN GCTGCTCAGTTTGGGTTAGG CCTTCGCAGCAGACTTGG 

SOX9 TGGAGACTGCTGAACGAGAG CCTTGAAGATGGCGTTGG 

COL1 CGGTGGTTACGACTTTGGTT GAGCCTTCAGGAGTGAGGAG 

ACAN GGAGCAGGAGTTTGTCAACAACAAC CCAGTTCTCAAATTGTAGGGGGTGT 

COL2A1 CGGTGGTTACGACTTTGGTT GAGCCTTCAGGAGTGAGGAG 

COLX GTTCATGGAGTGTTCTACGCTGAG ACCTTGTTCTCCTCTCACTGG 

GAPDH CAGTTTCCATCCCAGACCCC TGCTGTCGAGACTTTATTGATGGT 
RPL13 TCCAAGCTGGTCCTCTTCC CAGCTTCCTTGGCTCTTTTT 

HPRT1 CAATGCAGACCTTGCTTTCC AGTCAAGGGCATATCCTACAACA 
 

Results  

Several sources of cells and their potential to form cell sheets 

Several cell types were tested to investigate their potential to form cell sheets. Hence, we used 
BMMSC and auricular perichondrocytes (AuP) from both rabbit and human as well as human 
nasal perichondrocytes (NsP) and human dental pulp stem cells (DPSC). The cells were cultured 
under specific culture media and concentrations of L-ascorbic acid as shown in table 1. Even all 
of them used were able to form cell sheets, it was more or less rapid, depending of the cell type. 
Rabbit auricular perichondrocytes were the best to form an intact, pliable, flexible cell sheet after 
one month of culture. This cell type divided rapidly and at a higher rate than all other types, so we 
used it in our further experiments. 

 

Table 3: Several cell sources have been tested for their potential to form cell sheets.  

Cell sources Species 

BMMSC Rabbit 

AuP Rabbit 

NsP Human 

AuP Human 

DPSC Human 
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BMMSC Human 

 

Recovery and characterization of cell sheets  

After seeding and culturing rabbit AuP until confluency (approximately 1 week), the cells were 
kept in the dishes for 3 more weeks with frequent medium change (twice a week).  Thereafter, the 
cell sheets were recovered as a layer of cells (Fig. 1-A-a) using tweezers where cell-cell and cell-
ECM junctions were conserved. The extracellular matrix produced and deposited by the cells 
under L-ascorbic acid treatment is maximized and facilitate the recovery of cell sheet (Fig. 1-A-
b). Cell sheets were then proceeded to be examined using electron microscopy. They showed 
several cell layers that were distributed on top of each other on different levels and separated by a 
great amount of extracellular matrix secreted by the cells during cell culture (Fig. 1-A-c). This 
showed that our AuP cell sheets present a multi-layered structure. This was also observed during 
the recovery of cell sheets since we were able to obtained at least 3 of them separately from the 
same culture dish (data not shown). To best characterize these cell sheets, quantification of 
extracellular proteins was performed and showed a significant upregulation of these proteins 
compared to a native auricular rabbit cartilage (Fig. 1-B). These results signify that rabbit AuP 
produced high collagen, elastin and glycosaminoglycans, and have a composition similar to that 
of the native auricular cartilage.  

 



Results 

115 

Fig. 1-A (a, b) Macroscopic views of rabbit cell sheet recovery. (c) Scanning electron microscopic view 
of the cell sheet section showing a multilayered structure (between the 2 dashed lines). (B): 
Quantification of collagen, elastin and glycosaminoglycans in rabbit auricular cell sheet compared to 
native cartilage. 

 

Decellularization of porcine cartilage and its recellularization using cell sheets   

In order to evaluate some applications of using cell sheets as cell carriers for recellularization, we 
investigated them in a protocol of decellularization/recellularization of cartilage. Native porcine 
auricular cartilage (Fig. 2-a) was decellularized using a 1-day enzymatic protocol developed by 
our laboratory (Fig. 2-b). Our decellularization protocol resulted in more than 90% reduction in 
DNA content of cartilage tissue (data not shown). Thereafter, this decellularized natural scaffold 
has undergone recellularization by cell sheets using two different approaches. First, the sheet was 
simply deposited to cover decellularized cartilage (Fig. 2-c). For the second approach, the cartilage 
was entirely wrapped with the cell sheet, to create more contacts (Fig. 2-d). These two models 
were cultured for 2 weeks with chondrogenic medium and then analyzed. With the DAPI staining, 
we showed that decellularization actually led to removal of cellular nuclei through the depth of 
tissue (Fig. 2-f), when comparing to native porcine auricular tissue, where cell nuclei were detected 
through blue fluorescence (Fig. 2-e). The use of cell sheets allowed to recellularize the cartilage 
pieces. Simple deposition of cell sheets showed some degree of recellularization from the part that 
was in direct contact with cell sheets and examining the blue fluorescence, we could see that cells 
migrated slowly from the part in contact with cell sheet and a little bit further in scaffold (Fig. 2-
g). When observing the wrapping model, blue fluorescence was observed on both sides of the 
scaffold and also deep in the center which indicates that cells had deeply migrated and penetrated 
the scaffold after 2 weeks of culture (Fig. 2-h). The same observations could be done using 
hematoxylin-eosin where native cartilage presented violet cells in lacunae (Fig. 2-i) while 
eliminated after decellularization steps, where lacunae were empty and the remaining extracellular 
matrix was staining in pink (Fig. 2-j). Recellularization of cartilage was shown in both techniques 
where cells were stained in violet (Fig. 2-k, l). To detect cartilage formation and 
glycosaminoglycan secretion, safranin O staining was performed and was directly proportional to 
the amount of proteoglycans in native cartilage tissue (Fig. 2-m), that was decreased after 
decellularization (Fig. 2-n). Cartilage reformation was confirmed by the production of 
proteoglycans in the simple deposition model and a partial recellularization of scaffold (Fig. 2-o), 
as well as the wrapping model, where cartilage cells integrated the whole scaffold and 
recellularized it completely (Fig. 2-p).  
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Fig. 2 Decellularization of porcine cartilage and recellularization with cell sheets. Native porcine 
cartilage (a), was decellularized (b) and recellularized by cell sheet simple deposition on its top (c) or 
entirely wrapped with cell sheet (d). After, 2 weeks of culture, corresponding samples were stained with 
DAPI (c, d, e, f), hematoxylin-eosin (h, i, j, k) and safranin O (l, m, n, o), respectively. Scale bar: 500µm 
(DAPI) and 100µm (H&E, Safranin O). 

 

 

Cell sheets regenerates cartilaginous defects in rabbit models 

Furthermore, we wanted to investigate the ability of cell sheets as carriers of cells in vivoin a rabbit 
model of cartilage defect as shown in the experimental procedure (Fig. 3-A). Cell sheets created 
from rabbit AuP were cultured with chondrogenic medium for 3 weeks before harvesting as 
described in materials and methods. Cartilaginous defects were surgically created at the level of 
auricular cartilage (Fig. 3-B-a, b), and cell sheets were then transplanted to the defect site before 
suturing (Fig. 3-B-c). After 2 months of in vivo incubation, no sign of infection or inflammation 
nor graft rejection were observed (Fig. 3-B-d). After rabbit sacrifice, the ears that received the 
grafts were dissected to extract biopsies. Macroscopic view of regenerated cartilage is shown and 
indicates glossy appearance and good integration of cell sheet graft into the host cartilage (Fig. 3-
e). However, fibrous-like tissue was observed in the experimental group. These biopsies were then 
analyzed for their expression of cartilaginous markers. Just before implantation in rabbit models, 
rabbit cell sheets were grown for 3 weeks in vitro and their expression level of cartilage markers 
was analyzed compared to the cell sheets harvested after 2 months of implantation. In vivo cell 
sheets highly produced cartilage markers where expression of ELN, ACAN, SOX 9 was highly 
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increased after 2 months of implantation. COL2A1 presented the highest cartilage marker in these 
biopsies. COL1 expression was increased after 2 months, however, this increase wasn’t significant 
compared to the massive increase of elastic cartilage markers, presenting a stable cartilage tissue 
(Fig. 3-C). Moreover, we didn’t detect any hypertrophy of this regenerated tissue since very low 
expression of COLX was detected after implantation of these cell sheets. These implanted cell 
sheets were able to enhance and upregulate cartilaginous markers and significantly regenerate 
auricular defects in rabbits. 
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Fig.3. In vivo use of cell sheets as cell carriers. (A): Cells sheets were used to fill a defect in rabbit ear 
cartilage model according to the experimental procedure described. (B): Macroscopic observations of 
procedure and methods: Perichondrium-cartilage incision using an ophthalmic scissors and a scalpel in 
a semi-sharp direction (a). Cartilaginous defect was created in the rabbit ear (b). Filling with rabbit cell 
sheet pre-cultured with chondrogenic medium (c). The skin is reclosed and sutured. Sacrifice after 2 
months of transplantation and ear harvesting and identification (d). Glossy white appearance of defect 
filled with cell sheet resembling at native cartilage (e) (C): Cartilage gene expression markers of rabbit 
cell sheets before and after in vivo implantation for 2 months. 

 

Consequently, biopsies from native cartilage, unfilled defect and a defect filled with cells sheets 
were stained with safranin O and examined by immunohistochemistry of COL2A1 and ELN. 
Native cartilage is stained in red showing the native alignment of proteoglycans and cell 
distribution (Fig. 4-a). The negative experimental group where the defect was sutured unfilled 
shows an attempt of tissue cartilage restoration. However, it seems limited and appears unable to 
produce enough tissue to completely replace the lacking tissue (Fig. 4-b). When the defect was 
filled with cell sheets, the cell distribution and staining is more likely resembling native tissue. 
The neo-cartilage shown in red was regenerated in continuity with the native cartilage remnants, 
indicating a good restoration of the hierarchical structure (Fig. 4-c). To confirm these results 
immunohistochemistry of COL2A1 and ELN, revealed that the neocartilage was successfully 
generated since cell sheets exhibited an important expression of COL2A1 and ELN observed in 
the cartilaginous region (represented by white dashed lines), when defects were filled with cell 
sheets (Fig. 4-f, i), almost resembling the native tissue structure (Fig. 4-d, g). On the other hand, 
neither COL2A1 nor ELN was observed in the region of unfilled defect, respectively (Fig. 4-e, h). 
These results corroborate with the above real-time PCR results and confirm that cell sheets 
implanted in defects site highly regenerated elastic cartilage tissue in rabbit models. 
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Fig. 4 Safranin O staining and immunohistochemistry of collagen II and elastin proteins in 
cartilaginous defects of rabbit after 2 months of transplantation. Cartilaginous region is represented 
by the white dashed line. Positive control showing the rabbit native cartilage (a, d, g). Experimental 
negative control where defect was created but unfilled (b, e, h). Defect was filled with cell sheet pre-
cultured with chondrogenic medium (c, f, i), respectively. Scale bar: 200µm. 

 

Discussion  

In this study, we aimed to investigate different approaches and applications of cell sheets in vitro 
and in vivo. Cell sheets can be produced from a range of cell types, including chondrocytes 
(Takizawa et al., 2020; Toyoda et al., 2019; Wongin et al., 2020; Xue et al., 2018), MSC 
(Kuramoto et al., 2020; Thorp et al., 2020), fibroblasts, endothelial and epithelial cells (Alio del 
Barrio et al., 2015), cardiac (Araki et al., 2020; Kainuma et al., 2021) and periodontal (Farag et 
al., 2017, 2014), tendon, adipocytes (Chen et al., 2021; Y. Zhang et al., 2019) and bone (Fan et 

al., 2020; Ren et al., 2017; Silva et al., 2020). No studies have yet tested auricular perichondrocytes 
ability to form sheets for their application in cartilage tissue engineering. From this point, we tested 
several cell types shown in Table 1, and mainly focused on perichondrocytes and their tendency 
to form cell-secreted matrices, implicated in cartilage tissue engineering.  

Many researchers are still using 2D approaches, since they provide efficiency and simplicity. 
However, recent research focuses more on self-assembly and 3D culture to reproduce cell-cell 
interaction in vitro and to mimic in vivo environment. Scaffold-free approaches create cell sheets 
for instance, can also be layered creating a 3D structure. A porous 3D scaffold is challenging to 
seed with cells because the distribution of the cells tends to be homogenous, especially in large 
constructs. This technology evolved and instead of using biodegradable scaffolds, they are 
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progressively substituted by cell sheets that avoided the limitation of scaffold degradation and 
maintained cell-cell junctions and the complete secretion of ECM proteins. The preservation of 
these cell-cell interactions that is guaranteed without any proteolytic enzyme, preserve quality and 
quantity of these cells and ensure their homogenous distribution (Imashiro and Shimizu, 2021). 
Furthermore, the use of cell sheets reported greater cell survival and suppressed the immunological 
intervention related to scaffolds (Asadi et al., 2020; Takeuchi et al., 2016). Besides, our study 
affirms that cell sheets retains native cartilage composition when cultured in chondrogenic 
medium.  

Many cell sheets produced a multi-layered structure when cultured on temperature-responsive 
culture dishes. Sakai et al., for instance, produced a double to triple cell sheet when 2 types of 
hepatic cells were cultured on top of each other (Sakai et al., 2013). Co-culture of both periodontal 
ligament stem cells combined to bone marrow mesenchymal stem cells also created a natural 3-
layered cell sheet to reconstruct and regenerate periodontal ligament tissue (Safi et al., 2019). 
Apart from tissue responsive dishes, multi-layered skeletal muscle sheets were formed when 
seeded within collagen microgrooves (Chen et al., 2015). Our results, were consistent with those 
presented in literature, however, it is important to mention that auricular cell sheet presented multi-
layered structure and didn’t require any cell sheet stacking to create 3D structure, nor cellular or 
scaffold combinations. This was controlled by only cell seeding density and L-ascorbic acid 
concentration. 

One approach for cartilage engineering is the use of native decellularized tissue, seeded with cells. 
This cell-derived extracellular remaining matrix has emerged in recent years as a safe, natural, 
alterative extracellular matrix source that reduce the potential risk of pathogen transmission and 
immune response. However, the recellularization of cartilage remains an issue and was 
investigated by several researches. Luo et al., for instance, introduced channels in cartilage in an 
attempt to facilitate recelluarization (Luo et al., 2016), others removed elastic fibers by digesting 
them with elastase to allow rapid recellularization of auricular cartilage tissue (Z. Huang et al., 
2017). To overcome the cell seeding problems and to reduce the number of cells required to 
recellularize tissues and organs, cell sheets were used to better mimic and enrich the natural 
structure with ECM. Gong et al., on the other hand, seeded porcine chondrocytes on decellularized 
porcine cartilage sheets and stacked them layer by layer, in a sandwich model of 20 sheets and 
successfully engineered cartilage in vitro (Gong et al., 2011). Our results of wrapping cartilage 
showed a deep penetration of cell into porcine cartilage showing a homogenous distribution of 
cells. It is important to note that this method, overcomes the cell-seeding problems during 
recellularization and maintains the original structure of auricular cartilage. 

It has been shown that cartilaginous extracellular matrix derived from decellularized cartilage 
favored cell recruitment and enabled construction of osteo-chondral defects in rabbits (Z. Wang et 

al., 2018), as well as in mini pig models (Ebihara et al., 2012). Chondrocytes when encapsulated 
in printed 3D scaffolds (Park et al., 2017) promoted auricular rabbit cartilage repair, as well as 
when  combined with synovial cells that repaired partial thickness defects of articular cartilage 
(Xue et al., 2018). Adipose-derived stem cells have been shown to highly promote auricular 
cartilage regeneration in rabbits when injected directly in defect sites (Oh et al., 2020, 2018) or 
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encapsulated in alginate beads (Leslie et al., 2018). Importantly, these cells successfully 
vascularized and repopulated perfused-decellularized human ears, that were implanted afterwards 
in mice for 60 days without any rejection, promoting functional properties (Duisit et al., 2018). In 
our study allogenic auricular perichondrocyte sheets were transplanted for the first time into 
auricular defects in rabbit models. Apparently, these cell sheet did not elicit any immune response 
and promoted regeneration of auricular cartilage defects in rabbit ears. Our study present 
encouraging work, however, the biomechanical function of these cell sheets should be deeply 
assessed to evaluate transplant stability and performance in order to be applicable for larger 
cartilage defects.  

Cell sheets not only supported in vitro recellularization of xenogenic porcine cartilage, but also 
these sheets acted as cell carriers that induced and regenerated auricular cartilage defects in 
allogenic rabbit models. 

 

Conclusion  

Our results casts new light on regenerating auricular cartilage using auricular progenitor cells. 
Indeed, we show that cell sheets made from rabbit auricular perichondrocytes are capable to form 
a multi-layered and complex structures that can be recovered for further use. These sheets are 
useful as cell carriers for colonization of decellularized cartilage. This open a route for engineering 
pieces of cartilage from biopsies. Moreover, such sheets can also be used in vivo for filling a 
cartilage defect and thus, regenerating elastic auricular cartilage in an allogenic model in rabbit 
Altogether, these findings bring new insights in the use of cell sheets and particularly in cartilage 
engineering. 
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3-Cartilage tissue engineering using apple cellulosic scaffolds 
 

To a wide range of scaffold materials for cartilage tissue engineering, and due to the recent advance 

of using plants-derived tissues, we were interested in investigating apple hypanthium scaffolds as 

biomaterials for cartilage tissue engineering.  

In this study, we show that decellularized apples provide cellulosic scaffolds for 3D culture of 

different human progenitors, when seeded with different progenitors. 

Apple matrices showed high proliferation rate and viability after 21 days of culture when seeded 

with human NSP, as well as rabbit auricular GFP transfected perichondrocytes after 2 weeks of 

culture, illustrating the cellular growth and proliferation.  

Moreover, these cellularized apples were then stimulated by chondrogenic induction in normal or 

low levels of oxygen and induced cartilage-like tissue. Chondrogenic medium is sufficient to 

trigger high tissue formation in AuP and to a lesser extent in DPSC, while BMMSC and NsP 

necessitate an additional hypoxic condition to secrete more ECM production. 

Cartilage tissue formation was also confirmed by high levels of mRNA expressed by chondrogenic 

differentiation. Cartilaginous genes such are COL2A1, ACAN, COMP, SOX9 and ELN, were 

differently expressed in different cellular types. NsP, AuP and BMMSC successfully reported 

chondrogenic potential in apple-derived tissue, however, dental stem cells presented a more 

osteogenic profile.  

In our hands, apple scaffolds showed a higher tendency and surpassed alginate potential to direct 

chondrogenic differentiation into cartilage tissue. This highlights the beneficial of apple scaffold 

potential to promote proliferation and chondrogenic differentiation encouraging its use for 

cartilage or other tissue engineering approaches, considering its ease of use and wide availability. 

In conclusion, we here demonstrate the advantageous effects of apple matrices on proliferation 

and migration of different progenitors. Interestingly, our data show that decellularized apple 

hypanthium tissue provides a natural and porous scaffold that guide chondrogenic differentiation 

of different progenitor cells in vitro. In vivo evaluation of chondrogenic potential of these scaffolds 

would be interesting in future experiments.  

Article 3 (to be submitted) 



Results 

124 

Cartilage tissue engineering using apple cellulosic scaffolds  

Mira Hammad*1,2, Justin Dugué*1,2,3, Catherine Baugé1,2, Karim Boumédiene1,2 

 1Normandy University, UNICAEN, EA 7451 BioConnecT, Caen, France, 2Fédération Hospitalo 

Universitaire SURFACE, (Amiens, Caen, Rouen), France, 3Service ORL et chirurgie Cervico-faciale, CHU 

de Caen, Caen, France 

*Authors equally contributed to this work. 

 

 

Abstract  

There is a growing clinical need for exploring new biomaterials that support and promote 
integration and proliferation of different cells for various regenerative medicine applications. 
Decellularization of tissues have widely been accepted as an alternative to the use of synthetic 
polymeric scaffolds. Due to preservation of morphology and biochemical composition after 
cellular removal, animal-derived tissues present good choice for obtaining extracellular matrix 
(ECM), with an intact vascular network that delivers oxygen and nutrients for cells. Despite their 
advantages, animal-derived tissues have presented some limitations concerning ethical issues and 
their variability among donors. For that, plant-derived tissues have recently been selected since 
they possess a wide range of architecture and have reported good cytocompatibility and 
biocompatibility. In this study, we prepared decellularized, porous apple scaffolds to promote 
cellular growth and proliferation. We aimed to generate cartilage-like structure by seeding 
different progenitors, stimulated by chondrogenic medium and cultured in normal or reduced 
oxygen level environment. Cell viability experiments showed high proliferation of these cells. 
Histological staining, as well as real time RT-PCR results revealed the deposition of new 
cartilaginous ECM in apple cartilage-like tissues. Furthermore, we compared the chondrogenic 
potential of our decellularized apple scaffolds to alginate beads, as a robust and well mastered 
model of chondrogenesis. Our results demonstrate that apple scaffolds are superior models in 
driving chondrogenic differentiation of several human progenitors in vitro. Taken together, these 
results provide promising approaches of plant-derived matrices for tissue engineering and 
biomedical applications.  

Introduction  

Advancement of innovative three-dimensional (3D) scaffolds for tissue engineering has gained 
wide attention over the past decade. These 3D systems present several morphological and 
biochemical differences compared to 2D culture, that makes them better representatives of the 
nature of ECM environments that can be used in multiple applications (Baker and Chen, 2012; 
Puschmann et al., 2013). Creating 3D culture systems require a multidisciplinary understanding 
and experience in different parameters to choose the best material, cell type and culture method 
that best suits the desired tissue.  

The utmost aim of the scaffolds is to bring proteins and molecules present initially in the ECM in 
order to mimic native tissue and restore their physiological functions. This is where decellularized 

Article 3 (to be submitted) 
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matrices become an essential choice, since they inherit the specific intrinsic signals from a native 
ECM (Huh et al., 2018). 

Most current bioengineering approaches have shifted more towards decellularized derived 
matrices (Ott et al., 2008; Xing et al., 2015). Decellularization is the elimination of cellular 
material from tissue and organs, leaving behind a functional ECM, inheriting a non-immunogenic 
character. This latter would be repopulated later on with patient cells to engineer and create 
autologous grafts for damaged and injured tissues and organs (Mazza et al., 2015; Robertson et 

al., 2014; Zhou et al., 2010). Many animal-derived tissue were decellularized with a complete 
preservation of their vascular structure such as human skin that was used as a potential soft tissue 
replacement (Brouki Milan et al., 2020), retinal matrix to produce retinal thin films (Kundu et al., 

2016), bone constructs (Smith et al., 2017), cartilage constructs (Galuzzi et al., 2018; Y. S. Kim et 

al., 2019), and vascular grafts (Mallis et al., 2018; Yang et al., 2019).  

Nevertheless, whole organ decellularization techniques have also gained attention in the last 
decades where they enabled the fabrication of scaffolds to generate new organs. They included 
liver (Maghsoudlou et al., 2016), pancreas (Elebring et al., 2017; Kuna et al., 2018), kidney 
(Mayorca-Guiliani et al., 2019; Tajima et al., 2020), heart (Hülsmann et al., 2018; Timchenko et 

al., 2017) and lungs (Urbano et al., 2017; Wrenn et al., 2018). Although they showed interesting 
results, however animal and human sources present undesirable clinical aspects and limitations, 
where we have shortage of these tissues that can decrease but without a complete elimination of 
xenogeneic reactions. Moreover, ethical concerns lie behind their use, rendering them 
controversial (Kaw et al., 2016).  

Recently, many studies are more focused on using cellulose as a biomaterial in tissue engineering. 
It is the major constituent of plant cell wall. Not only produced by plants, but also from bacterial 
and animal origin. A number of studies have been published during the last decades that 
investigated cellulose biocompatibility as well as its biodegradability. Studies by Carvalho et al., 

have investigated bacterial cellulose (BC) in healing and regeneration of rapid wound healing in 
skin models. These used as injectable microspheres scaffolds that enhanced 3D cell culture and 
proliferation rate of chondrocytes (Carvalho et al., 2019), also chondrocytes proliferation was 
enhanced when lotus root starch was incorporated with BC (Wu et al., 2019). BC was also used 
for cartilage engineering where it was coupled to methacrylated gelatin, resulting in supported 
chondrocytes proliferation and cell growth (Gu et al., 2020). Colonization of cells was achieved 
by using 3D laser perforation that facilitated the passage of chondrocytes into the bacterial 
cellulose scaffolds, thus increasing cell quantity and gradually matrix deposition towards cartilage 
regeneration. Taking into consideration the structural and mechanical similarities of both ECM 
and BC, Wang et al., proposed natural bionic nanofibrous microcarriers that mimic natural ECM 
by crosslinking bacterial cellulose. This showed a great ability to repair articular cartilage defects 
(Y. Wang et al., 2018).   

Apart from bacterial cellulose, plants have gained special attention in recent years, since they cover 
a wide range of features and similarities with mammalian vasculature, whether morphologically, 
physically or even mechanically. Due to their availability, biocompatibility and affordability, 
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plant-derived tissues have been used as an alternative to mammalian and animal tissues and organs 
(Fontana et al., 2017; Gershlak et al., 2017).  

Many studies have demonstrated the ability of plant tissues to be decellularized, leaving behind a 
cellulosic scaffold that in turn can be a support for in vitro 3D culture as well as a biocompatible 
in vivo implantable scaffolds. Spinach leaves, for instance, remained patent and permitted 
transportation of microparticles, after their decellularization. Human endothelial cells populated 
the inner surface of the scaffold and stem cells-derived cardiomyocytes colonized the outer part, 
thus generating a contractile function (Gershlak et al., 2017). For a better understanding, Dikici et 

al., then explored the proangiogenic activity and enhanced the survival of endothelial cells on 
small spinach leaves, promoting vascularization and angiogenesis within 1 week of culture (Dikici 
et al., 2019). Not only small leaves supported endothelial cells, but also decellularized cabbage 
leaves best preserved vascularity and better fabricated pre-vascularized large sized scaffold that 
supported mammalian cell functionality (Walawalkar and Almelkar, 2020). Onion green leaves 
also provided a simple and low-cost biomaterial for skeletal muscle tissue engineering where its 
microstructure guided CaCl2 cell differentiation into aligned myotubes (Y.-W. Cheng et al., 2020).  

In fact, plant-derived scaffold not only exhibited a functional scaffold but also both good cyto-  
biocompatibility (Modulevsky et al., 2014, 2016). Interestingly, decellularized apples have 
supported mammalian in vivo cell culture and interestingly, showed high biocompatibility when 
implanted in vivo in mice models (Modulevsky et al., 2016, 2014). Hence, we used decellularized 
apples as a scaffold and tested their ability to drive different cell progenitors towards 
chondrogenesis when subjected to different culture environments.  

Four different cell sources were used. Progenitors of auricular and nasal cartilage (AuP and NsP), 
dental pulp stem cells (DPSC) and bone marrow-derived mesenchymal stem cells (BMMSC). 
BMMSC possess high proliferative and vast chondrogenic potential, where it is reported as the 
gold standard for cartilage repair and regeneration (Bae et al., 2018; Khatab et al., 2020). Recent 
reports have also reported the cartilage-forming ability of AuP (Otto et al., 2018 ). These cells can 
be expanded up to a large number without losing their differentiation potential. We have already 
proved in our previous work the potential of these cell to produce healthy elastic cartilage 
(Hammad et al., to be submitted).  

Many studies have investigated the potential of nasal-septal derived chondrocytes in cartilage 
tissue engineering. Lim et al., evaluated the encapsulation of nasal chondrocytes in COL1 hydrogel 
that significantly repaired osteochondral defects in rat models (Lim et al., 2020). These cells also 
demonstrated safe and feasible regeneration of traumatic knee injuries in clinical trials (Mumme 
et al., 2016). However, no studies have yet demonstrated nasal progenitors (NsP) in elastic 
cartilage regeneration.  

Many cartilaginous tissues were engineered from DPSC. Recent studies have described the 
potential of DPSC as stem cell therapies for articular cartilage repair (Fernandes et al., 2020). 
These cells are characterized by microvilli-like structures on their surfaces, permitting a good 
attachment to the biomaterial of interest (Fernandes et al., 2018). Once grown in chondrogenic 
medium, DPSC presented a rounded morphology that was correlated with ACAN and COL2A1 
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expression when encapsulated in nanocelluose-chitosan hydrogels (Mata et al., 2017; Talaat et al., 

2020). Another recent study have reported the potential ability of DPSC to exert an anti-apoptotic 
effects to treat osteoarthritis (Lin et al., 2021). 

 To assess potency, the above cellular sources were seeded on our apple scaffolds to investigate 
their chondrogenic ability in cellulosic 3D models.  

 

Materials and Methods 

Preparation of apple hypanthium tissue 

Granny smith apples (Malus domestica) were commercially purchased from an organic farm. They 
were used directly with no preservation in our laboratory. Apple slices were cut homogenously 
using a mandolin slicer. This made it possible to obtain standardized slices with a thickness of 
1mm and of a diameter of 11mm, that were also carved in their center with a biopsy punch tool to 
facilitate cell seeding.  

Decellularization protocol  

Decellularization was performed by testing different sodium dodecyl sulfate (SDS) concentrations 
and for different time intervals. Prepared apple sections were immersed in 1% SDS for 24 hrs at 
37% with continuous agitation. Afterward, SDS was removed and the slices were rinsed with 
distilled water for 30min. This step was repeated twice, then left in distilled water overnight. Native 
samples were freshly cut from apples, and kept at 4°C for further analyses.  

DNA extraction and quantification 

DNA extraction was carried out following mechanical lysis of the apple tissues with pestle and 
mortar in lysis buffer consisting of Tris Base, SDS and dithiothreitol (DTT) (100mM). After 
centrifugation to remove debris, the DNA was precipitated by adding isopropanol and 
centrifugation. The pellet was then washed with 70% ethanol and centrifuged before being dried 
and taken up in distilled water. The assay was then carried out by spectrophotometry (Thermo 
Scientific TM, micro-dropTM and Thermo Scientific TM SkanIt TM software) and DNA 
concentration determined reading optical densities at 260 nm. The values were normalized to the 
“wet” weight of the different samples, taken directly after slicing.  

Size of DNA fragments 

The size of the DNA fragments was evaluated by migration of the genomic DNA on 1% agarose 
gel (30 minutes at 100V) and staining with Gel Red. The revelation was carried out by exposure 
of the gel to UV light and photographed under Chemi Doc XRS apparatus (Bio-Rad). DAPI 
solution 0.5μg/ml was used as a final concentration to stain cells in native and decellularized apple 
matrices.   

Sterilization and seeding of constructs  
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Before inoculating the decellularized slices, a sterilization process was carried out following the 
washing phases. It consisted of a 1.5-hour immersion with continuous stirring and at room 
temperature in a mixture of 1X PBS and 0.2% penicillin / streptomycin. Subsequently, the samples 
were incubated at 37 °C and 5% CO2 in 2 mL of culture medium for 12 hrs in a 24-well plate. 
Finally, the next day, the medium was aspirated and samples were left for 2hrs in dry conditions, 
to eliminate the surplus of medium and to facilitate cell seeding.  

The cells were seeded at a density of 7,000,000 per apple section. This was guided after several 
preliminary assays. The samples thus seeded in the 24-well plates are left for 3 hours without 
adding medium in order to promote cell adhesion. The medium was then added (2 mL), and the 
samples are incubated under standard conditions (37 ° C, 5% CO2) for a period of 48 hours before 
the application of specific culture conditions, in order to have homogeneous cell adhesion of the 
different samples. After 48 hours, culture plates were changed and sample were transferred to new 
culture plate to avoid the cells that potentially escape and adhere to plastic. The culture medium 
was changed every two days and incubated in normoxia (21% O2) or hypoxia (3% O2) culture 
conditions.  

Cell viability  

Cell viability was first assessed by measuring ATP using the Cell Titer-Glo® kit (Promega). After 
cell culture, the samples were lysed in Cell Titer-Glo Reagent (150 μL) and culture medium 1:1 
and stirring for 45 minutes at room temperature, then the emitted luminescence was measured 
using a luminometer (Varioskan Lux, Thermo Scientific). This method permits to quantify the 
ATP present in cell cultures signaling the presence of metabolically active cells. Alternatively, 
GFP-labeled rabbit AuP were seeded on apple slices for monitoring by fluorescence microscopy. 

Histology 

After culture, the cultured slices were fixed in 4% PFA for 1 hour at 4°C, rinsed with 30% PBS-
sucrose for 2 hrs and cryopreserved in OCT (Optimal Cutting Temperature gel) at -80 ° C. The 
histological sections (10 to 15μm thick) were obtained using a cryostat (Leica CM3050) and 
deposited on slides. Different stains were applied i.e. Hematoxylin-Eosin (HE), Safranin-O (SO), 
Alcian blue (AB) and Masson’s Trichrome (MT).  

Cellular sources  

Different cell types were used. Nasal and GFP stably transfected auricular perichondrocytes from 
rabbit for the viability assays. They were obtained after animal dissection and conserved in the lab 
after expansion. For differentiation experiments, human cells were used. Human BMMSC were 
derived from bone marrow aspirates of patients undergoing hip arthroplasty and having signed the 
consent form in agreement with the local ethics committee CPP Nord-Ouest III. Bone marrow was 
separated on a ficoll density gradient (GE Life Science).and the ring of mononuclear cells was 
collected and then seeded in MSC amplification medium: αMEM with 10% FBS, 1 ng / mL of 
FGF-2, 200mM of glutamine, 100 IU / mL of penicillin and 100 µg / mL of streptomycin. The 
medium was changed three times a week, apart from the first medium change after five days of 
cell adhesion. The cells were incubated at 37°C in an atmosphere containing 5% CO2. They were 
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cultivated and amplified until the 4th passage before use. At this stage, tests are carried out to 
verify the absence of hematopoietic markers (CD34-, CD45-) by RT-PCR. 

NsP came from surgical waste from various interventions within the otorhinolaryngology or 
maxillofacial surgery surgical units of the CHU of Caen of patients who signed consent forms. 
After dissection of the perichondrium, pieces were cut and used for outgrowth cultures. NsP were 
expanded in αMEM expansion medium. After 6 Passages, they were freezed at -150°C for further 
use.  

AuP were obtained from fresh-human auricular cartilage biopsies after 12-year old children 
undergoing rhinoplasty. Perichondrium was separated from cartilage by dissection and sliced into 
small pieces. Cells were collected by sequential enzymatic digestion using pronase for 45-60 min 
at 37°C and collagenase II overnight at 37°C. The next day cells were seeded in T75 flasks and 
amplified till reaching passage 3, which then freezed for further use.  

DPSC were obtained from freshly-extracted teeth of young donors (16-20 years). These latter were 
transferred into hypotonic phosphate buffered saline solution and were disinfected by a solution 
of antibiotics. Then pulp tissue was isolated from the pulp chamber where the tissue was minced 
into small pieces and sequential enzymatic treatment was carried out by collagenase I (3mg/ml) 
and dispase (4mg/ml) for 30-45min, at 37°C. After enzymatic digestion, cell suspension was 
centrifuged at 2000 rpm for 10min, and the cell pellet was resuspended with cultivation media 
(alpha-MEM + 10% FBS + 1% penicillin/streptomycin + bFGF 0.5μg/ml) and seeded into 
cultivation dishes, and freezed when reaching passage 3.  

RNA extraction 

Total RNAs were extracted according to the Rneasy® Mini Kit protocol (Qiagen), based on the 
binding of nucleic acids to a column of silica. The different samples were mechanically lysed with 
a mortar and pestle in 600 µl of highly saline buffer containing guanidine thiocyanate. RNA bound 
to column kit were finally eluted with DEPC treated water and concentration measured by OD 260 
reading on Microdrop system (Thermo Scientific Multiskan GO).  

Reverse transcription 

First, 1 ug of RNA was treated with DNase (Sigma-Aldrich®) to eliminate contaminating DNA 
that may be present in the samples. After that, reverse transcription was carried out in order to 
obtain complementary DNAs. Reverse transcriptase was carried out using a mixture composed of 
1 μg of RNA, 2.5 μM of oligodT, 0.5 mM of dNTP, 1X First Strand Buffer and 10 U/μL of 
Moloney Murine Leukemia Virus reverse transcriptase (M-MLV-RT, Invitrogen). The reactions 
products were then diluted 100 times before being stored for later use in real-time PCR. 

Real time PCR  

Reverse transcription products are used in a reaction mixture containing 0.2 μM sense and 
antisense primers of the target gene and 7.5 µL of the Power 2X SYBR Green mix. Amplification 
was carried out on a StepOnePlus ™ Real-Time PCR System thermocycler (Applied Biosystem) 
for 40 cycles which consist of a denaturation step at 95 ° C for 15 seconds and a hybridization and 
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polymerization step of one minute at 60 ° C. The specificity of the amplification products was 
checked by analysis of the melting curve. The relative expression of the gene studied was 
calculated by the 2-CT method. Real time RT-PCR primers are listed in the supplementary table 
below. Results were compared to normalized to three housekeeping genes (GAPDH, RPL13, 
β2MG).  

 

Gene Forward primer Reverse primer 
ELN CCAGGTGTAGGTGGAGCTTT CCATAGCCATAGGGCAGTTT 

SOX 9 CCCATGTGGAAGGCAGATG TTCTGAGAGGCACAGGTGACA 
COL1 CACCAATCACCTGCGTACAGAAC CAGATCACGTCATCGCACAAC 
ACAN GTGCCTATCAGGACAAGGTCT GATGCCTTTCACCACGACTTC 

COL2A1 CCAGATGACCTTCCTACGCC TTCAGGGCAGTGTACGTGAAC 
COLX CCTGGTATGAATGGACA CCCTGAGGGCCTGGAAGA 

GAPDH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC 
RPL13 GTTCGGTACCACACGAAGGT CTGGGGAAGAGGATGAGTTTG 
β2-MG GAGGCTATCCAGCGTACTCCA CGGCAGGCATACTCATCTTTT 

 

Statistical analysis  

Data are presented as mean ± standard deviation. Statistical data were performed by two-way 
ANOVA with Tukey’s multiple comparison test, to compare different sets of data, using Graph 
Pad prism 7 software, significance level was set at P˂0.005. 

 

Results 

Decellularized apples provide cellulosic scaffolds for 3D culture of different human 

progenitors  

To begin with, apple hypanthium disks were decellularized by 1% SDS incubation under agitation, 
then thoroughly washing, until a pellucid aspect was shown after cell removal (Fig. 1-A). 
Decellularization was checked by observing the removal of genetic material was significantly 
removed by DAPI staining (Fig. 1-B) and less than 50 ng of DNA remained per mg of tissue 
(Fig. 1-C). The remaining fragments were less than 200 bp (Fig. 1-D), suggesting an effective 
decellularization that achieved the recommended criteria. Apple disks were first tested for cellular 
viability, where perichondrocytes stably transfected with GFP were seeded on the top of the disks 
at the density of 2,000,000 cells per apple section and incubated in chondrogenic medium, for 
several days. They were monitored by fluorescent microscopy that showed multiple clusters with 
great green staining. (Fig. 2-A). In addition, ATP cell production was measured up to 21 days and 
suggest good viability and even growth after 2 weeks (Fig. 2-B). 
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Fig.1 Decellularization of apple hypanthium tissue. (A): Macroscopic aspect of apple sections before 
(a) and after decellularization (b). (B): DAPI staining of native (a) and decellularized apple (b). (C): 
Quantification of DNA remaining after decellularization. (D): Electrophoretic migration of DNA 
fragments before and after decellularization of apples.  
 

Fig. 2 Viability of nasal perichondrocytes seeded on cellulosic matrix of apples.  (A): Assessment of 
GFP expression in cells for 14 days of culture, visualized in phase contrast (a), fluorescence (b) and by 
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the superposition of two images (c). Scale bar: 500µm. (B): ATP quantification of cells as a function of 
extended culture time in recellularized apples compared to a control (decellularized apple).   

 

Cellularized apple scaffolds induce the formation of cartilage-like tissues 

After optimizing cell seeding into apple scaffolds, we performed a comparative chondrogenic 
potential study of different human progenitors, chosen as described earlier. Cells were seeded at 
the density of 7,000,000 cells per apple disk in DMEM medium and left for 48h to adhere to the 
scaffold. After that, they were incubated with DMEM or chondrogenic medium in either normoxic 
or hypoxic atmosphere, except for auricular perichondrium progenitors. Indeed, for these cells, we 
previously showed that hypoxia doesn’t enhance nor bring benefits for their chondrogenic 
differentiation. Hence, they were tested only in normoxic conditions. Macroscopic views of 
cellularized apple scaffolds was shown after 14 days. Attentive examination allows to distinguish 
whitish and translucent tissue in scaffold center in several conditions. Chondrogenic medium is 
sufficient to trigger high tissue formation in DPSC and AuP, while BMMSC and NsP required 
additional hypoxic environment to secrete visible ECM production (Fig. 3). After incubation for 
14 days in chondrogenic medium, both in normal or hypoxic atmosphere, the cellularized scaffolds 
were fixed and prepared for histological staining in comparison to unseeded decellularized apple. 
Hematoxylin-Eosin (HE), Safranin O (SO), Alcian blue (AB) and Masson’s Trichrome (MT) were 
used for tissue morphology and ECM analysis. 
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Fig. 3 Macroscopic aspects of apple scaffolds seeded with different progenitors in control and 
chondrogenic medium for 14 days in normoxic and hypoxic conditions. Apple scaffolds seeded with 
bone marrow-derived stem cells (BMMMSC), nasal perichonrocytes (NsP), dental pulp stem cells 
(DPSC), and auricular perichondrocytes (AuP). 

 

Histological staining also showed that when apple scaffolds were seeded with BMMSC, low tissue 
formation was observed under normoxic conditions. However, this was greatly enhanced upon 
hypoxic culture as shown by abundant cytoplasmic components and ECM production such as 
collagen and elastin fibers stained in pink, cartilage proteoglycans and glycosaminoglycans stained 
in dark red and blue color (using SO and AB staining) respectively. Collagen fibers were more 
clearly stained when MT was performed, showing a great abundance of these fibers observed in 
dark blue color (Fig. 4-A).  

In parallel, NsP and DPSC were tested in the same conditions. All of them, showed tissue 
formation with abundant ECM secretion under chondrogenic medium and hypoxia did not 
significantly enhance this process, as already described for AuP, tested here only in normal oxygen 
levels (Fig. 4-B-C-D). 
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Fig.4 Histological staining of apple sections seeded with BMMSC (A), NsP (B), DPSC (C), AuP (D) 
under chondrogenic induction in normoxic and hypoxic culture condition for 14 days. HE: 
Hematoxylin-eosin, SO: Safranin O, AB: Alcian blue, MT: Masson’s Trichrome. Scale bar: 500µm  

 

Chondrogenesis differentiation of different progenitors within apple scaffolds 

Cartilage tissue formation was also confirmed by high levels of mRNA expressed by chondrogenic 
differentiation. Cartilaginous genes such are COL2A1, ACAN, COMP, SOX9 and COL1, that is 
usually unexpected in healthy cartilage, were tested in different progenitors.  
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When BMMSC were used, chondrogenic genes were up regulated when seeded in chondrogenic 
medium and as expected, hypoxia enhanced these effects. Furthermore, COL1 was shown to 
increase in normoxic conditions, once again hypoxia attenuated its expression (Fig. 5-A).  

Different expression profiles were observed for nasal perichondrocytes, where COL2A1, ELN and 
ACAN were induced by chondrogenic medium but not affected by hypoxia. On the other hand, 
hypoxia influenced SOX9 and COMP expression where these genes were significantly upregulated 
in low oxygen levels (Fig. 5-B). Surprisingly, COL1 expression was enhanced in presence and 
absence of oxygen.  Furthermore, Dental stem cells analysis showed that the main cartilage 
markers were highly down regulated (COL2A1, ACAN, SOX9) while COL1 is over expressed 
(Fig. 5-C). Finally, we also analyzed expression profile in AuP. We have already shown that 
hypoxia is absolutely not beneficial for chondrogenesis of these cells, so culture of these cells was 
limited to normoxic chondrogenic conditions. Interestingly, all cartilage markers were enhanced 
showing a good propensity to chondrogenesis and notably, COL1 is simultaneously down-
regulated (Fig. 5-D).  
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Fig. 5 Expression of cartilaginous markers in different cells BMMSC (A), NsP (B), DPSC (C) and AuP 
(D), expanded in different cell culture conditions after 14 days of culture. ND: normoxia and DMEM 
(control), NC: normoxic and chondrogenic medium, HD: hypoxia and DMEM (control), HC: hypoxia 
and chondrogenic medium (n=2, *p˂0.05, **P˂0.01, ***p˂0.005). 

 

Cellularized apple scaffolds surpass chondrogenic potential of alginate beads 

It appears that decellularized apples are interesting scaffolds for chondrogenesis since they conduct 
different progenitors to differentiate properly towards cartilage-like tissues. Upon several scaffolds 
used in cartilage tissue engineering, we compared chondrogenic potential of decellualrized apples 
to alginate hydrogels that are recognized as robust models for chondrogenesis. For this purpose, 
we chose nasal perichondrocytes, seeded in apple scaffolds or encapsulated in alginate beads and 
cultured with chondrogenic medium for 3 weeks. The expression of chosen genes was normalized 
to that of alginate condition. Very interestingly, and despite the equal expression of ACAN in both 
cases, all other critical cartilage genes (COL2A1, SOX9, ELN) were highly significantly 
upregulated by 2-3 folds in decellularized apple scaffolds (Fig.6).  Strikingly, decellularized apple 
disks provided healthy cartilage profile, due to the significant low expression of COL1 in these 
scaffolds, compared to alginate hydrogels. This suggest a higher potential of apple scaffolds to 
drive chondrogenesis.  
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Fig. 6 Comparison of chondrogenesis in apple scaffolds and alginate microspheres. Chondrogenic 
markers expression in nasal perichondrocytes seeded into apple scaffolds compared to alginate beads 
after 14 days of culture in normoxic conditions. Their mRNA expression was calculated using 3 
housekeeping genes and normalized to alginate conditions (n=2, *p˂0.05, **P˂0.01, ***p˂0.005). 

 

Discussion 

Although significant advancement has been made in the field of tissue engineering, there are still 
no material that fully capture the complexities of the native tissue nor restore its ideal function. As 
a result, novel composite materials to mimic native tissue, remain a challenge to address.  

Decellularized tissue are reliable alternatives for tissue engineering applications because of their 
3D structure that offers the potential for cells to exhibit a tissue-like structure, mimicking native 
tissue and presenting better functionality in a more physiologically relevant manner. Inspite of the 
successful engineered constructs relying on decellularized animal tissue (Brouki Milan et al., 

2020; Ibsirlioglu et al., 2020; Tajima et al., 2020), plant decellularized tissues may overcome 
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availability of animal tissues with low cost and can eliminate ethical issue related to the use of 
animal sources (Y.-W. Cheng et al., 2020a; Walawalkar and Almelkar, 2020).  

Cellulose scaffolds have been shown to design complex materials for different tissue engineering 
application. This latter was used  to trigger the healing and regeneration of skin (Li et al., 2015; 
Rees et al., 2015), new bone tissue formation (Y. Huang et al., 2017; Park et al., 2015; Sundberg 
et al., 2015), neural and neuronal therapeutic enhancement (Kandalam et al., 2017) in addition to 
blood vessels (X.-Y. Wang et al., 2015; Zhang et al., 2015).  

Recently, it was shown that plant tissue could be investigated and used for tissue engineering 
applications. This new insight on biomaterial design, allowed the use of plant biomaterials to be 
adopted for tissue engineering application that would be optimized for specific biological and 
mechanical functions (Adamski et al., 2018; Fontana et al., 2017; Modulevsky et al., 2016).  

Several recent reports have used the apple as a natural scaffold for adipogenesis (Lee et al., 2016), 
bone tissue and tendon (J. Lee et al., 2019; Negrini et al., 2020), but no study has investigated the 
chondrogenic potential derived by apple matrices. So our study was the first to explore apple 
matrices as scaffolds for auricular cartilage engineering.  

Accordingly, in this study we aimed to explore a natural-derived scaffold for auricular cartilage 
engineering, and exploit the intrinsic 3D architecture by decellularizing an apple hypanthium tissue 
and investigating its chondrogenic potential when repopulated with different cell sources at 
specific culture conditions.  

Before studying chondrogenic potential of apple-derived matrices, we first decellularized them to 
remove apple cells and remnants. Decellularization was effective and met the standard 
requirements for complete cell removal (Rana et al., 2017).  

These matrices were then seeded with different progenitor cells and were tested for their behavior 
and viability over time. Apple matrices showed high proliferation rate and viability after 21 days 
of culture with human nasal perichondrium, as well as rabbit auricular GFP transfected 
perichodrocytes after 2 weeks of culture. This illustrates that cells divided and increased in number 
after several weeks. These results demonstrate the fact that not only the cartilage progenitors 
colonized the matrix, but also deeply proliferated and integrated into the decellularized apple 
scaffold. This corroborate with what is mentioned in previous studies where proliferation 
maintained for 3 up to 10 weeks in apple scaffolds (Modulevsky et al., 2014). Apple tissue was 
repopulated by NsP and two stem cells lineages from different origins. Histological and gene 
expression analyses showed colonization and chondrogeneis of the different cell sources in apple 
scaffolds. However, colonization was the greatest in the case of BMMSC where cells secreted 
more ECM than the case of nasal perichondrocytes, and to a lesser degree in dental stem cells, that 
presented more of an osteogenic profile. Hypoxia was favored for the case of bone marrow, as 
confirmed in our previous studies (Hammad et al., to be submitted). This created a cartilage-like 
tissue as observed in macroscopic views of apple matrices after 2 weeks of chondrogenesis. 
Indicating that these matrices induced cell infiltration and differentiation and a normal 
functionality of cells as shown in bone and tendon regeneration (Negrini et al., 2020).  
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Nasal perichondrocytes proliferated and expressed the majority of auricular cartilage genes better 
in hypoxic environment. This confirms the morphological results where a cartilage-like tissue was 
formed clearly in hypoxic conditions. This is contrary to what is reported in a recent study where 
nasal perichondrocytes did not have the capacity to form GAG and collagen II-engineered tissues 
(Asnaghi et al., 2020). Our results further demonstrate the significant chondrogenic ability of nasal 
perichondrial cells in producing cartilage genes under chondrogenic induction, that could be 
enhanced in low oxygen levels. Alternatively, COL1 expression was enhanced upon chondrogenic 
induction in both normoxic and hypoxic conditions. The upregulation of COL1 could be explained 
by TGF-beta that stimulated and increased the expression of COL1 in these cells. This idea is 
reinforced by the work of Jung et al. that showed that COL1 expression increased upon TGF beta-
1 that stimulated collagen gel and stimulated specific signaling pathways to transform nasal cells 
into cell-derived fibroblasts (Jung et al., 2018).  

On the other hand, dental stem cells weren’t able to differentiate into cartilage when seeded on 
apple scaffolds. This was unexpected since we have previously reported in our work, the 
chondrogenic ability of these cells when encapsulated 3D alginate models (Hammad et al., to be 
submitted). Even many research report had shown the multi-potent differentiation of DPSC into 3 
lineages (Fernandes et al., 2020; Lo Monaco et al., 2020). The overexpression of COL1 in DPSC 
on apple scaffolds can be explained by the likely potential of these cells to be involved more in 
bone tissue repair, since their tendancy is shifted more towards osteogenic potential and thus, bone 
tissue formation. This is confirmed by various studies that investigated the osteogenic potential of 
these cells in bone tissue regeneration. Stem cells from human teeth have demonstrated the best 
cell source for bone regeneration and repair (Y.-C. Lee et al., 2019; Nakajima et al., 2018) with 
less surgical invasion. Taken altogether, future work should be done to investigate osteogenic 
differentiation of DPSC on our decellualrized apple scaffolds in order to better explain their 
mechanism of action, and maybe regenerate bone tissue.  

We have already proven that AuP have shown a great potential in auricular cartilage regeneration 
in vitro (Hammad et al., to be submitted) and in vivo (Hammad et al., to be sumbitted), where it 
reconstructed auricular cartilaginous of rabbits, so it was also interesting to see if these cells 
produce the same results in apple hypanthium matrices. So we chose the normoxic condition since 
we have already proven in our previous work that hypoxia inhibits chondrogenic potential of 
perichondrial cells. Otto et al., have already proven that progenitors originating from auricular 
cartilage demonstrated cartilage forming capacity, and a chondrogenic profile in 3D hydrogels. 
These results were confirmed by our study where colonized AuP in apple hypanthium scaffolds 
demonstrated a significant increase in ECM production as indicated by Real time RT-PCR and 
confirmed by histology.  

One common problem of cartilage regenerative tissue is calcification and hypertrophy of newly 
formed cartilage (Jessop et al., 2016). COLX is a typical marker of hypertrophy, that is highly 
expressed upon expanding primary chondrocytes through their differentiation process. We have 
verified that using AuP, COLX was downregulated and the phenotype of these cells was preserved. 
This correlates with results of Otto et al., where they showed the low expression of COLX in 
cartilage tissue generated from auricular perichondrocytes (Otto et al., 2018).  
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Mimicking the environment of native cartilage, hydrogels are the gold standard models for 
chondrogenesis and cartilage regeneration. Thus, it was interesting to compare 3D alginate beads 
with apple matrices to highlight the importance of using apple scaffold as natural biomaterials. 
Referring to cartilage-gene expression, ECM production was significantly increased in apple 
matrices compared to alginate beads. Outstandingly, when comparing the expression of the 
undesired COL1 in cells seeded on different scaffolds, we can highlight the role of apple scaffolds 
in promoting and improving quality of elastic cartilage. Our results indicate that apple matrices 
outperform alginate chondrogenic potential by enhancing colonization and upregulating the 
cartilaginous expression in cells. 

 Despite of cartilage generation, the main limitation of the work is the lack of mechanical testing 
of scaffolds. Young’s modulus should be applied to apple matrices to calculate elasticity of these 
constructs to deepen the facilitate their utilization in clinical trials.  

 

Conclusion 

Taken together, we have demonstrated the beneficial effects of apple matrices on proliferation and 
migration of different progenitors. Specifically, our findings showed that decellularized apple 
hypanthium tissue provides a natural and porous scaffold that drives and enhance the chondrogenic 
potential of different progenitors and stem cells in vitro. Further research should be done to 
investigate these scaffolds in vivo.  
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4-Cell-secreted matrices: Novel approaches for cell culture 
applications 

 

In the last part of the thesis, we have described a novel approach for different cell culture 

applications. We wanted to investigate the potential of an ECM, naturally secreted and organized 

by cells, to influence cell growth and behavior through differentiation and dedifferentiation 

processes. Rabbit auricular perichondrocytes (AuP) were cultured under chondrogenic conditions 

until overconfluency to favor ECM deposition. The plates were then decellualrized and lyophilized. 

The cell-secreted matrix (CSM) obtained was characterized by protein contents and proteomics in 

order to be used later on as a substrate for multiple cell culture applications. Lyophilized CSM 

showed significant amount of ECM proteins as well as several cellular proteins remaining. 

Thereafter, we used CSM as supports for allogenic and xenogeneic cells. Further investigation was 

carried out by evaluating chondrogenic potential of human AuP on rabbit lyophilized CSM. Results 

showed a high significant increase of cartilaginous markers (COL2A1, ELN, COMP and SOX 9) 

and a down regulation of COL1 and COLX when cells were seeded lyophilized CSM compared to 

standard plastic plates. 

Cartilage tissue engineering needs, sufficient amount of chondrocytes which unfortunately 

dedifferentiate upon their expansion. We showed that articular chondrocytes subcultured on 

lyophilized CSM not only have greater proliferation rate but also keep their phenotype after several 

passages with higher expression of chondrogenic genes (SOX9, ACAN, COL2A1 and ELN) and 

low hypertrophy (COLX) and dedifferentiation markers (COL1), compared to culturing on regular 

plastic plates. Very interestingly, the effect observable on proliferation rate is durable, even if the 

cells are transferred in regular plastic surfaces later on. 

In summary, we have created a simple and affordable cell culture tool, which enhances 

proliferation, differentiation and preserves chondrocyte phenotype upon in vitro expansion and that 

can be applied to other tissues and screening purpose.  
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Abstract 

Tissue microenvironment contributes greatly in regulating cellular profile and function. 
Understanding cell-matrix interactions is crucial to predict cell fate. In the recent years, 
extracellular matrices (ECMs) have highly evolved to fill their role in guiding cells through 
interactions of their proteins and signals and then, offer a great potential and an alternative strategy 
for tissue reconstruction. Here, we hypothesized that cell-secreted matrices (CSM) produced by 
rabbit chondrogenic cells could influence cell behavior through different cell-ECM contacts. 

CSM was obtained by culturing rabbit perichondrocytes until confluency under chondrogenic 
environment to highly secrete and deposit cartilaginous ECM. After decellularization and 
lyophilization, the remaining layer was used as a cell culture support for several assays and 
compared to traditional plastic plates, after characterization. Such CSM coated substrates were 
shown to be suitable for allogenic and xenogeneic use. In addition, they promote chondrogenic 
differentiation of human progenitor cells as well as preserve chondrocytes phenotype and reverse 
their dedifferentiation process. Finally, the coated CSM enhance the cell growth.  

This study offers a novel in vitro approach and a suitable model for cell culture aiming at achieving 
phenotype preservation. The model is also very interesting for differentiation assays. As the 
phenotype is preserved and the differentiation promoted, the model is likely to be closer to 
physiological status than culturing in 2D plastic.  

 

Introduction 

Cartilage repair remains one of the major challenges in orthopedic surgery field, due to the its 
limited healing capacity. Different surgical treatment options such as matrix-assisted autologous 
chondrocytes transplantation (MACT) have been widely used for cartilaginous injuries (Andriolo 
et al., 2020). In recent years, these chondrocyte-based tissue engineering techniques have yielded 
successful outcomes. In order to perform such surgeries, autologous chondrocytes are needed in 
large quantities to restore larger cartilage defects. It has been shown that chondrocytes expansion 
have been highly correlated with dedifferentiation and phenotype loss, that is remodeled more into 
fibroblast-like structures (Charlier et al., 2019). Chondrocyte dedifferentiation results from the 
unsuccessful metabolic imbalance to achieve equilibrium between catabolic and anabolic of 
cytokines during extracellular synthesis, and thus this is characterized by a reduction of Collagen 
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II expression and a significant increase in Collagen I (Duan et al., 2015). To minimize 
dedifferentiation problems during expansion of chondrocytes, many techniques have been 
employed. Different growth factors, on one hand, have been involved in cartilage repair and 
regeneration in the last decade. Fibroblast growth factors (FGF), insulin, bone-morphogenetic 
protein (BMP-2) and many others have clinically been implicated in multiple cartilage repair 
mechanisms. Nevertheless, these proteins have reported damage and detrimental side effect, since 
they lacked efficacy and induced aging of chondrocytes by promoting cartilage mineralization and 
fibrosis (Ahn et al., 2016; Brandl et al., 2010; Jeyakumar et al., 2019; Speichert et al., 2019). Other 
groups have investigated co-culture of different cell sources with primary chondrocytes, this 
approach reduced dedifferentiation, but on the other hand increased donor-site morbidity due to 
the limited availability of these primary chondrocytes (Huang et al., 2018; Zhang et al., 2014). 
Furthermore, dedifferentiation process can be rescued by culturing chondrocytes on non-tissue 
cultured surfaces (Mao et al., 2018), yet it was time consuming. Reversal of dedifferentiation can 
also be obtained by cell transfer into a scaffold that brings a 3D environment, such as alginate 
(Bonaventure et al., 1994). However, these approaches include several manipulation of cells and 
are time consuming. So there is an urge to explore novel approaches that can yield functional 
chondrocytes in a short time.  

The ECM is the pivotal and critical element that maintain tissue-specific structure and function. 
The intrinsic signals and biochemical composition of ECM, guide cell adhesion, migration and 
tissue formation processes (Zhang et al., 2016). CSM maintains the multiplex network of ECM 
that direct maturation and differentiation of stem and progenitor cells. Published studies have shed 
light on the importance of decellularized CSM derived from several cell sources such as adipose-
derived stem cells, bone marrow-derived mesenchymal stem cells and their potential to support 
growth of other tissues including bone (Harvestine et al., 2018; Hoch et al., 2016), skin, and 
cartilage (Kim et al., 2012) and muscle tissue (DeQuach et al., 2010). A recent paper has reported 
the ECM derived from human primary chondrocytes harbors biological signals and cues that 
supported chondrocytes expansion and reduced dedifferentiation. However, they focused more on 
monitoring and reducing dedifferentiation and not on promoting expression of other ECM proteins 
(Mao et al., 2019). 

 In this study, we wanted to investigate the potential of an ECM, naturally secreted and organized 
by cells, to support cell growth and the way it influences cell behavior, by targeting differentiation 
and dedifferentiation processes. We used auricular perichondrocytes (AuP) as CSM and after cell 
removal, the remaining matrix served as a substrate for multiple applications with other cells.  

Before use, the substrates were shown to support lyophilization for a versatile use and storage. 
After characterization, we then assayed expansion and chondrogenic differentiation of progenitors 
as well as dedifferentiation of chondrocytes. In addition to the fact that these substrates can host 
allogeneic and xenogeneic cells, we provide evidence for a new plate substrate preparation that 
can serve for multiple applications in cell culture.  
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Materials and methods  

Preparation of cell-secreted matrices from rabbit auricular perichondrocytes 

Rabbit ears were obtained from a 3-week-old rabbit. Animals procedures were approved by animal 
care ethical committee. Perichondrium tissue was harvested and cultured as a primary outgrowth 
for 1 month. Auricular perichodrocytes (AuP) were extracted and expanded in vitro untill reaching 
passage 3. Cells were then freezed at -150°C. In a 6-well plates, AuP were seeded at a density of 
0.6x10^6 per well and cultured for 2 weeks in chondrogenic medium until reaching confluency 
and forming a cellular sheet. This sheet was then decellularized within the plate by adding 1% 
SDS and agitated for 24 hours. Distilled water was added after 24 hours to rinse and remove traces 
of SDS for 30min. This step was renewed twice and kept overnight on a shaking plate. The next 
day, the acellular sheet was lyophilized in a freeze-dryer (Leica CHRIST beta-2) for 1 hour at 1 
mbar. Plates were then stored at room temperature for further use. 

Isolation and cultivation of human cell sources 

Human articular chondrocytes were extracted from femoral heads obtained from patients (average 
age: 55 years). All patients signed the consent agreement approved by the local ethics committee. 
Cartilage samples were sectioned into small slices, where chondrocytes were isolated by digestion 
with 2mg/ml protease type XIV (Sigma-Adrich) for 25 min and afterwards kept overnight at 37 
°C with 1mg/ml of collagenase type I (Invitrogen). The cell suspension was filtered through a 
70μm-mesh nylon membrane, centrifuged, counted and seeded on 6-well plates at a density of 
4x10^4 cells/cm^2, and cultured in Dulbecco’s modified eagle medium (DMEM) supplemented 
with 10% fetal calf serum (FCS), 100IU/ml of streptomycin, and 0.25μg/ml of fungizone at 5% 
CO2. Medium was changed twice a week.  

AuP were obtained from fresh-human auricular cartilage biopsies after 12-year-old children 
undergone rhinoplasty. Perichondrium was separated from cartilage by dissection and sliced into 
small pieces. Cells were collected by sequential enzymatic digestion using pronase for 45-60 min 
at 37°C and collagenase II overnight at 37°C. The next day cells were seeded in T75 flasks and 
amplified till reaching passage 3, which then freezed for further use.  

Stably GFP expressing cells  

Stably GFP transfected rabbit perichondrocytes were obtained by transfection pEGFP-N1 plasmid 
and G418 antibiotic selection. Stably transfected human cells were generously given by Pr S. 
Allouche (CHU, Caen). 

Fluorescence and normal microscopy  

Plates with cultured cells were fixed in 10% NBF at 4°C for 20 min, and washed twice with PBS, 
and stained with 4,6-diamidino-2-phenylindole (DAPI, sigma) to identify nuclear components. 
The stained samples, as well as microphotographs of cells that also taken at different passages 
were examined using a fluorescence microscope (EVOS cell imaging systems, Thermofisher 
scientific).  

Immunohistochemistry  
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Plates were rinsed in PBS and incubated overnight at 4°C with collagen II (1:100, ab 34712 abcam, 
Cambridge, UK) primary antibodies. A negative control was performed by replacing primary 
antibody solutions with PBS. The next day, slides were rinsed five times in PBS to remove traces 
of primary antibody, and a secondary antibody secondary antibody (Alexa Fluorophore 594 
conjugated anti-rabbit) diluted (1:800) was used to incubate slides for 1.5 hour. Rinsing with PBS 
was done to remove excessive secondary antibody. Plates were then rinsed three time with PBS 
before microscopic observation by EVOS cell imaging system microscope, Thermo fisher 
scientific). 

Histological staining  

Masson’s Trichrome staining was composed of several steps: samples were first incubated for 3 
min in Weigert’s iron hematoxylin solution, then rinsed with distilled water and incubated in 
Ponceau Fuchsine solution for 5 min, quickly rinsed with 1% acetic. Phosphomolybdic acid was 
next added for 5 min, and traces were removed by rinsing with 1% acetic acid. The last step was 
incubating samples with aniline blue for 1 min, rinsing afterwards with 1% acetic acid. Plates were 
finaly mounted for analyses. Safranin O staining was performed using 10 min incubation of 
Weigert’s iron hematoxylin, followed by 5 min incubation in Fast green solution (0.05%), 1% 
acetic acid rising before the addition of Safranin O solution (0.1%) for 5 min. For Hematoxylin 
Eosin staining, samples were stained with Harris, modified Hematoxylin solution for 2min, rinsed 
with distilled water and incubated with 1% Eosin for 1min. Plates were mounted and were ready 
for analyses.  

Protein extraction  

Protein samples were extracted using RIPA buffer followed by protease inhibitors: 1 mM 
phenylmethylsulfonyl fluoride, 1 μg/ml of pepstatin A, 1 μg/ml of aprotinin, and 1 μg/ml of 
leupeptin. After 30 minutes on ice, the supernatants were collected by centrifugation, and the 
amount of total cellular protein was determined according to the Bradford colorimetric procedure 
(Bio‐Rad). Fastin elastin kit to detect and quantify elastin, Sircol collagen kit to quantify total 
collagen in samples and Blyscan kit for glycosaminoglycan content. All these kits were purchased 
from Biocolor (life science assays, UK).  

Proteomics  

5 µg of each protein extract (extracted by RIPA buffer in absence of any protease inhibitors) were 
prepared using a modified Gel-aided sample preparation protocol described by (Fischer and 
Kessler, 2015). Samples were digested with trypsin/Lys-C overnight at 37°C. For nano-LC 
fragmentation, protein or peptide samples were first desalted and concentrated onto a µC18 Omix 
(Agilent) before analysis.  

The chromatography step was performed on a NanoElute (Bruker Daltonics) ultra-high-pressure 
nano flow chromatography system. Approximatively 200 ng of each peptide sample were 
concentrated onto a C18 pepmap 100 (5mm x 300µm i.d.) precolumn (Thermo Scientific) and 
separated at 50°C onto a reversed phase Reprosil column (25cm x 75μm i.d.) packed with 1.6μm 
C18 coated porous silica beads (Ionopticks). Mobile phases consisted of 0.1% formic acid, 99.9% 
water (v/v) and 0.1% formic acid in 99.9% ACN (v/v). The nanoflow rate was set at 400 nl/min, 
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and the gradient profile was as follows: from 2 to 15% B within 60 min, followed by an increase 
to 25% B within 30 min and further to 37% within 10 min, followed by a washing step at 95% B 
and reequilibration.  

Mass spectroscopy (MS) experiments were carried out on an TIMS-TOF pro mass spectrometer 
(Bruker Daltonics) with a modified nano electrospray ion source (CaptiveSpray, Bruker 
Daltonics). The system was calibrated each week and mass precision was better than 1 ppm. A 
1400 spray voltage with a capillary temperature of 180°C was typically employed for ionizing. 
MS spectra were acquired in the positive mode in the mass range from 100 to 1700 m/z. In the 
experiments described here, the mass spectrometer was operated in PASEF mode with exclusion 
of single charged peptides. A number of 10 PASEF MS/MS scans was performed during 1.25 
seconds from charge range 2-5. 

Before post-process, the samples are analysed using Preview software (ProteinMetrics) in order to 
estimate the quality of the tryptic digestion and predict the post-translational modifications present. 
The result, below, is used for the “bank research / identification” part. The fragmentation pattern 
was used to determine the sequence of the peptide. Database searching was performed using the 
Peaks X+ software. A UniProt Oryctolagus cuniculus database (December 2020) was used. The 
variable modifications allowed were as follows: K-acetylation, methionine oxidation, 
Deamidation (NQ) and Methylation (KR). In addition, C-Propionoamide was set as fix 
modification. “Trypsin” was selected as Specific. Mass accuracy was set to 30 ppm and 0.05 Da 
for MS and MS/MS mode, respectively. Data were filtering according to a FDR of 0.1%, 2 unique 
peptides and the elimination of protein redundancy on the basis of proteins being evidenced by the 
same set or a subset of peptides. 

RNA extraction and quantitative reverse-transcriptase polymerase chain reaction  

Total RNA was purified according to the RNeasy® Mini Kit protocol (Qiagen), based on the 
binding of nucleic acids to a column of silica. Quantity and purity was determined by 260/280 
absorbance. First strand cDNA was synthesized from a single strand of RNA by means of reverse 
transcriptase. RT was carried out using a mixture composed of 1 μg of RNA, 2.5 μM of oligodT, 
0.5 mM of dNTP, 1X First Strand Buffer and 10 U / μL of Moloney Murine Leukemia Virus 
reverse transcriptase (M-MLV-RT, Invitrogen) for each RNA condition. Real time RT PCR 
primers are listed in the supplementary table below. Results were compared to normalized to three 
housekeeping genes (GAPDH, RPL13, β2MG).  
 

Gene Forward primer Reverse primer 
ELN CCAGGTGTAGGTGGAGCTTT CCATAGCCATAGGGCAGTTT 

SOX 9 CCCATGTGGAAGGCAGATG TTCTGAGAGGCACAGGTGACA 
COL1 CACCAATCACCTGCGTACAGAAC CAGATCACGTCATCGCACAAC 
ACAN GTGCCTATCAGGACAAGGTCT GATGCCTTTCACCACGACTTC 

COL2A1 CCAGATGACCTTCCTACGCC TTCAGGGCAGTGTACGTGAAC 
COLX CCTGGTATGAATGGACA CCCTGAGGGCCTGGAAGA 

GAPDH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC 
RPL13 GTTCGGTACCACACGAAGGT CTGGGGAAGAGGATGAGTTTG 
β 2-MG GAGGCTATCCAGCGTACTCCA CGGCAGGCATACTCATCTTTT 
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Cell viability Assay  

The colorimetric WST-1 kit was purchased from Roche Diagnostics (Germany). The amount of 
formazan dye detected is directly related to the metabolic activity of cells. Chondrocytes were 
initially seeded on 6-well plates. After several days of seeding, medium was removed and a new 
fresh medium was added with WST1 reagent for 3 hours. Absorbance was measured at 450 and 
650 nm. Results are reported as relative WST-1 activity, where 100% corresponds to the 
absorbance measured in plastic plates (control).  

Statistical analyses 

Data were presented as mean ± standard deviation. Differences between groups was observed 
using two-way analysis of variance with Tukeys’s multiple comparison tests using Prism software. 
Other sample groups were subjected to unpaired t-test. Values less than 0.05 were indicated as 
significant difference between the groups.  

 

Results  

Preparation and Characterization of lyophilized cell-secreted matrices  

Cell-secreted matrices (CSM) were obtained by culturing rabbit auricular perichondrocytes over 
confluency. Cell layer was then decellularized by SDS detergent aiming to preserve the remaining 
ECM. DAPI staining shows a good achievement of this step before and after the process (Fig. 1-
A). The plates were then lyophilized, and showed a whitish CSM coating (Fig. 1-B). 

 
Fig. 1: Preparation of cell secreted matrices (CSM). (A): DAPI staining before and after 
decellularization and lyophilization. (B): Macroscopic aspect of lyophilized CSM showing a white 
coating.  
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We first characterized the CSM coated plates by several methods. Qualitative analyses shown by 
cytology staining that confirms the efficacy of the decellularization process, where no nuclei are 
stained in black when performing different staining patterns (Fig. 2-A-a). Collagen fibers are 
highly preserved since the dark blue color persisted after decellularization (Fig. 2-A-b) and 
lyophilization (Fig. 2-A-c). Sulfated glycosaminoglycans (GAG) are detected by Safranin O 
staining that stained GAG in orange-red color (Fig. 2-A-d). Here, GAG were less conserved than 
collagen after decellularization and lyophilization processes (Fig. 2-A-e, f). Furthermore, 
Hematoxylin stained nuclei in dark purple and Eosin detected ECM in pink (Fig. 2-A-g). 
Extracellular proteins were conserved after decellularization where it shows a good pink color that 
faded a little after lyophilization (Fig. 2-A-h, i). Elastin fibers were finally low expressed to other 
ECM proteins since Orcein staining showed a purple color with some aggregates (Fig. 2-A-j). This 
color slowly faded after decellualrization and lyophilization (Fig. 2-A-k, l).  

To further characterize CSM, we analyzed the remaining proteins in the plates after lyophilization 
in comparison with both native and decellularized cell sheets. Upon observing total proteins, native 
cell sheet of a 9.6 cm2 plate contains an average of 14μg of proteins. This amount was reduced by 
half after decellularization and reached 5μg after freeze-drying process (Fig. 2-B). Different 
protein types presented in ECM such as ELN, collagen and GAG, were also detected by specific 
kits. These proteins followed the same reduction rate from native to lyophilized, except for total 
collagen amount that was reduced to a lesser degree. Furthermore, we wanted to investigate both 
the protein content in the lyophilized layers and the reproducibility of their preparation. To do so, 
proteomic analyses were carried out where we compared six protein extracts from lyophilized 
layers prepared at different dates. Mass spectroscopy analysis and data filtering allowed us to 
obtain different sets of data. We sorted them by the most abundant proteins (Table 1) and those 
that are present in all samples (Table 2). 
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Fig. 2: Characterization of decellularized and lyophilized CSM. (A): Histological staining of 
collagen fibers using Masson’s Trichrome (a, b, c), GAG by safranin O staining (d, e, f) and 
extracellular proteins using Hematoxylin Eosin (g, h, i) scale bar: 200μm. (B):  Protein concentration 
was determined by Bradford Assay (a), ELN content by fastin assay (b), total collagen was measured 
by sircol assay (c) and sulfated GAG by blyscan assay (d). (C): Pie chart representing the subcellular 
localization of the common proteins and their molecular function in CSM.  

 

Table 4: The list of proteins in the lyophilized cell-secreted matrices, sorted by abundancy after 
normalization to their respective molecular weight (MW). 

Description Accession 
Total 

Area/MW 
Description Accession 

Total 
Area/MW  

Histone H4 A0A5F9CMH5 3,95E+03 
10 kDa heat shock 

protein  
mitochondrial 

A0A5F9C1X1 2,52E+01 

Histone H2A A0A5F9D8N0 3,48E+03 Keratin 77 G1SKE3 1,42E+02 

Galectin G1TPZ1 2,08E+03 
60S ribosomal 

protein L31 
G1SHG0 3,13E+01 

Protein S100 G1SVK5 1,92E+03 Cytokeratin-1 G1U9I8 1,29E+02 

Vimentin G1SWS9 6,59E+03 
Helix-destabilizing 

protein 
G1TUI9 5,86E+01 

Calpactin I light 
chain 

G1SNE8 1,69E+03 GST class-pi G1U9R0 8,22E+01 

Histone H2B G1U155 1,02E+03 
Actin-

depolymerizing 
factor 

G1TMV1 3,06E+01 

Hemoglobin 
subunit alpha-1/2 

HBA_RABIT 9,22E+02 
Uncharacterized 

protein 
G1TJW3 6,73E+01 

Actin  cytoplasmic 
1 

ACTB_RABIT 2,23E+03 
Cellular retinoic 

acid-binding protein 
1 

G1SDA2 2,14E+01 

Protein S100-A6 S10A6_RABIT 4,67E+02 Annexin G1TED6 4,85E+01 
Profilin G1SER8 5,14E+02 Fibrillin 1 G1SKM2 4,13E+02 

8%
20%

21%

51%

Cellular component
extracellular
matrix

vesicle

extracellular
region part

supramolecular
fiber

(C)

3%
17%

13%

17%

50%

Molecular function

protein binding

hydrolase activity

small molecule
binding

lipid binding

glycosaminoglycan
binding
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Thioredoxin A0A5F9DIE8 4,78E+02 
Collagen-binding 

protein 
G1TV79 2,74E+01 

HtrA serine 
peptidase 1 

G1T5H0 7,68E+02 Keratin 2 G1SUH8 6,41E+01 

Macrophage 
migration 

inhibitory factor 
G1U1Q8 2,11E+02 

Transforming 
growth factor-beta-
induced protein ig-

h3 

A0A5F9CTN
2 

6,99E+01 

Biglycan U3KML1 6,91E+02 

Heterogeneous 
nuclear 

ribonucleoproteins 
A2/B1 

A0A5F9C6T8 2,60E+01 

Annexin A0A5F9DEV8 
6,26E+02 Nucleoside 

diphosphate kinase 
U3KNZ4 2,03E+01 

Coiled-coil 
domain containing 

80 
G1U4C2 1,35E+03 

Collagen type V 
alpha 2 chain 

G1T8L2 1,13E+02 

Calmodulin CALM_RABIT 1,91E+02 Synaptobrevin-2 A0A5F9D3D3 1,48E+01 
Elongation factor 

1-alpha 1 
EF1A1_RABIT 4,91E+02 

Collagen alpha-
1(XII) chain 

A0A5F9C2X4 2,19E+02 

40S ribosomal 
protein S28 

G1TIB4 7,47E+01 
Phosphoglycerate 

kinase 
G1T7Z6 2,74E+01 

2-phospho-D-
glycerate hydro-

lyase 
G1SYJ4 4,51E+02 

40S_SA_C domain-
containing protein 

A0A5F9C7B1 1,60E+01 

Hemoglobin 
subunit gamma 

HBG_RABIT 1,38E+02 
Protein disulfide-

isomerase 
PDIA1_RABI

T 
2,71E+01 

Proline and 
arginine rich end 

leucine rich repeat 
protein 

G1SXR1 3,68E+02 
40S ribosomal 

protein S19 
G1TN62 7,53E+00 

Keratin 5 A0A5F9C3E1 4,22E+02 
Nucleoplasmin 

domain-containing 
protein 

A0A5F9DPE8 1,04E+01 

Annexin A1 ANXA1_RABIT 1,96E+02 Lamin A/C A0A5F9DRS0 2,46E+01 

Keratin 10 G1T1V0 2,77E+02 
L-lactate 

dehydrogenase 
G1TAJ3 1,45E+01 

Albumin ALBU_RABIT 3,10E+02 
Lysosomal 
associated 

membrane protein 1 
A0A5F9CY27 1,29E+01 

Decorin PGS2_RABIT 1,63E+02 Calreticulin 
CALR_RABI

T 
1,40E+01 

S100 calcium 
binding protein 

A13 
G1SI83 4,36E+01 

ATP synthase 
subunit beta 

G1SQA8 1,36E+01 
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Uncharacterized 
protein 

G1TKL2 8,40E+01 Galectin-3 LEG3_RABIT 5,55E+00 

Transgelin G1T2C4 7,01E+01 
78 kDa glucose-
regulated protein 

G1U7L4 9,46E+00 

Elastin microfibril 
interfacer 1 

G1SRW4 2,86E+02 
Collagen type XIV 

alpha 1 chain 
A0A5F9DVP

3 
2,25E+01 

G1T0Z2 A0A5F9CJW0 6,42E+02 Tenascin C A0A5F9CFG3 2,19E+01 

Tubulin beta chain G1SH05 1,23E+02 
Uncharacterized 

protein 
A0A5F9CTM

9 
6,82E+00 

 

Table 5: The list of common proteins expressed in the six samples tested. 

Accession Description Score 
G1SKM2 Fibrillin 1 238,45 
G1SWS9 Vimentin 235,53 

A0A5F9CJW0 Fibronectin 190,5 
G1U9I8 Cytokeratin-1 180,28 
G1T1V0 Keratin 10 179,87 

A0A5F9D471 2-phospho-D-glycerate hydro-lyase 179,45 
A0A5F9DEV8 Annexin 176,35 

G1U4C2 Coiled-coil domain containing 80 173,26 
G1SH05 Tubulin beta chain 164,63 
G1SRW4 Elastin microfibril interfacer 1 159,09 
P68105 Elongation factor 1-alpha 1 157,59 

A0A5F9CJB7 Collagen alpha-1(XII) chain 157,03 

A0A5F9DFJ9 
Glyceraldehyde-3-phosphate 

dehydrogenase 
150,65 

G1TPZ1 Galectin 147,39 
A0A5F9CGP0 Histone H4 134,22 

G1SXR1 
Proline and arginine rich end leucine rich 

repeat protein 
132,9 

A0A5F9DUM8 
Heat shock protein family A (Hsp70) 

member 8 
129,6 

U3KML1 Biglycan 128,56 
G1SNE8 Calpactin I light chain 123,95 
Q9TTC6 Peptidyl-prolyl cis-trans isomerase A 123,67 
G1TKL2 Uncharacterized protein 122,03 
G1T5H0 HtrA serine peptidase 1 121,56 

A0A5F9D8N0 Histone H2A 120,9 

A0A5F9DQH9 
Latent transforming growth factor beta 

binding protein 1 
117,33 

A0A5F9C804 78 kDa glucose-regulated protein 115,58 
G1SER8 Profilin 110,65 
G1SVK5 Protein S100 107,81 
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G1SDA2 Cellular retinoic acid-binding protein 1 106,43 
P51662 Annexin A1 105,88 

A0A5F9DPN4 Tenascin C 105,73 
A0A5F9CXS8 Collagen alpha-1(I) chain 100,85 

G1T7Z6 Phosphoglycerate kinase 100,01 
A0A5F9CGT7 Heat shock protein HSP 90-beta 99,63 

G1U155 Histone H2B 99,53 
G1SYD6 Lamin A/C 95,37 

A0A5F9D1L2 
Transforming growth factor-beta-

induced protein ig-h3 
94,01 

P49065 Albumin 90,24 
P01948 Hemoglobin subunit alpha-1/2 88,73 
P62160 Calmodulin 84,91 
G1T2C4 Transgelin 77 
Q28888 Decorin 76,37 
P18287 Apolipoprotein E 75,17 

P29562 
Eukaryotic initiation factor 4A-I 

(Fragment) 
73,71 

G1SNC7 Dermatopontin 73,12 
U3KNZ4 Nucleoside diphosphate kinase 70,34 
P02099 Hemoglobin subunit gamma 62 

 

The abundancy of proteins was normalized to their respective molecular weight (MW). As 
expected, several ECM and secreted proteins are present (galectin, biglycan, decorin, fibulin, 
elastin-linked proteins, serine protease HTRA1, collagens) but surprisingly, we noticed a 
significant part of cellular proteins, especially those linked to cytoskeleton (actin, profilin, tubulin, 
vimentin) and particularly nuclear proteins like histones. Proteins that are important in cartilage 
metabolism are also present but to a lesser degree (COLXI, ACAN, COL2 LTBP, etc).  

Successively, we listed the proteins that are present in all samples and sorted them by abundancy 
(Table 2). A total of 46 proteins were recorded as ubiquitous and sorted by KEGG Pathway 
database according to their cellular localization and function. Apart from extracellular proteins, 
we observed a significant moiety of proteins involved in supramolecular fibers, which is in 
accordance with cytoskeleton proteins presence (Fig. 2-C). Interestingly, among the proteins found 
in all samples, a great part (51.72%) are linked to glycosaminoglycan binding, which is consistent 
with the cartilaginous nature of the lyophilized CSM. 

Lyophilized CSM as a support for allogenic and xenogeneic culture models 

To investigate whether different cell types are capable of expanding and proliferating on rabbit-
derived CSM, we used both rabbit allogenic and human xenogeneic cells transfected with GFP 
proteins. These cells were then seeded on Lyophilized CSM plates and fluorescence was 
monitored. Good adhesion and shape evolving was observed on thess scaffold (Fig. 3). Depending 
on the cells, we also observe a really good ability to proliferate in some cases (data not shown). 
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Our results indicated that lyophilized rabbit ECM could advantageously serves as a support for 
allogenic and xenogeneic culture tests. 

Lyophilized CSM influences chondrogenic differentiation of human progenitor cells  

Next, we investigated the ability of the lyophilized CSM to drive or influence a proper 
differentiation. Since the CSM derived from perichondrogenic cells, we tested the chondrogenic 
potential of human AuP by seeding them on rabbit lyophilized CSM and stimulating chondrogenic 
differentiation using chodrogenic medium. The same experiment was conducted on regular plastic 
plates that served as a control. Cells were cultured for 2 weeks and gene expression of cartilaginous 
markers and undesirable genes was monitored and analyzed by real time RT- PCR.  Results 
showed a high significant increase of cartilage markers (COL 2A1, ELN, COMP and SOX 9) and 
a down regulation of COL1and COLX when cells were seeded on rabbit CSM compared to 
standard plastic plates (Fig. 4). 

The effect is clearly more pronounced when the differentiation is triggered by chondrogenic 
medium. On the other hand, interestingly, the effect is seen even when the cells were incubated in 
control medium suggesting that the lyophilized CSM contains sufficient signals to drive 
chondrogenesis of xenogeneic human cells. 

 
Fig. 3: Lyophilized CSM as a support for allogenic and xenogeneic culture models. Scheme showing 
rabbit auricular perichondrocytes (rAuP) cultured until confluency. The plates were then decellularized 
and lyophilized. CSM were then seeded with GFP-transfected rAuP and human GFP-expressing cells. 
Fluorescent imaging of DAPI and GFP were performed after 7 days to monitor cell spreading.  
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Fig. 4: Lyophilized CSM allow chondrogenic differentiation of progenitors. Human auricular 
perichondrocytes were seeded on both lyophilized CSM and regular plastic wells. They were then 
cultured in presence or absence of chondrogenic medium for 14 days. Gene expression analysis was 
conducted after RNA extraction targeting important cartilage genes, by real time RT-PCR. The 
expression is normalized to the mean of the 3 housekeeping genes. n=2 (*p˂0.05, **P˂0.01, 
***p˂0.005). 

 

Rabbit lyophilized CSM preserve human chondrocyte’s phenotype  

Chondrocytes are well known to dedifferentiate by losing their phenotype upon in vitro expansion 
after several passages. To investigate whether our lyophilized CSM could improve cell phenotype 
and chondrocyte stability, primary human articular chondrocytes from three different donors were 
subcultured on lyophilized CSM as well as plastic standard plates that served as a control. The 
cells were expanded until reaching passage 5 (Fig. 5-A).  Throughout the assay, cells were 
photographed and RNA was extracted at different times followed by gene expression analyses. 
Microphotographies showed faster proliferation of cells on lyophilized plates compared to plastic 
ones (Fig. 5-B). Dedifferentiation of chondrocytes is characterized by an increase of fibroblast 
markers such as COL1 and a sharp decrease of COL2A1 and ACAN. In order to detect the stability 
of chondrocytes phenotype, we performed real time RT-PCR for cartilage related genes.  

Very interestingly, cells cultured exclusively on lyophilized CSM present a significant higher 
expression of ACAN, ELN, COL2 and SOX9 while that of COL1 and COLX is still limited (Fig. 
5-C). After passage 5, the effects are more evident. We calculated the chondrogenic ratio 
(COL2/COL1) after the different passages. The culture of chondrocytes on lyophilized CSM 
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clearly improved this ratio and this value is increased throughout the passages. 
Immunocytochemistry of COL2A1 was performed on P0 cells and P5 cells. The positive staining 
of COL2A1 increased to show a great staining after passage 5 compared to plastic wells (Fig. 5-
D), correlating with the above real time RT-PCR results for COL2A1 expression. 
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Fig. 5: Expansion on lyophilized CSM preserve human chondrocyte’s phenotype. (A): Freshly 
isolated human articular chondrocytes were culture and passaged on either plastic or lyophilized plates 
until passage 5. (B): Microphotographs showing chondrocytes at different passages cultured on plastic 
vs lyophilized plates. (C): At passages 0 ,1 ,3 and 5, RNA was extracted and used for real time RT-PCR 
analysis of cartilage gene markers (n=3, *p˂0.05, **P˂0.01, ***p˂0.005). (D): Immunohistochemistry 
of COL2A1, comparison between passage 0 and 5 of plastic vs lyophilized plates. Scale bar: 200μm. 

 

Lyophilized CSM reverse the dedifferentiation of chondrocytes 

In order to further explore the potential benefits of culturing cells on lyophilized CSM, we 
investigated the reversibility of dedifferentiation. For this purpose, we cultured human articular 
chondrocytes on plastic plates until passage 3 (Fig. 6-A). After that, they were trypsinized, divided 
into 2 fractions seeded either on plastic or lyophilized CSM and cultured for 1 or 2 weeks before 
gene expression analysis. The expression of cartilage related genes is significantly increased when 
cells were maintained on lyophilized CSM, especially after 2 weeks. Again, COL1 and COLX 
expression is counteracted in such substrate (Fig. 6-B). This suggest that the dedifferentiation that 
occurs upon subculture by passages can be reversed after 1 passage on lyophilized CSM coated 
plates. 
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Fig. 6: Lyophilized CSM reverse the dedifferentiation of chondrocytes. (A): Human articular 
chondrocytes were subcultured on plastic plates until passage 3. Thereafter, they were separated into 2 
fractions: one seeded again on plastic and another switched to lyophilized matrix. (B): After 1 and 2 
weeks in culture, RNA was extracted and used for real time RT-PCR analysis of cartilage gene markers. 
Cartilage gene markers expressed by chondrocytes seeded on lyophilized rabbit matrix compared to 
plastic plates. 

 

Lyophilized CSM coated plates increased proliferation of articular chondrocytes 

Previous experiments suggested a positive effect on cell proliferation induced by lyophilized 
coated CSM. In order to obtain quantified data and to investigate how the coated substrate could 
influence cell behavior durably, we conducted a parallel experiment on both plastic and lyophilized 
CSM coated plates, as illustrated in (Fig. 7-A). Briefly, human articular chondrocytes were 
subcultured on both plates until passage 3, after they were harvested and divided for seeding on 
either plastic or lyophilized CSM coated plates. Cells were seeded equally after each passage. 
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Several days after, WST-1 metabolic tests were performed to monitor cell growth and viability. 
Cells were microphotographed after 5, 6 and 8 days of culture in both culture conditons. As 
expected, when compared to plastic plates, the cellular growth is clearly enhanced when 
chondrocytes are maintained on lyophilized CSM coated plates (PP Vs LL, Fig. 7-B-a). Cell 
growth was higher when the cells were subcultured on plastic until passage 3 then seeded on CSM 
coated plates (PL Vs PP, Fig. 7-B-b). Finally, when the cells were initially cultured on CSM coated 
plates for 3 passages before seeding on plastic, we recorded also a higher growth (LP Vs PP, Fig. 
7-B-c). All together, these data suggest that lyophilized CSM coated plates enhance chondrocytes 
growth and proliferation, more interestingly, these signals are likely persistent even after seeding 
on plastic.  

Microphotography’s taken at day 8 corroborate with the viability assay. Indeed, in addition to 
differences in cell morphology, clear variations are visible in cell densities depending on the 
condition tested and the same hierarchical order of viability assessment is reported, i.e.  where LL 
cells (most viable) than PL>LP>PP, respectively (Fig. 7-C). 
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Fig. 7: Lyophilized CSM increases chondrocyte proliferation. (A): Human articular chondrocytes 
were cultured on plastic and lyophilized CSM plates from passage 0 until passage 3, then different 
seeding methods were performed. Cells initially seeded on plastic were kept on plastic (PP), Cells 
initially seeded on lyophilized CSM plates then switched to plastic plates (LP) and vice versa. Cells 
initially seeded on plastic were switched to lyophilized CSM plates after passage 3 (PL) and cells seeded 
all time on lyophilized CSM plates (LL). (B): Cell proliferation status of different samples was examined 
by WST1 assay *p˂0.05, **P˂0.01 (C):  Macroscopic images showing chondrocytes seeded on different 
plates after 8 days of culture.  
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Discussion  

ECM is highly specific and a complex dynamic structure providing support and bioactive signals 
to cells and their microenvironment. Many strategies are being explored to produces ECM mimics 
for different tissue engineering applications. In order to achieve a closely related ECM of native 
tissue, multiple cell types should collaborate to attribute and recapitulate tissue activity and 
functions. Cell-secreted matrices (CSM) represent a promising approach to fulfill and produce a 
biomimetic remodeled biocompatible ECM that could be used to study interaction between cells 
and matrix (H. W. Cheng et al., 2020). CSM have been recently evolved and appeared to be 
promising substrates to MSC expansion and proliferation.  

In our study, we have used rabbit auricular perichondrocytes (AuP) to produce CSM. These cells 
were cultured post-confluence and under chondrogenic conditions. CSM were then decellularized, 
lyophilized and analyzed for their protein content. These presented good amount of proteins such 
as elastin, collagen and glycosaminoglycans. Although, we lost some proteins during SDS 
washing, however, a sufficient amount of proteins remained after decellularization and 
lyophilization.  

In order to investigate the detailed ECM composition of lyophilized CSM, proteomic analyses 
were carried out. Although large amount of extracellular proteins was present, some intracellular 
proteins remained in these matrices. Our substrate was a complex between ECM secreted proteins 
and a mixture of cellular components attached to the ECM. This was surprising since SDS 
effectively removes host cells and DNA content. However, this could be explained by the 
possibility of SDS to create cross-links between ECM and cellular proteins, thus trapping some of 
these proteins in ECM. This could be explained by the sticky histones that remained despite the 
cell removal. Despite some traces of histones, our decellularization protocol was accepted 
according to decellularization criteria where DNA fragments were less than 200 bp. This protocol 
may be enhanced when adding acidic or high-salt conditions to be more suitable for histone 
cleaning. 

Alternatively, high amount of ECM proteins was present and important proteins for cartilage 
metabolism was also found, but with low quantity. This shows that it is not necessary to have a 
huge amount of cartilage proteins in the matrix to be effective and exert its chondrogenic 
differentiation.  

Moreover, we have also noticed the remaining of some cytoskeleton proteins, such as actin and 
tubulin after decellularization and lyophilization. Focal adhesions are dynamic protein complexes 
that anchor different proteins to ECM through their cytoskeleton in order to inform cells about 
ECM conditions (Burridge, 2017). Our results suggest that the presence of these cytoskeleton 
proteins was due to their interactions with some adhesion proteins that persisted despite SDS 
washing. This can affect ECM integrity in a way or more, since these proteins could still gain their 
activity and influence other proteins that can in turn impact ECM integrity and stiffness. For that, 
employment of a multi-step decellularization process involving both chemical enzymatic 
treatments combined to mechanical approaches is critical for better removal of these persisted 
proteins.  
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When have compared protein content in 6 protein samples (lyophilized CSM). These plates were 
produced and prepared the same way, but not the same time. Despite the low reproducibility of 
results, biological effect of these CSM was constant. The low reproducibility may be due to dealing 
with living cells that possess different variability. It also could be due to our heterogeneous cell 
population, composed of different cells that acts differently to culture conditions.  

ECM guides cell fate through a complex of signals and cues that constitute cell microenvironment. 
CSM may retain tissue specific signals and cytokines that drive specific cellular pathways and 
functions. MSC cultured on these coatings exhibited high proliferation and integrity, by 
maintaining their phenotype and enhancing their differentiation potential. These CSM have 
favored increased colony forming units of MSC and enhanced osteogenic differentiation in vitro 
and in vivo in mice models (Larochette et al., 2020). Subsequently, these decellularized CSM have 
been potentially used to coat other surfaces where they were able to be transferred from one plate 
to another to coat new cell culture surfaces, while maintaining their osteogenic potential (Decaris 
et al., 2012). On the other hand, different matrices were modeled by MSC that inhibited matrix 
proteases, that in turn directed MSC to induce a microenvironment conductive to chondrogenesis 
(Han et al., 2016; Ozguldez et al., 2018). Also, CSM have succeeded to import biological 
properties of native tissue when transferred to different scaffold surfaces to generate bone repair 
(Kim et al., 2015).  

Our study presented encouraging approach for auricular progenitor cells, where chondrogenic 
profile was significantly enhanced compared to plastic plates. Our CSM stimulated a more 
significant elastic cartilage profile. This would be also interesting to test other progenitors and 
stem cells that could remodel CSM into different lineages.  

For successful cartilage tissue engineering, sufficient amount of chondrocytes is required for 
engineering human auricle. However, this is faced with a problem since chondrocytes 
dedifferentiate upon their expansion. Many techniques have been used in the recent years to limit 
this dedifferentiation. Dedifferentiated chondrocytes were restored when encapsulated in 3D 
chondrogenic system (Caron et al., 2012). According to previous studies, different pathways are 
involved in redifferentiation of chondrocytes. Ozturk et al., have shown that hypoxia inhibited 
Wnt/β-catenin, that in turn enhances the expression of chondrogenic proteins and markers in 3D 
culture systems (Öztürk et al., 2017). Inhibition of MEK-ERK1/2 pathway activity also prevented 
articular chondrocyte dedifferentiation and thus fibrocartilage formation (Duval et al., 2016; X. 
Wang et al., 2018).  

In addition, many studies have shown that TGF-β may control and modulate phenotype of 
chondrocytes. For instance, Jahr et al., confirmed that 2.5% physoxia was optimal for key 
chondrogenic markers expression and an important regulator for TFGβ-2 that increased ECM 
synthesis in chondrocytes (Jahr et al., 2019). Moreover, TGFβ-2 suppresses collagenase that 
mediates degradation of collagen II in human chondrocytes, thus preserving chondrocyte 
phenotype in in vitro expansion (Khaghani et al., 2018; Tan Timur et al., 2019). Even when 
different growth factors were combined in a cocktail mix, nasal septal chondrocytes were shown 
to exhibits a significantly high proliferative capacity when expanded, this growth factor cocktail 
reduced nasal chondrocytes of tumorigenic effects up to passage 6 (Al-Masawa et al., 2020).  
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Co-culture systems, on the other hand were also shown to limit dedifferentiation of chondrocytes. 
Autologous microtic chondrocytes when combined to MSC, showed a strong chondro inductive 
ability to promote stable chondrogenesis of BMMSC that were seeded in ear scaffold and 
subcutaneously implanted for 12 weeks (Zhang et al., 2014). In addition, co-culture of ATDC5 
and genetically modified chondrocytes stimulated TGFβ-3 that in turn promoted robust expression 
of cartilaginous ECM, inducing chondrogenesis (Yao et al., 2020). This co-culture system provides 
potential strategy for the repair and redifferentiation of chondrocytes that regeneration of cartilage 
where human umbilical cord wharton’s jelly-derived MSCs were co-cultured with primary 
chondrocytes (Y. Zhang et al., 2020).  

All the above methods reduced chondrocyte dedifferentiation, but each method has its own 
limitation. Due to the multipotency of MSC, it was risky to predict the fate of these cells during 
co- culture techniques. Growth factor used for chondrocyte culture were sometime fetal to cells 
and presented many side effects (Speichert et al., 2019). Besides, chondrocytes when seed on non-
tissue culture treated surface, was time consuming (Mao et al., 2018). By using our CSM coated 
plates, we expanded articular chondrocytes on these plates and demonstrated that these latter 
formed mature stable cartilage with rich expression of cartilage markers and low hypertrophy and 
dedifferentiation markers (COL1). Chondrogenic markers such as SOX9, ACAN, COL2A1 and 
ELN were promoted when chondrocytes were seeded on CSM compared to plastic plates. These 
cell exhibited an elongated shape, with highly significant COL2A1 expresssion after passage 5. 
This indicates that rabbit CSM protected chondrocyte profile and enhanced their chondrogenic 
profile.  

Another important point is that chondrocytes initially seeded on plastic culture plates for several 
passages retained their chondrogenic profile when switched to lyophilized ECM plates for one 
week or two. Our current results revealed that 1 week was enough for retaining chondrocytes 
profiles and limiting dedifferentiation. This suggested that chondrocytes rapidly regained their 
profile, in contrast to 3D alginate models where redifferentiation was time consuming and took 3 
to 6 weeks to effectively restore auricular chondrocytes function and profile (He et al., 2020).  

We have tested different seeding methods of articular chondrocytes where some were initially 
seeded on plastic then switched to lyophilized CSM coated plates, and other seeded on lyophilized 
CSM coated plates and then transferred to plastic plates. Interestingly, we found that cells seeded 
on lyophilized CSM coated plates showed the highest cellular viability compared to cell seeded on 
plastic plates. This is correlated with a recent study where chondrocytes seeded on chondrocyte-
derived matrices presented a high viability compared to chondrocytes seeded on plastic plates 
(Mao et al., 2019). Subsequently, when articular chondrocytes were initially seeded on plastic 
plates then shifted to lyophilized CSM coated plates, viability of these cells also increased 
compared to chondrocytes seeded on only plastic plates. Surprisingly, when analyzing 
chondrocytes seeded on lyophilized CSM coated plates and then switched to plastic plates, these 
cells revealed high proliferation rates compared to chondrocytes on plastic plates, suggesting that 
these cells recalled the effects of lyophilized CSM coated plates and exhibited a memory that was 
later on used to drive proliferation that was highly significant to plastic seeded cells.  
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Conclusion 

We have created a simple and affordable cell culture tool, that enhances chondrogenesis and 
increases cellular proliferation of different cell sources. Preparation of these plates should be 
optimized and automated for better reproducibility of results. This model is also used to culture 
and expand chondrocytes in vitro using a short time, limiting their dedifferentiation. These coated 
CSM plates are efficient to maintain phenotypes, safe cell profile quality with improved safety to 
overcome challenges in cell therapy strategies and cartilage repair.  
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Ⅳ-Discussion 
 

 

Due to the poor vascularity of cartilage tissue, cartilage defects heal poorly and lead to many 

degenerative cartilage diseases. Numerous clinical strategies have been employed to repair 

cartilaginous defects to achieve a tissue similar to the native one. However, these surgical 

processes remained challenging. For the reason of limited availability of autologous cartilage 

donor tissues and their main association with donor site morbidity, and in order to better regenerate 

cartilaginous defects, a great importance has been attributed in the recent years to cartilage tissue 

engineering.  

The utmost important feature is creating an inert scaffold material, highly porous with 

interconnected pores to allow nutrient and waste transport. It should also be biodegradable and 

most of all shapeable and adaptable to the defect. Furthermore, the biomaterial chosen should 

speed up cell infiltration and attachment to achieve cell migration and proliferation (Wasyłeczko 

et al., 2020). 

In addition, to a well-designed scaffold material, cellular sources play a pivotal role in the quality 

of regenerated tissue engineered constructs. The goal is to select a cell source that could be easily 

isolated, expanded and able to express cartilage-markers. These sources range from chondrocytes, 

stem cells to different progenitors.  

Chondrocytes are the only cells presented in cartilage tissue. Although these cells have been mostly 

used in cartilage reconstruction processes, where autologous chondrocytes were the best to 

regenerate patient own tissue. However, upon expanding of these cells, their tendency of 

expressing collagen II decrease and an expression of collagen I increase in parallel, causing these 

cells to become ineffective to produce stable cartilage tissue (Yang et al., 2018).  

MSC have a higher stable proliferation rate than chondrocytes, and several studies have reported 

the potential of these cells to repair cartilaginous defect (Buzaboon and Alshammary, 2020; Rorick 

et al., 2020). Cell selection for cartilage-tissue generation remains one of the remarkable 

challenges in tissue engineering strategies.  
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As a first step in our work, we aimed to choose the best cell candidate to better express cartilage 

genes when encapsulated in 3D alginate beads. It is mostly known that bone marrow-derived 

mesenchymal stem cells (BMMSC) encapsulated in 3D alginate beads and in low hypoxic 

conditions express high cartilage markers (Duval et al., 2012, 2016 ; Peck et al., 2019; Schmidt et 

al., 2020). Alginate hydrogels were chosen due to their high potential to support cellular 

proliferation, ability to retain larger amount of fluids and water. They are also characterized by 

high biocompatibility and biodegradability (Ansari et al., 2017; Gentile et al., 2017). Being a 

powerful hydrogel, alginate have proved to induce the formation of cartilage-like tissue in vivo in 

many reports (Jin and Kim, 2018; Khatab et al., 2020). To prepare such hydrogels, it is enough to 

crosslink them with calcium for 10 min and they will be ready to use.  

By referring to the head region, we were very interested to see if progenitors from different 

embryological origin, possess similar chondrogenic potential when encapsulated within hydrogels 

under different oxygen levels in culture.  

Auricular progenitor cells (AuP), nasal progenitor cells (NsP) and dental pulp stem cells (DPSC), 

were compared to the gold standard BMMSC upon their encapsulation with 3D alginate beads. 

First, these cell sources were tested for their trilineage formation. Chondrogenic potential of cells 

were differently presented by each cell source. It is important to mention that no studies have 

investigated yet, the effect of hypoxia of AuP. So we encapsulated these cells in alginate 3D model 

in presence and absence of oxygen tension and showed that hypoxia was not beneficial and didn’t 

effect chondrogenic potential of AuP. Normoxic conditions, on the other hand enhanced cartilage 

forming capacity of perichondrocytes with an increase with cartilage markers.  

Our results were complementary to the results of Otto et al., that compared the chondrogenic 

ability of equine AuP to BMMSC when encapsulated in gelatin-based 3D hydrogels (Otto et al., 

2018). Similarly, to the above results, AuP in normoxia outperformed BMMSC where ELN 

increased, cartilage markers increased and hypertrophy presented by COLX decreased. 3% 

hypoxia was unbeneficial since cartilage expression genes weren’t enhanced by low oxygen levels, 

indicating that BMMSC remains the gold standard to produce cartilage in hypoxic medium.  Thus, 

AuP were chosen as the best cell source for our second series of experiments. The second step was 

to choose the best scaffold for cartilage tissue engineering, by investigating multiple biomaterials. 
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Diverse synthetic scaffolds have been shown to produce various shapes and sizes that provided 

good mechanical and chemical properties of scaffold to improve quality of engineered cartilage. 

However, most of these polymers degrade upon implantation, and can be metabolized in the body, 

resulting in toxic side-effects. In addition, these synthetic scaffolds lack biological properties and 

may elicit immune responses (Liu et al., 2016). 

Despite their limited reproducibility, natural scaffolds present a superior biological response and 

better biocompatibility compared to synthetic scaffolds. In spite of these advantages, both natural 

and synthetic scaffolds lack characterization and detailed processing of tissue micro organization 

and structure (Perez-Puyana et al., 2020). 

Due to their natural microenvironment and their preservation of tissue cues and proteins, natural 

ECM derived scaffolds, have become popular in recent years. Removal of cells from native tissue 

offer many advantages with respect to artificial scaffolds. This includes improved 

biocompatibility, enhanced ability for cellular repopulation and this increased biomechanical 

strength. The use of recellularized tissue appears to be attractive. The goal of any decellularization 

protocol is to efficiently remove all cellular and nuclear material, thereby minimizing adverse 

effects on composition and mechanical integrity. Utomo et al., gave an example of auricular 

cartilage full decellularized using SDS (Utomo et al., 2015).  

In this study, we proposed auricular cartilage from xenogeneic origin to develop a suitable matrix 

for auricular cartilage tissue engineering. Porcine auricular cartilage was chosen due to similar 

physiology to the human being. This porcine xenogeneic cartilage was successfully decellularized 

using a protocol set in our laboratory. This protocol consists of a mix of physical, chemical and 

enzymatic treatments that highly removed porcine cells resulting in a decellularized auricular 

scaffold that retains much of the tissue bioactivity, while removing the maximum amount of 

nuclear material, ready for further repopulation.  

To reseed scaffolds, tissue-engineered approaches consist in several treatments, such as pulsatile 

perfusion, static culture injection, centrifugational force and sonication. However, seeding wasn’t 

homogenous in all cases, and they only formed a monolayer over scaffold surface (Luo et al., 

2016). The use of collagen in recellularization significantly improved penetration of cells 

(Martinello et al., 2014). Yet, resulted in non-homogeneous overall distribution. Facilitating cell-

cell interconnections and preserving cell-ECM junctions are necessary to maintain cell adhesion 
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and proliferation, that is assured by cell sheet technology. It can also limit scaffold degradation 

and their toxic metabolites (Chen et al., 2019). Current research has introduced cell sheet as a tool 

for cartilage engineering. It was used to replace biodegradable scaffold. In our work, we 

investigated the use of these cell sheet to recellularize our decellularized auricular porcine 

cartilage, as well as evaluating the ability of these cell sheets to regenerate cartilaginous defect in 

allogenic models.  

Uniform seeding of cartilage is a still a challenge due to the dense auricular elastic cartilage tissue. 

Many studies have incubated elastic scaffolds in elastase to deplete elastic fibers in order to better 

recellularize scaffold (homogenously with cells). Others, introduced channels to simplify the 

recellularization of full-thickness porcine cartilage discs. These channels acted as conduits that 

helped penetrating cells and nutrients, supporting cell viability and proliferation. However, the 

degree of recellularization of through cartilage tissue was limited, channels weren’t enough to 

allow complete recellularization (Lehmann et al., 2019; Luo et al., 2015).  In our case we didn’t 

even bother to remove elastic fiber for better repopulation of cells. Instead, we were able to 

overcome this challenge by adopting a methodology that first included preparation of cell sheets 

from rabbit cells and culturing them in vitro for 2 weeks in chondrogenic medium.  

We have used a mechanical system to synthesize cell sheets from different progenitors and 

different species. All cells produced successfully cell sheets, and by referring to our results 

regarding the best cell source for auricular regeneration, it was obviously to choose AuP that had 

a great and rapid tendency to form cell sheets. Rabbit AuP were chosen to recellularize porcine 

cartilage, due to the high availability of these cells and in order to develop a xenogeneic construct 

system in vitro. And more specifically, these rabbit origin cell sheets were intended to fill defect 

in an allogenic rabbit model to highly regenerate auricular cartilaginous defects in vivo.  

Current studies have used sandwich models that were applicable on acellular cartilage tissue. 

Models was presented by culturing chondrocytes layer by layer to form an engineered cartilage 

tissue after several weeks in vitro and in vivo (Chen et al., 2015; Chiu et al., 2019; Gong et al., 

2011). In our work, we have used the method of sandwich model, however, this time rabbit cell 

sheets were folded in a sandwich model without any addition of cells in order to homogenously 

recellularize cartilage. Cartilage was homogenously recellularized when cell sheets were wrapped 
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all over the cartilage for 2 weeks, cells deeply penetrated porcine cartilage that reconstructed a 

cartilaginous tissue in vitro.   

In a rabbit model, auricular cartilaginous defects were produced and this time cell sheets were used 

as cell carriers to deliver cells to the defect area. Cell sheets were created in vitro in presence of 

chondrogenic medium. After 3 weeks of culture, cells proliferated and expressed cartilaginous 

markers. Their morphology and composition were compared to native auricular tissue that showed 

high similarity in composition compared to native auricular cartilage. At this stage, they were 

harvested and were ready to be implanted in vivo.  After 2 months of implantation, defects were 

regenerated. This is shown by histological analysis and IHC analyses that marked the expression 

of ELN and COL2A1. In order to better analyze quality of regenerated cartilage we characterized 

cell sheet just before implantation and cell sheet after implantation. It wasn’t really precise since 

after 2 months of implantation, cell sheets were fully integrated with tissue. However, we tried to 

harvest the minimum possible amount of the area where cell sheet was implanted. Implants were 

compared to cell sheet prepared in vitro and showed a great expression of ELN, ACAN, SOX9 

and most of all COL2A1. Collagen II is highly expressed in cartilage tissue giving it strength and 

some elasticity in addition to elastin. This protein is a triple helix, consisting of 2 two identical 

chains of alpha-1 and one single chain of alpha-2. In all our experiment, we analyzed and marked 

COL2A1 gene, showing that collagen II produced in our experiments was mature and stable.  

It would have been more interesting to prepare cell sheet produced by GFP-transfected cells and 

to implant them in vivo so that we can track cells after implantation and see if they accumulated in 

the defect site or they interacted with the surrounding tissue. Despite this, when analyzing IHC 

results, we could conclude that these cells circulated the defect and regenerated the defect in 

continuity with the surrounding tissue, in contrast to the unfilled defect that showed clear 

interruption of cartilage in both IHC and Safranin O results. The interest of this comparison was 

to assist that when we introduced cell sheets, cells were viable and proliferated and regenerated 

the defect. Thus, cell sheet technology acted as a tool to regenerate defects of rabbits. We have 

discussed before, the use of decellularized porcine cartilage as a scaffold for cartilage tissue 

engineering. Although this scaffold was fully regenerated using cell sheets, however, the use of 

such scaffold may cause many ethical problems later in human clinical trials. Since many studies 

have demonstrated the ability of plant tissues that have been decellularized, to leave behind a 
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cellulosic functional scaffold that in turn can be support for in vitro 3D culture as well as a 

biocompatible in vivo implantable scaffold. Then, in another goal of this work, we aimed to explore 

other scaffolds for cartilage engineering and turned towards recently described vegetal cellulosic 

tissues, namely apple’s hypanthium. The cellular part was removed by using the anionic surfactant 

Sodium dodecyl sulfate (SDS). It is one of the widely used ionic product to eliminate cellular 

remnants. Many studies have indicated that traces of SDS detergent can remain attached to the 

tissue even after well rinsing using water, SDS can cause undesirable effects on the 

recellularization of the entire tissue (Cebotari et al., 2010; Syed et al., 2014). Thus, according to 

many researchers, it was necessary to remove remaining traces of SDS that induce a cytotoxic 

activity on cells, prior to recellularization of the biomaterial (Alizadeh et al., 2019). Hickey et al., 

in their studies, performed a salt treatment, to remove any SDS molecules, suggesting that SDS 

may form micelles within the apple tissue that can limit its recellularization potential, thus salt 

treatment aims to untighten these micelles, liberating them with water (Hickey et al., 2018). In 

contrast, in our study we didn’t add any type of treatment. We were limited to extensive washing 

steps of distilled water that were changed every 2 hrs and kept over 24 hrs with agitation. Water 

was then changed into PBS and kept overnight. This is correlated by several studies that uses 

distilled water and PBS (Cebotari et al., 2010; Lin et al., 2019; Zvarova et al., 2016). This was 

sufficient to remove cytotoxicity from tissue. 

Plants are characterized by higher availability compared to animal tissues. We have already proved 

that our four cell sources have the capacity to differentiate into cartilage when encapsulated in 

hydrogels, so it was interesting to evaluate viability and chondrogenic potential of the same cells 

in apple scaffolds. Viability assays revealed that cells proliferated in apple hypanthium tissue 

remained viable in scaffolds up to 3 weeks. This is correlated with other studies that showed that 

cells were able to proliferate and kept viable up to 12 weeks of culture (Modulevsky et al., 2014). 

Another idea to point out is that when these tissue were fixed, section of OCT were cut horizontally 

and vertically till reaching nearly all the block. These slides were stained and analyzed. This shows, 

according to our results, cells didn’t accumulate of the surface of the scaffold, however, 

proliferated and colonized deeply this scaffold. The produced scaffold was able not only to support 

cell adhesion and proliferation, but also sustain and correct cellular function. For instance, white 

rubber like substance was observed on apple scaffolds, this was also explained by gene expression 

that demonstrated by ECM matrix deposition and gene expression of elastin and cartilaginous 
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markers, indicating that apple scaffolds possess great potential to regenerate different tissue. Our 

results were consistent with those described in literature where apple and other vegetal scaffolds 

such as carrot, onions, celery successfully generated adipose, and bone tissue (Y.-W. Cheng et al., 

2020; J. Lee et al., 2019; Negrini et al., 2020). However, our work was the first to show that apple 

scaffolds promoted cartilage tissue regeneration.  

Many studies have reported the great potential of alginate hydrogels in cartilage healing, regulation 

of cell phenotype and enhancement of the chondrogenic potential of cells. This hydrogel is 

extensively used in cartilage tissue engineering due to its high viscosity and printable material, 

low cytotoxicity and biocompatibility in vivo. Different studies have used alginate for cartilage 3D 

printing (Markstedt et al., 2015; Möller et al., 2017; Ouyang et al., 2017) .  

 In an another study, alginate was combined with COL1  and agarose to enhance biological 

functionality of generated cartilage tissue (Yang et al., 2018). Furthermore, when MSC were 

encapsulated within alginate beads, they secreted specific paracrine factors that endogenously 

regenerated cartilage in vitro (Sahu et al., 2021). On the other side, alginate hydrogels possess 

some limitation by their weak mechanical property and poor structure stability. In our hands, 

however, apple scaffolds showed a higher tendency and outperformed alginate potential to direct 

chondrogenic differentiation into cartilage tissue. This highlights the beneficial of apple scaffold 

potential to promote proliferation and chondrogenic differentiation and suggest its use for cartilage 

or other tissues engineering, regarding its ease of use and wide availability.  

 

In a final, step, we induced a novel approach where cells are cultured to form cell sheets, then 

decellularized to remove cells, leaving behind potent cell-secreted matrix (CSM). 

Current research has been able to prepare decellularized CSM from different cells, mainly from 

MSC, chondrocytes and intestine sub mucosa (Decaris et al., 2012; Taghavi et al., 2020; Z. Wang 

et al., 2018). In our study, we kept the rabbit AuP cell model where rabbit AuP were cultured in 

chondrogenic conditions to produce CSM. Indeed, we showed that rabbit ear perichondrocytes 

could provide large amounts of extracellular matrix for cartilage tissue engineering. The 

subsequent freeze-drying allowed the plates to be preserved for a longer time (several months) and 

especially at room temperature.  
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This appears as an innovative approach since our data demonstrated that lyophilized CSM 

exhibited a great ability to enhance chondrogenic differentiation where a significant increase in 

gene expression was observed compared to cells seeded on plastic plates. As expected, after 

decellularization and lyophilization of the CSM, the protein amount is decreased due to the cell 

removal. However, ECM proteins are concerned by this decrease, since total collagens, GAG and 

elastin are also diminished. Although these latter may be intracellular proteins, we should consider 

that the detergent treatment affect also the ECM network as well. Mass spectroscopy analysis of 

the remaining protein by proteomics showed that apart of ECM proteins, several intracellular ones 

are still attached to the lyophilized substrate. Among them, a large part is involved in cytoskeleton 

or cell adhesion. This is not surprising since this protein network is normally linked to ECM 

through focal adhesions and may certainly remain attached throughout the preparation of 

lyophilized plates. SDS treatment for decellularization could also create bonds to stabilize some 

protein-protein interaction, what could explain the persistence of several other intracellular 

proteins, like histones for example. Despite the presence of intracellular proteins, lyophilized CSM 

were highly considered for their biological effects and we used them to investigate some potential 

applications.  

Chondrocytes dedifferentiation remains an ongoing challenge in cartilage tissue reconstruction. 

They adapt their phenotype according to the type of collagen they produce. This is explained that 

upon in vitro expansion of chondrocytes on monolayer surfaces, COL2A1, ACAN and SOX9 

genes which constitute the master genes for cartilage tissue, are downregulated, whereas COL1 is 

highly upregulated in these cells. Even structural differences are noticed when observing these 

cells microscopically, where primary chondrocytes exhibit a round shape that shifts towards a 

more flattered shape, spindle shaped cells.  

Many efforts have been made in order to decrease this phenomenon, such as encapsulating 

chondrocytes in 3D hydrogels with hypoxia conditions, involving different growth factors in 

cartilage repair, co-culturing techniques that combined different progenitors with chondrocytes in 

specific ratios. However, many limitations were associated with each technique. For instance, 

chondrocytes damage and aging have been linked to the use of many growth factors, and co-

culturing techniques have resulted in time-consuming processes and donor-site morbidity. Our 

method of lyophilized CSM provides a tool to support chondrocyte expansion in vitro, where 
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chondrocytes retained their profile after passage 5 and significantly increased master cartilage 

genes, with a significant low expression of hypertrophic gene markers COLX and dedifferentiation 

marker COL1. Our results surpassed those of Mao et al., where they used CSM that limited 

dedifferentiation of these cells and decreased COL1. Although their CSM promoted 

dedifferentiation, however, they did not focus on the increase and upregulation of cartilage markers 

such as ACAN, COL2A1 that were significantly upregulated in our study (Mao et al., 2019). In 

addition, upon analyzing the gene expression of chondrocytes after the passage 5 on lyophilized 

CSM coated plates compared to plastic plates, we could clearly suggest that not only articular 

chondrocytes limited their dedifferentiation and increased cartilage markers expression, but also 

most importantly, these lyophilized CSM coated plates helped and induced the secretion of elastin 

markers in these cells. Thus, providing critical importance of using these articular chondrocytes in 

promoting elastin cartilage engineering.  

Consequently, chondrocytes seeded on lyophilized CSM-coated plates showed better proliferation 

and viability when compared to those seeded on plastic plates. We have also tested cells initially 

seeded on lyophilized CSM coated plates for 3 passages and then switched to plastic plates, that 

showed a significant increase in viability, indicating that these cells have created a memory of the 

coated CSM and maintained its profile even when seeded after on plastic plates. This also shed 

light on the rapid restoration of chondrocyte’s phenotype, since coated matrix accelerated and 

rapidly restored chondrocyte profile. 

Our findings on lyophilized substrates were obtained by using auricular perichondrocytes as ECM 

producing cells regarding several observations throughout our study: their proliferation rate (to 

obtain enough cells rapidly), their chondrogenic potential and the fact that they don’t need hypoxia 

to differentiate. It would be very interesting to investigate other cell types, as they probably secrete 

and leave different supramolecular complexes behind and therefore others sets of signals. For 

example, it would be of interest to explore different differentiation pathways using the same plate 

preparation (ex: lyophilized CSM produced by osteoblast or myoblast respectively for driving 

osteogenesis or myogenesis of progenitors). Cellular morphology on lyophilized CSM-coated 

plates is also a critical concept to fully investigate in the future. 

All in all, we provide a new approach of using CSM coating for several cell culture assays, 

including differentiation, proliferation. Such prepared plates can also be advantageously used for 
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cell expansion with phenotype preservation and opens a route for multiple screening tests with 

current plastic devices. 
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1-Conclusion 

 

AuP turned out to be the best cell sources to regenerate auricular elastic cartilage. Being cultured 

in normal oxygen levels, these cells outperformed other progenitors in expression of different 

cartilaginous markers. On the contrary, these cells weren’t affected by the low oxygen levels, that 

had no effect on cartilage markers, indicating that hypoxia is ineffective and unbeneficial for AuP. 

As predicted, BMMSC presented the best chondrogenic profile in low hypoxic medium.  

It is noteworthy to mention that we were the first to prepare cell sheets from auricular progenitor 

cells. These cells have presented a good potential in repopulating xenogeneic cartilage, where they 

proliferated and deeply penetrated the scaffold, while regenerating auricular cartilage in vitro, and 

in vivo by reconstructing and regenerating cartilaginous defects for the first time in allogenic rabbit 

models. After implantation, their analyses showed a great elastic cartilage profile that highly 

resembled the native tissue.   

To deepen our knowledge and to explore scaffolds for auricular cartilage tissue engineering, we 

proceeded to investigate more decellualrized natural scaffolds and were interested more in 

cellulosic scaffolds that hold great promise for regenerative medicine. We successfully 

decellularized apple tissue and confirmed their suitability to retain different progenitors and stem 

cells. Most importantly, apple scaffold significantly promoted cartilage markers expression and 

cartilage tissue generation and surpassed chondrogenic potential of the gold standard alginate 

hydrogels. These results highly suggest the importance of apples as alternative biostable scaffolds 

for cartilage tissue engineering and regenerative medicine.  

Finally, and as a research and development (R&D) approach, we have created a strategy that uses 

CSM lyophilized on plastic plates as a support for several cell culture assays. The use of these 

naturally CSM coated plates allow xenogeneic chondrogenesis of human progenitor cells. This 

also promotes the growth, phenotype maintenance of chondrocytes upon expansion and enhances 

viability when compared to cells seeded on plastic culture plates.  
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2-Perspectives 
 

In order to deepen the results obtained during the thesis, different perspectives are possible. 

In view of the results produced during this thesis, it would be interesting to complete this study by 

investigating clinical trials using autologous AuP for cartilage defects repair. Cell sheets are also 

very promising tools for cell therapy and tissue engineering. We have already investigated and 

showed the ability of cell sheets to form cartilage tissue in vivo. Our results need to be extended to 

larger tissue defect repair in vivo in order to envisage a further clinical trials. In parallel, some 

preliminary results were obtained where cell sheets highly expressed osteogenic markers when 

cultured in osteogenic medium. It seems critical to configure a chondrogenic cell sheet together 

with an osteogenic cell sheet to construct and form an osteochondral junction. Characterization of 

this junction would be very useful to define the requirements needed for regeneration of an 

osteochondral defect to be investigated also in animal models. It may also bring insights in tissue-

tissue junction construction in general.  

Regarding apple scaffolds, it is interesting to test their chondrogenic potential in vivo by creating 

cartilage-defects animal models. Also testing different cells to produce other tissue such as bone 

or muscle tissues from apple scaffolds are also appealing.  

It seems also important to investigate the mechanical properties of our scaffolds (cells sheets, apple 

hypanthium) by measuring their stiffness and their degree of elasticity and flexibility using 

Young’s modulus equation and to see to which level these scaffolds can withstand stress. This will 

make our work ready and applicable for clinical trials. 

Concerning our last series of experiments with CSM-coated plates, several perspectives can be 

envisaged. First of all, homogenous cell population should be chosen in order to limit cellular 

variability and thus increase reproducibility. A critical evaluation of decellularization strategies 

such as the choice of agents that best remove DNA material is required to rinse well and remove 

traces of histone and intracellular proteins that are trapped using SDS.  

Indeed, different cell sources could be investigated for preparing various tissues. Moreover, these 

plates could be used as supports for the manufacture of personalized cellular patches, thus 
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preparation of such plates should be highly automated for their use in industrial in vitro 

applications. This would also provide cell culture carriers that aid in large preparation of cells, 

under appropriate environment conditions, holding promising future for reconstructive surgery and 

cell therapy.  

ECM Coated plates exists already on the market. However, all of them are made by coating a 

single ECM protein brought in solution. Not only, we propose plates with naturally secreted 

proteins but they are also organized as a cell specific ECM. This work led us to start an Intellectual 

property (IP) for patented process. 
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I-Introduction 

 

1-Anomalies de l’oreille externe 

L’oreille externe est sujete à de nombreuses pathologies, principalement dues à des malformations 

congénitales ou à des causes acquises, telles que les traumatismes, les accidents et parfois le cancer. 

1.1 Les anoties et microties congénitales 

Les microties et anoties correspondent à des pertes de substance auriculaire congénitales plus ou 

moins totales. La microtie est une croissance anormale ou un sous-développement de l'oreille 

externe. Elle peut aller d'une anomalie mineure jusqu'à l'anotie, qui se caractérise par une absence 

totale de l'oreille externe et elle constitue la forme la plus grave de microtie. Anomalies auriculaires 

congénitales se présentent sous la forme de malformations isolées ou peuvent être associées à 

d'autres syndromes, notamment ceux liés à la région cranio-faciale. La microtie allant de 0,8 à 8,3 

pour 10000 naissances vivantes peut affecter un côté (unilatéral) ou les deux côtés (bilatéral), où 

les hommes courent un risque plus élevé que les femmes. Elle peut également être associée à 

plusieurs syndromes tels que le syndrome d'Alport, la dysplasie spondyloïde, entraînant une perte 

auditive et l'absence de structure cartilagineuse externe (Hartzell et Chinnadurai, 2018). Qu'il 

s'agisse d'une difformité majeure ou mineure, les deux cas peuvent avoir un impact important sur 

l'estime et la perception de soi d'un enfant en grandissant, ce qui affecte sa santé psychologique 

(Johns et al., 2015). 

1.2 Traumatismes de l'oreille externe et amputations 

Le pavillon de l'oreille étant une structure saillante, il est plus susceptible d'être endommagé 

accidentellement par des traumatismes, des amputations, des brûlures et des lésions cancéreuses. 

En raison de leur localisation latéro-faciale et de leur hélice, les oreilles sont largement exposées 

au soleil. C'est donc logiquement qu'elles sont plus sensibles à différents carcinomes tels que le 

carcinome basocellulaire, le carcinome épidermoïde ou le mélanome. De plus, les morsures 

d'animaux et les accidents sont une cause fréquente de traumatisme. 
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2-Options actuelles de traitement  

2.1-Reconstruction avec du cartilage autologue 

La correction d'une oreille normale a toujours été un défi pour les chirurgiens. Tanzer a été le 

premier à décrire une reconstruction de l'oreille à partir de cartilage costal autologue qui a été plus 

tard considérée comme la méthode de référence. Sa technique était révolutionnaire puisqu'elle était 

la seule solution pour les patients souffrant de microtie. Cependant, cette dernière était une 

technique lourde qui nécessitait une procédure chirurgicale en 6 étapes. La première étape 

consistait à transposer le lobule dans sa position anatomique normale. Il a ensuite créé le cadre en 

prélevant sur les côtes pour reconstruire la base, l'hélice et l'antihélix. Ensuite, il a combiné la 

charpente et, au bout de 4 mois, a projeté la charpente un peu loin de la tête et a recouvert le sillon 

rétro-auriculaire d'une greffe de peau épaisse. Après 4 mois supplémentaires, le tunnel auditif a 

été fermé et 6 semaines plus tard, la conque et le tragus ont été reconstruits à l'aide de greffes de 

cartilage (Tanzer, 1959). D'autres scientifiques se sont appuyés sur la technique de Tanzer et l'ont 

optimisée.  

Les deux chirurgiens qui ont grandement contribué à la reconstruction de l'oreille ont été Brent et 

Nagata. Brent établit une technique en quatre étapes, étape par étape, pour corriger la microtie 

(Brent, 1980). Il commence par insérer une armature cartilagineuse autologue dans une poche de 

peau, puis transpose le lobule, construit le tragus et enfin, construit le sillon rétro-auriculaire. Bien 

que des résultats satisfaisants aient été obtenus avec cette technique, elle a été critiquée par Firmin, 

qui a souligné que les contours étaient encore imparfaits et que le tragus était parfois décevant, 

ainsi que lorsque le lambeau rétro-auriculaire se détériorait avec le temps (Firmin, 1998). Nagata, 

en revanche, a présenté une technique en deux étapes pour reconstruire des oreilles microtiques. Il 

a commencé par construire un cadre complet de cartilage de côtes et par le découper en une forme 

semi-lunaire. Ensuite, il a fixé le cadre fermement derrière l'anthélix pour reconstruire la paroi 

postérieure de la conque. Cela a permis d'éviter une rétraction secondaire de la peau. Pour terminer 

l'étape de la transplantation, un rabat articulé recouvrant le greffon de cartilage a été ajouté 

(Nagata,1993). En France, Françoise Firmin avait également réalisé la plupart de ses 

reconstructions d'oreilles en deux étapes séparées par un délai de six mois (Firmin et Marchac, 
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2011). Le principal avantage des techniques en deux temps est qu'elles sont moins longues, mais 

plus difficiles et qu'elles nécessitent des chirurgiens expérimentés.  

D'autre part, la morbidité du site donneur était fortement associée à la reconstruction autologue, 

ainsi qu'à l'infection qui la suit et qui entraîne une nécrose de la peau et l'extrusion de l'armature. 

2.2- Reconstruction à l'aide d'un cadre synthétique 

Pour limiter les complications associées au cartilage costal autologue et pour éliminer la morbidité 

du site donneur, l'utilisation de cadres synthétiques a été abordée par plusieurs scientifiques. Des 

matériaux tels que le caoutchouc, le tantale, le polyéthylène, le verre acrylique de silicone et les 

polyamides ont été utilisés pour la production d'armatures alloplastiques. Plusieurs groupes de 

scientifiques ont mis au point les armatures.  

Ces armatures ont éliminé la résorption liée aux armatures cartilagineuses, ainsi que la variabilité. 

D'autre part, cette technique augmentait le risque de complications graves lorsqu'elle 

endommageait les tissus sus-jacents et adjacents et provoquait parfois une infection et l'extrusion 

de l'implant, et n'était pas recommandée chez les patients âgés. 

2.3- Prothèses d'oreilles 

Les prothèses d'oreilles sont d'autres alternatives pour la reconstruction auriculaire. Une prothèse 

d'oreille est une oreille artificielle généralement fabriquée à partir de matériaux synthétiques qui 

imitent la caractérisation des tissus natifs, comme le silicone, et fixée à la tête à l'aide de clips 

magnétiques, d'adhésif ou de vis en titane ancrées dans l'os. Le poly(méthylméthacrylate), était 

l'un des polymères les plus utilisés dans les prothèses depuis le 20e siècle.  

Plus récemment, les rénovations dans le domaine des prothèses ont conduit au développement de 

nouveaux matériaux spécialisés et de méthodes de réticulation, afin d'optimiser leur aptitude à 

l'impression 3D et de permettre ainsi un large éventail de propriétés mécaniques et visuelles. 

Non seulement les prothèses d'oreille améliorent la reconstruction esthétique, mais elles dirigent 

également les ondes sonores dans le conduit auditif, fournissant ainsi un bon environnement pour 

les membranes de l'oreille interne.  

Un autre avantage de cette technique est qu'elle élimine également l'utilisation du cartilage costal 

et qu'elle peut être placée directement sur les restes de tissus sains sans qu'aucune intervention 
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chirurgicale ne soit nécessaire.  En outre, elle apporte une grande valeur ajoutée à la vie sociale et 

psychologique du patient. Au contraire, de nombreuses limitations ont limité le succès de cette 

prothèse. La couleur, par exemple, était très difficile à assortir à la couleur de la peau native. 

L'utilisation de vis en titane provoquait une irritation locale et induisait une inflammation et des 

dommages aux tissus mous environnants. 

3-Ingénieire tissulaire 

Les dommages et la dégénérescence des tissus et des organes, dus à des maladies ou à des 

accidents, touchent tous les organismes. La correction et le traitement de ces problèmes est une 

question majeure à prendre en compte, surtout après la pénurie de donneurs et la faible disponibilité 

des greffons nécessaires au remplacement. Pour cela, une nouvelle approche de fabrication de 

remplacement vivant en laboratoire a été appelée "ingénierie tissulaire". Langer et Vacanti ont été 

les premiers à définir les principes de l'ingénierie tissulaire. Ils ont défini cette approche comme 

une technologie qui utilise les principes de base de l'ingénierie et des sciences de la vie pour 

maintenir, améliorer ou restaurer les fonctions des tissus (Langer et Vacanti, 1993). Le principe de 

l'ingénierie tissulaire consiste à isoler et à prélever des cellules de différentes sources telles que 

des cellules autologues, allogéniques ou même xénogéniques. Ces cellules seront ensuite 

développées et ensemencées avec des biomatériaux qui favorisent la croissance et la maturation 

cellulaire en présence de signaux et de molécules spécifiques permettant aux cellules de migrer et 

de remplacer des tissus plus anciens (Bakhshandeh et al., 2017). Ensemble, ces trois composantes 

de base forment la triade du génie tissulaire. 

3.1-Sources de cellules pour l'ingénierie tissulaire 

Que les cellules soient directement ensemencées sur l'échafaudage transplanté ou amplifiées in 

vitro, le choix de ces cellules est une étape très critique. Les cellules sont les composants 

biologiques de base des tissus, et donc les sources de cellules peuvent affecter le type et la façon 

dont les échafaudages se régénèrent. En outre, le choix des cellules doit garantir un environnement 

exempt de pathogènes. Les cellules souches embryonnaires sont pluripotentes et capables de se 

renouveler et de se différencier dans différentes niches cellulaires. Elles peuvent également inclure 

des cellules souches adultes à leurs différents stades de maturation. Après la récolte des cellules, 

elles sont cultivées et mises en culture in vitro pour augmenter leur nombre, maintenir leur profil 

de différenciation ou d'indifférenciation pour être ensuite ensemencées sur des échafaudages afin 
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de reconstruire et de concevoir des constructions (Golchin et al., 2020). Non seulement le profil 

est important, mais le maintien des propriétés mécaniques est également une exigence. Pour 

commencer, les cellules doivent adhérer au site d'adhésion cellulaire de l'échafaudage pour le 

coloniser et commencer leur prolifération. Ensuite, en fonction des signaux ou des facteurs de 

croissance présents, les cellules commencent à se différencier dans leurs lignées spécifiques et 

remodèlent le tissu remplacé. Les cellules reçoivent leurs signaux et leurs molécules par 

l'intermédiaire de protéines appelées intégrines, ancrées à la matrice extracellulaire.  

Les cellules souches mésenchymateuses dérivées de la moelle osseuse (BMMSC) sont la source 

la plus courante de cellules souches. Ces cellules sont simples à récolter et se caractérisent par une 

bonne accessibilité et un faible risque de tumorigénicité. Une source supplémentaire de cellules 

souches provient du sang de cordon, où il est constitué d'abondantes cellules souches 

hématopoïétiques. En raison de leur grande disponibilité, de nombreuses études ont utilisé le sang 

de cordon ombilical (CB-MSC) et les cellules souches dérivées du liquide amniotique (AFSC), 

dans des applications de médecine régénérative. Également, et en raison de leur faible antigénicité, 

de leur grande capacité de prolifération et de différenciation, les cellules souches dérivées du tissu 

adipeux (ADSC) sont des sources très pratiques dans de nombreuses approches de médecine 

régénérative. Les ADSC ont été utilisées pour mettre au point des substituts dermo-épithéliaux de 

la peau où ils ont été encapsulés dans des échafaudages tridimensionnels (3D) et implantés chez 

des rats immunodéficients. Récemment, de nombreux progéniteurs ont été identifiés et ils ont 

montré un potentiel prometteur pour la transplantation de cellules auto et allogéniques. Parmi ces 

progéniteurs, le tissu de la cloison nasale humaine a été évalué. La cloison nasale est 

principalement constituée de cartilage hyalin et les progéniteurs qui en sont dérivés possèdent des 

caractéristiques uniques, ce qui en fait des sources intéressantes pour la thérapie cellulaire et les 

applications cliniques. Les progéniteurs dérivés de la tissu nasale (NsP) sont des progéniteurs 

cellulaires stables et expansibles qui peuvent être étendus à plus de 30 passages sans aucune 

sénescence ou perte de phénotype. Ils possèdent une capacité de multi-lignage et d'auto-

renouvellement (Elsaesser et al., 2016). Shafiee et al., se sont concentrés sur les NsP en tant que 

sources potentielles pour l'ingénierie tissulaire (Shafiee et al., 2014). Pleumeekers et al., ont 

convenu que la combinaison de progéniteurs nasaux avec la BMMSC réduisait le nombre de 

chondrocytes requis et améliorait la chondrogenèse en réduisant l'hypertrophie du cartilage 

(Pleumeekers et al., 2015). Leurs caractéristiques multi-lignes ont été prouvées par des études qui 
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ont montré une différenciation en lignées ostéogéniques et chondrogéniques où elles possédaient 

des marqueurs de surface stables et chondrogéniques d'une part et un potentiel chondrogénique 

supérieur et une production de matrice extracellulaire d'autre part (Shafiee et al., 2016). 

On outre, les cellules souches de la pulpe dentaire (DPSC) sont des cellules souches 

mésenchymateuses hautement accessibles et indifférenciées, présentes dans le tissu de la pulpe 

dentaire et caractérisées par leur auto-renouvellement illimité ainsi que par leur potentiel de 

différenciation multipotent. Les cellules souches dentaires ont été utilisées dans de nombreuses 

applications d'ingénierie tissulaire.  

3.2- Biomatériaux pour l'ingénierie tissulaire 

L'échafaudage est l'élément central utilisé pour soutenir, abriter et diriger la croissance des cellules 

soit ensemencées dans l'échafaudage, soit migrées du milieu environnant. Un échafaudage idéal 

doit répondre à ces spécifications. Tout d'abord, il doit être biocompatible, donc capable de remplir 

sa fonction sans induire de réaction inflammatoire. Ce biomatériau devrait également être 

biodégradable, pour être facilement éliminé de l'organisme et devrait s'intégrer sans nuire au tissu 

natif. La porosité est une condition importante pour une interaction et une pénétration optimales 

des cellules dans les échafaudages. Elle devrait fournir un réseau de pores ouvert et interconnectés 

qui facilite l'échange de métabolites et de nutriments et favorise leur transport. En outre, la 

structure choisie doit être facile à traiter et souple à manipuler, en fonction des besoins des tissus. 

En outre, elle devrait conserver sa fonction biomécanique après son implantation in vivo, afin de 

reconstruire un tissu pleinement intégré à son environnement (Nasonova et al., 2015).  

Comprendre et définir le tissu natif à reconstruire est une étape essentielle de l'ingénierie tissulaire. 

Avant de choisir les sources cellulaires et la structure appropriée pour héberger les cellules, il faut 

comprendre les fonctions biologiques et biomécaniques du tissu en question. Les caractéristiques 

mécaniques devraient être étudiées davantage et la comparaison entre la structure et la construction 

devrait être mieux évaluée. Par conséquent, on a récemment mis l'accent sur l'augmentation de la 

biocomplexité des matrices pour mieux imiter la dynamique naturelle de la matrice extracellulaire. 

Différentes sources cellulaires ont été impliquées dans diverses applications d'ingénierie tissulaire. 

3.2.1 Biomatériaux naturels et synthétiques 

L'ingénierie tissulaire a utilisé une variété de biomatériaux naturels (collagène, fibroïne de soie, 

chitosane, acide hyaluronique, alginate, agarose) et synthétiques (céramiques, nanomatériaux, poly 
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acide glycolique) etc. pour réparer et remplacer les tissus perdus ou malades. Ces biomatériaux 

servent d'échafaudage 3D, fournissant l'environnement approprié et satisfaisant aux propriétés de 

volume et de surface pour éviter l'échec des constructions après l'implantation. 

Les structures 3D ont fait l'objet d'une attention remarquable dans la culture cellulaire in vitro. En 

effet, ces structures 3D imitent l'environnement naturel trouvé in vivo. De sorte que la morphologie 

de la cellule ressemble beaucoup à sa forme normale dans le corps. Dans l'ingénierie des tissus 

cartilagineux, il a été démontré que les chondrocytes encapsulés dans des hydrogels 3D, 

maintiennent et conservent leur stabilité phénotypique, ce qui limite leur dédifférenciation (Gz et 

Hw, 2018). De nombreux échafaudages 3D naturels et synthétiques ont été évalués pour leurs 

propriétés chondrogéniques, mais il existe une demande croissante pour d'autres échafaudages de 

substitution qui pourraient améliorer l'ingénierie tissulaire du cartilage. 

3.2.2 Échafaudages décellularisés  

3.2.2.1 Les tissus animaux 

En raison des défis liés à la préparation de matrices synthétiques pouvant imiter le 

microenvironnement cellulaire, il y a eu une demande croissante pour l'utilisation de la matrice 

extracellulaire d'origine naturelle obtenue à l'aide de processus de décellularisation. La 

décellularisation est l'élimination des cellules et du matériel génétique d'un tissu natif tout en 

conservant ses propriétés structurelles, biochimiques et mécaniques (Keane et al., 2015). Ces 

échafaudages bio-dérivés pourraient alors être utilisés soit comme tissu personnalisé lorsqu'ils sont 

repeuplés par les propres cellules du patient, soit comme support biologique allogène ou 

xénogénique pour développer des tissus ou des organes artificiels.  

Les critères de production d'un bon échafaudage efficace sont que la matrice extracellulaire 

décellularisée doit avoir moins de 50ng d'ADN double brin (ADNdb) par mg de poids sec de 

matrice extracellulaire, moins de 200bp de longueur de fragment d'ADN et aucun matériel 

nucléaire visible lors de la coloration avec le 4'6-diamidino-2-phénylindole (DAPI). Les protéines 

de la matrice extracellulaire telles que la fibronectine, le collagène, les protéoglycanes doivent être 

conservées pendant les processus de décellularisation ainsi que la structure et l'intégrité. Enfin, 

l'échafaudage décellularisé devrait pouvoir atteindre ses propriétés biomécaniques afin de restaurer 

sa fonction après la transplantation (García-Gareta et al., 2020). 
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La réduction de l'immunogénicité de l'échafaudage est un facteur critique pour l'utilisation d'un 

échafaudage décellularisé dans les applications cliniques. Les facteurs capables d'induire 

l'immunogénicité sont les matériaux génétiques tels que l'ADN, l'ARN et les antigènes. Des 

épitopes spécifiques doivent être mesurés, tels que les épitopes alpha-gal qui peuvent induire la 

réponse immunitaire en cascade du complément et les complexes majeurs d'histocompatibilité 

situés sur la membrane cellulaire. Ensuite, la restauration des propriétés mécaniques est une 

caractéristique essentielle pour assurer un échafaudage optimal.  

En raison de la forte densité du cartilage, le tissu natif doit être perturbé afin de permettre aux 

produits chimiques et aux réactifs d'augmenter leur efficacité de décellularisation. Cela pourrait 

être réalisé en exposant d'abord le tissu à des traitements physiques et mécaniques tels que des 

cycles de gel-dégel, la pression osmotique, ce qui augmenterait la lyse cellulaire et donc exposerait 

moins le tissu aux réactifs chimiques, ce qui est très important pour la rétention de la microstructure 

et la préservation des protéines ECM. La décellularisation a été réalisée en utilisant différentes 

stratégies et méthodes. 

3.2.2.2 Tissus végétaux 

L'une des principales limites du génie tissulaire est l'absence d'un système vasculaire organisé et 

fonctionnel permettant le transfert et la diffusion de l'oxygène et des nutriments. La difficulté de 

créer un tel réseau de vaisseaux et de conduits de perfusion a poussé les chercheurs à se concentrer 

davantage sur les plantes et les tissus végétaux (Jahangirian et al., 2019). Les plantes et les animaux 

exploitent des approches différentes des produits chimiques et du transport des fluides, mais ils 

partagent de grandes similitudes dans leur réseau vasculaire. La structure des plantes possède des 

propriétés mécaniques similaires, semblables à celles des tissus humains, et présente un tissu 

multifonctionnel. Sachant que la cellulose est la plus abondante dans les parois cellulaires des 

plantes, elle a également été étudiée en tant que composé biocompatible naturel et il a été démontré 

qu'elle favorise la cicatrisation des blessures et a été utilisée dans un large éventail d'applications 

d'ingénierie tissulaire.  

Récemment, des extraits de pommes décellularisées se sont avérées biocompatibles une fois 

implantées in vivo dans des modèles animaux. Ces similitudes se sont accumulées et ont incité les 

chercheurs à s'intéresser davantage aux plantes et à leur système vasculaire après les techniques 

de perfusion visant à décellulariser ces tissus. La décellularisation, comme mentionné 
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précédemment, permet d'éliminer le matériel cellulaire, tout en préservant le réseau vasculaire 

intact. Ces techniques ont été appliquées à diverses espèces de plantes pour donner naissance à des 

échafaudages acellulaires d'ingénierie tissulaire. De nombreuses plantes de différents groupes 

botaniques ont subi une décellularisation. Parmi celles-ci, les épinards, les tiges de persil, les 

racines poilues d'arachides. Les épinards ont été choisis en raison de leur grande disponibilité et 

de leur vascularité dense. Des analyses tant quantitatives que qualitatives ont montré la perte de 

matière nucléaire avec une bonne conservation de la structure et de la composition native du tissu 

végétal. Une fois perfusées avec des cellules endothéliales, elles ont pu reconstituer un réseau de 

vascularisation en utilisant les nervations du tissu natif. 

3.2.3 Feuillets de cellules 

Récemment, la technologie de feuillets cellulaires ou « cell sheets » a émergé. Ces derniers sont 

obtenus en cultivant des cellules à hyperconfluence en favorisant le dépôt de matrice 

extracellulaire. Le tapis obtenu est alors très cellularisé et constitué d’une matrice extracellulaire 

élaborée et structurée. Ces feuillets cellulaires conservent leurs jonctions cellule-cellule, et peuvent 

être recueillis tels quels pour plusieurs applications. Ils peuvent être ainsi transplantés sous forme 

de feuillet unique ou de piles de feuillets cellulaires superposéets pour régénérer des tissus et 

organes endommagés. Divers systèmes ont été utilisés pour construire et préparer ces feuillets de 

cellules. Il s'agit notamment de boîtes sensibles à la température, de systèmes électro-réactifs, 

sensibles au pH, photo-réactifs, magnétiques et enfin mécaniques.  

Avec le développement rapide de la technologie des feuillets cellulaires, cette technologie a été 

impliquée dans un large éventail de tissus et d'organes, en particulier la régénération du cartilage. 

Cette approche permet de surmonter différents problèmes liés à l'ingénierie tissulaire 

conventionnelle. Par exemple, les constructions de l'ingénierie tissulaire manquent de complexité 

spatiale dans l'organisation des tissus, et les sources de chondrocytes sont toujours des facteurs 

clés qui limitent l'ingénierie du cartilage à grande échelle et limitent leur succès. Pour cela, il est 

impératif de définir les caractéristiques et le phénotype des feuillets cellulaires par rapport à la 

structure native du cartilage. Par rapport aux monocouches, les feuilles de chondrocytes 

multicouches ont montré un niveau d'expression accru des marqueurs et des protéines 

chondrogéniques et adhésives, montrant que les feuillets de chondrocytes multicouches régénèrent 

les défauts du cartilage en imitant étroitement la structure native et en sécrétant des facteurs de 
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croissance tels que le TGF-β et la prostaglandine (Takizawa et al., 2020). Par rapport à un 

échafaudage de cellules isolées, les feuillets de chondrocytes ont régénéré des lésions partielles et 

complètes, avec une bonne intégration entre le cartilage articulaire natif et le cartilage articulaire 

artificiel. 

3.3 Facteurs de croissance et environnements hypoxiques 

Une large gamme de facteurs de croissance et de molécules de signalisation joue un rôle essentiel 

dans la croissance, la prolifération et la différenciation des cellules. Les facteurs de croissance les 

plus utilisés comprennent les facteurs de croissance apparenté à l’insuline 1 et 2 (IGF-1 et IGF-2), 

les facteurs de croissance des fibroblastes (bFGF, bGFG-2), les facteurs de croissance endothélilal 

vasculaire (VGEF), les protéines osseuses morphogénétique (BMP) et le facteur de croissance 

transformant bêta (TGF-β). Ces facteurs de croissance sont délivrés par différents moyens, 

notamment par des transporteurs où les plasmides d'ADN codent le gène des facteurs de croissance 

souhaités.  

L'hypoxie est l'un des facteurs les plus remarquables qui affectent les cellules de multiples façons. 

Elle joue un rôle important dans différentes caractéristiques cellulaires, où elle affecte la migration, 

la prolifération et le métabolisme des cellules. L'hypoxie intervient dans ces modifications 

cellulaires par la voie HIF, en induisant des facteurs inductibles par l'hypoxie (HIF1α, HIF2α), 

pour stimuler la chondrogenèse par l'augmentation du facteur de transcription SOX-9, ainsi que 

COL2A1 et ACAN.  

Afin de réussir la construction du cartilage, les sources de cellules, les échafaudages et le milieu 

environnant doivent être bien choisis pour imiter le tissu natif. 

 

II-Objectifs 

La reconstruction du cartilage auriculaire reste l'une des techniques les plus difficiles pour la 

chirurgie de la tête et du cou. L'ingénierie tissulaire est une approche alternative et prometteuse, 

qui utilise des cellules, des échafaudages et des facteurs de croissance pour assembler des 

constructions fonctionnelles qui peuvent améliorer, restaurer ou remplacer des tissus et des organes 

endommagés. Malgré des progrès significatifs dans ce domaine, de nombreux problèmes restent 

sans solution.  



Résumé en français 

229 
 

 Plusieurs échafaudages ont été utilisés, mais aucun matériau imitant parfaitement la nature du 

cartilage élastique n'a encore été proposé. Malgré les progrès significatifs des approches 

d'ingénierie tissulaire, une optimisation est encore nécessaire pour améliorer la croissance, la 

différenciation et l'intégration cellulaires lors de l'implantation in vivo. 

Divers échafaudages ont été conçus et utilisés pour remplacer les reconstructions chirurgicales, 

mais ces échafaudages se sont dégradés au fil des semaines ou des mois, et l'espace a ensuite été 

remplacé par des cellules prolifératives, ce qui a entraîné une fibrose. Les injections de cellules en 

suspension sont également une option mais ne conviennent pas vraiment à la reconstruction de 

larges défauts tissulaires, car peu de cellules injectées sont intégrées dans les tissus de l'hôte.  

Mon projet de thèse vise à étudier de nouvelles approches de la réparation du cartilage auriculaire 

par l'utilisation d'échafaudages décellularisés et à les évaluer in vitro et in vivo. Des échafaudages 

animaux (cartilage natif) ou végétaux (pomme) ont été testés après caractérisation de différentes 

sources cellulaires pour leur capacité à régénérer le cartilage. Par ailleurs, nous avons mis en 

évidence et étudié l'utilisation de nouvelles matrices, à savoir les feuillets cellulaires, comme 

support potentiel pour l'ingénierie du cartilage.  

Afin de contribuer à un meilleur potentiel de recellularisation et de reconstruction, l'objectif 

principal a été divisé en plusieurs tâches :  

- Caractérisation des meilleures sources cellulaires capables d'exprimer des marqueurs 

chondrogéniques et élastiques, et d'améliorer la formation du cartilage pour être utilisées dans la 

reconstruction des défauts du cartilage auriculaire. 

- Développement d'un modèle animal de défaut et de reconstruction du cartilage  

- Étude de la technologie des feuillets cellulaires à partir de périchondrocytes auriculaires pour la 

production de cartilage in vitro ainsi que d'un échafaudage cellularisé à introduire sur le site de la 

lésion pour régénérer le défaut cartilagineux in vivo chez le lapin.  

- Développement de plusieurs utilisations in vitro des feuillets cellulaires décellularisés puis 

lyophilisés, comme support de culture cellulaire apportant un environnement particulier.  

- Conception et ingénierie de nouvelles matrices cellulosiques à partir de tissu de pomme pour 

l'ingénierie du cartilage auriculaire. 
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III-Résultats  

1-Effets de l'hypoxie sur la différenciation chondrogénique des cellules 
progénitrices de différentes origines 

Les approches d'ingénierie des tissus cartilagineux dépendent essentiellement des sources 

cellulaires utilisées, qu’elles soient directement ensemencées sur des échafaudages transplantés ou 

développées in vitro. Dans la première partie de ma thèse, nous nous sommes intéressés à la 

production et à la régénération du tissu de cartilage auriculaire. Le travail consistait à choisir la 

source cellulaire qui produisait le mieux le tissu de cartilage auriculaire. Il était nécessaire d'étudier 

les progéniteurs de la région de la tête qui proviennent de différentes origines embryologiques. 

Pour cette raison, nous avons choisi des périchodrocytes auriculaires (AuP), des périchondrocytes 

nasaux (NsP) et des cellules souches de pulpe dentaire (DPSC). Ces cellules ont été comparées à 

celles de la BMMSC (les cellules souches mésenchymateuses dérivées de la moelle osseuse). Ces 

quatre types de cellules ont été encapsulées dans des billes d'alginate 3D qui ont servi de modèles 

pour la chondrogenèse. De plus, dans cette étude, nous avons également cherché à étudier l'effet 

de l'hypoxie sur le potentiel des cellules à former du tissu cartilagineux auriculaire. Pour ce faire, 

nous avons encapsulé les quatre sources cellulaires dans des billes d'alginate et les avons cultivées 

dans des conditions normales (21 % O2) et à faible teneur en oxygène (3 % O2).  

Nos résultats ont suggéré qu'après deux semaines de culture, tous les types de cellules étaient 

capables de produire des matrices extracellulaires cartilagineuses, comme le montre la coloration 

histologique. Plus clairement, les périchodrocytes auriculaires présentaient la plus forte expression 

de gènes cartilagineux en milieu chondrogènique normoxique. Il est intéressant de noter qu'en 

dehors de cette augmentation, l'expression relativement faible du COLX indique la préservation 

du phénotype dans ce type cellulaire par rapport aux autres progéniteurs. D'autre part, si 

l'environnement hypoxique a fortement stimulé la chondrogenèse chez les hBMMSC, elle est sans 

effet sur celle des progéniteurs du périchondre auriculaire. 

Dans l'ensemble, ces résultats indiquent que parmi nos cellules testées, les AuP produisent 

fortement une matrice extracellulaire élastique cartilagineuse et que l'hypoxie n'est pas nécessaire 

et n'a pas affecté leur chondrogenèse, contrairement aux progéniteurs issus de la moëlle osseuse, 

BMMSC. Cela pourrait s'expliquer par des mécanismes d'action différents induits par l’hypoxie. 

Il serait intéressant d’évaluer le rôle respectif des facteurs HIF-1 et HIF-2 dans cette réponse. Par 
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ailleurs, il n’est pas exclu que cette différence provienne aussi du stade de différenciation entre les 

différents progéniteurs. En effet, les périchondrocytes seraient plus engagés vers la voie 

chondrogénique que les cellules souches mésenchymateuses de la moëlle osseuse. Ce qui relève 

l’intérêt de connaître le type cellulaire approprié pour chaque tissu. 

Pour conclure, les périchondrocytes auriculaires sont les meilleurs candidats pour l'ingénierie du 

tissu cartilagineux élastique. L’hypoxie, s’avère inefficace et peu bénéfique pour ces cellules. Nos 

résultats mettent en évidence le rôle de l'oxygène dans la promotion et l'amélioration de la qualité 

du cartilage élastique. De plus, l’introduction de ces cellules permet de s’affranchir d’utiliser des 

équipements pour l’hypoxie. Pour approfondir nos résultats, des études in vivo sur des modèles 

animaux devraient être conçues pour tenter de régénérer et de réparer le cartilage auriculaire. 

2-Les feuillets cellulaires comme outils pour la reconstruction du cartilage de 
l'oreille in vivo 

De nombreux chercheurs utilisent encore les approches 2D, car elles apportent efficacité et 

simplicité aux applications de culture cellulaire. Cependant, les recherches récentes se concentrent 

davantage sur l'auto-assemblage et la culture en 3D pour reproduire les interactions cellule-cellule 

in vitro et pour imiter l'environnement in vivo. La technologie des feuillets cellulaires est basée sur 

le recueil de tapis cellulaire sans enzymes protéolytiques ni agents chélateurs, ce qui permet de 

préserver les jonctions cellule-cellule et la matrice extracellulaire sécrétée par les cellules. La 

récupération du tapis de cellules sous la forme d'un feuillet intact permet de l’utiliser dans des 

diverses applications. 

Nous avons déjà montré dans la première partie de notre thèse que les périchondrocytes 

auriculaires présentaient le meilleur potentiel chondrogénique par rapport aux différentes sources 

cellulaires testées. À partir de là, nous avons testé différentes sources cellulaires pour leur potentiel 

à former des feuillets cellulaires et nous nous sommes principalement concentrés sur les 

périchondrocytes auriculaires et leur tendance à régénérer le cartilage in vitro. Malgré la grande 

capacité des cellules souches et des progéniteurs à produire des feuillets cellulaires, les 

périchondrocytes auriculaires de lapin ont été les meilleurs pour former un feuillet cellulaire intact, 

souple et flexible après un mois de culture. Ces dernières ont ensuite été caractérisées et ont révélé 

une composition de matrice extracellulaire similaire au cartilage auriculaire natif.  
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Les feuillets cellulaires ont été étudiés dans différentes applications in vitro et in vivo. Tout d'abord, 

ils ont été utilisés comme supports, afin de re-coloniser du cartilage décellularisé du porc. Deux 

méthodes d’application différentes ont été utilisées et les résultats ont montré que le fait 

d'envelopper complétement le cartilage décellularisé avec des feuillets cellulaires favorisait une 

meilleure recellularisation. Ceci est démontré par une pénétration profonde des cellules et une 

distribution homogène dans tout le tissu cartilagineux après deux semaines de culture.  

Pour mieux appréhender la biocompatibilité des feuillets cellulaires et la réparation du cartilage, 

nous avons créé un modèle animal de défaut cartilagineux dans l’oreille de lapin, par chirurgie. 

Ces derniers ont ensuite été comblés par des feuillets cellulaires, préalablement cultivés en milieu 

chondrogénique in vitro pendant plusieurs semaines. Après 2 mois d'implantation in vivo, ces 

feuillets cellulaires présentaient une bonne intégration dans le tissu hôte et un bon comblement des 

défauts par un tissu de nature cartilagineuse.  

En bref, notre étude montre que les feuillets cellulaires peuvent être considérées comme un outil 

de choix pour des approches d'ingénierie, favorisant et améliorant la régénération du cartilage in 

vitro ainsi que la réparation du tissu in vivo. 

3-Ingénierie des tissus cartilagineux à l'aide d'échafaudages cellulosiques de 
pommes 

Afin d’investiguer de nouveaux biomatériaux et en raison des progrès récents dans l'utilisation de 

tissus d'origine végétale, nous nous sommes intéressés à l'hypanthium de pomme comme 

biomatériau pour l'ingénierie du cartilage.  

Dans cette étude, nous montrons que les pommes décellularisées fournissent des échafaudages 

cellulosiques pour la culture 3D de différents progéniteurs humains. 

Les matrices de pommes permettent prolifération et une viabilité élevées après 21 jours de culture 

lorsqu'elles ont été ensemencées avec des périchondrocytes humains. Par la suite, nous avons 

montré que plusieurs types cellulaires ensemencés sur de telles matrices décellularisées, sont 

capable de croître et de produire un tissu riche en matrice extracellulaire. Des différences existent 

entre les types cellulaires, notamment en ce qui concerne la réponse à l’hypoxie.  

L’analyse histologique et par RT-PCR montre que le tissu formé est de nature cartilagineuse avec 

une forte expression des gènes cartilagineux tels que COL2A1, ACAN, COMP, SOX9 et ELN. 
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C’est notamment le cas des périchondrocytes auriculaires et nasaux ainsi que les BMMSC. Par 

contre, l’utilisation des progéniteurs issus de pulpe dentaire montrent plutôt un profil ostéogénique.  

De plus, le potentiel d’induction chondrogénique est supérieur à celui de l’alginate, utilisé comme 

modèle de référence. Cela souligne l'intérêt du potentiel de matrices de pomme pour favoriser la 

prolifération et la différenciation chondrogénique et encourage son utilisation pour le cartilage ou 

d'autres approches d'ingénierie tissulaire, compte tenu de sa facilité de mise en oeuvre et de sa 

grande disponibilité. 

En conclusion, nous démontrons ici les effets avantageux des matrices de pomme sur la 

prolifération et la différenciation de différents progéniteurs. Elles constituent un échafaudage 

naturel et poreux qui guide la différenciation chondrogénique des différentes cellules progénitrices 

in vitro. L'évaluation in vivo du potentiel chondrogénique de ces échafaudages serait intéressante 

pour de futures expériences. 

4-Matrices sécrétées par les cellules : Nouvelles approches pour les applications de 
culture cellulaire 

Dans la dernière partie de ma thèse, nous avons décrit une nouvelle approche pour différentes 

applications de culture cellulaire.  

Nous avons voulu étudier le potentiel d'une matrice extracellulaire, naturellement sécrétée et 

organisée par les cellules, à influencer la croissance et le comportement des cellules, notamment 

les processus de différenciation et de dédifférenciation. Des périchondrocytes auriculaires de lapin 

(AuP) ont été cultivés en conditions chondrogéniques jusqu’à hyperconfluence, pour favoriser la 

production et le dépôt de matrice extracellulaire. Les tapis cellulaires ont ensuite été décellularisés, 

lyophilisés et stockés pour leur utilisation future. La matrice restante a, tout d’abord, été 

caractérisée en mesurant la quantité de protéines totales et particulières (collagènes, élastine, 

GAG), ainsi que par analyse protéomique avant d’être utilisée comme substrat pour de multiples 

applications de culture cellulaire. Ainsi, les CSM (matrices sécrétées par les cellules) lyophilisées 

présentent de bonnes quantités de protéines matricielles ainsi que des protéines importantes pour 

le métabolisme du cartilage. Néanmoins, l’analyse protéomique montre la persistance de 

nombreuses protéines cellulaires, et en particulier, certaines liées au cytosquelette. Pour la suite, 

nous avons considéré comme telle, la composition des substrats ainsi lyophilisée et procédé à 

plusieurs expériences, en montrant tout d’abord que le support pouvait accueillir des cellules 
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allogèniques et xénogéniques. Ensuite, nous avons montré qu’une CSM issue de cellules 

chondrogéniques, favorisait la chondrogenèse de progéniteurs humains avec une forte 

augmentation des marqueurs cartilagineux (COL2A1, ELN, COMP et SOX 9) et une diminution 

de COL1 et COLX.  

L’ingénierie tissulaire nécessite de grandes quantités de cellules et beaucoup de types cellulaires 

sont sujets à une dédifférenciation phénotypique lors de leur multiplication par passages successifs.   

Pour évaluer la possibilité de limiter ce phénomène, nous avons cultivé des chondrocytes 

articulaires humains pendant plusieurs passages, parallèlement sur plastique et des CSM 

lyophilisées. Nos résultats ont révélé que non seulement la CSM lyophilisée favorisait une forte 

prolifération, mais aussi la formation d'un cartilagineux avec une meilleure expression des 

marqueurs cartilagineux (SOX9, ACAN, COL2A1 et ELN) et une diminution de COLX et du 

marqueur de dédifférenciation COL1, par rapport aux chondrocytes ensemencés sur des plaques 

de plastique.   

En résumé, nous avons mis au point un outil de culture cellulaire simple et abordable, qui améliore 

la prolifération, la différenciation et préserve le phénotype des chondrocytes lors de l'expansion in 

vitro. Son utilisation pourrait très facilement s’étendre à d’autres tissus et applications. 

 

IV-Discussion  

En raison de la faible vascularité du tissu cartilagineux, les défauts du cartilage guérissent mal et 

entraînent de nombreuses maladies dégénératives du cartilage. De nombreuses stratégies cliniques 

ont été utilisées pour réparer ces défauts afin d'obtenir un tissu fonctionnel similaire au tissu natif. 

Cependant, ces procédés chirurgicaux sont restés difficiles. En raison de la disponibilité limitée 

des tissus autologues de donneurs de cartilage et de leur principale association avec la morbidité 

du site du donneur, et afin de mieux régénérer les défauts cartilagineux, une grande importance a 

été accordée ces dernières années à la construction de cartilage par ingénierie tissulaire. 

Une caractéristique importante est l’utilisation d'un échafaudage inerte, avec des pores 

interconnectés pour permettre le transport des nutriments et des déchets. Il doit également être 

biodégradable et surtout façonnable et adaptable au défaut. En outre, le biomatériau choisi devrait 
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accélérer l'infiltration et l'attachement des cellules pour permettre la migration et la prolifération 

(Wasyłeczko et al.,2020). 

En plus du biomatériau, les sources cellulaires jouent un rôle essentiel dans la qualité des 

constructions de tissus. L'objectif est de sélectionner une source cellulaire qui pourrait être 

facilement isolée, étendue et capable d'exprimer des marqueurs cartilagineux. Ces sources vont 

des chondrocytes, aux cellules souches, en passant par différents progéniteurs.  

Les chondrocytes sont les seules cellules présentes dans le tissu cartilagineux. Ces cellules 

devraient être principalement utilisées dans les processus de reconstruction du cartilage, où les 

chondrocytes autologues sont les meilleurs pour régénérer les propres tissus du patient. Cependant, 

lors de l'amplification de ces cellules, leur tendance à exprimer le collagène II diminue et 

l'expression du collagène I augmente en parallèle, ce qui rend ces cellules inefficaces pour produire 

du tissu cartilagineux stable (Yang et al., 2018).  

Les cellules souches mésenchymlateuses ont un taux de prolifération stable plus élevé que les 

chondrocytes, et plusieurs études ont signalé le potentiel de ces cellules à réparer les défauts 

cartilagineux (Buzaboon et Alshammary, 2020 ; Rorick et al., 2020). La sélection des cellules pour 

la génération de tissus cartilagineux reste l'un des défis remarquables des stratégies d'ingénierie 

tissulaire. 

Dans une première étape de nos travaux, nous avons cherché à choisir le meilleur type cellulaire 

capable d’exprimer les gènes du cartilage lorsqu'il est encapsulé dans des billes d'alginate 3D. On 

sait surtout que les cellules souches mésenchymateuses dérivées de la moelle osseuse (BMMSC) 

encapsulées dans des billes d'alginate 3D et en conditions de faible hypoxie expriment des 

marqueurs cartilagineux élevés (Duval et al., 2012, 2016 ; Peck et al., 2019 ; Schmidt et al., 2020). 

Les hydrogels d'alginate ont été choisis en raison de leur fort potentiel de soutien de la prolifération 

cellulaire, de leur capacité à retenir une plus grande quantité de fluides et d'eau. Ils sont également 

caractérisés par une biocompatibilité et une biodégradabilité élevées (Ansari et al., 2017 ; Gentile 

et al., 2017). En tant qu'hydrogel puissant, l'alginate s'est avéré induire la formation de tissu 

cartilagineux in vitro dans de nombreux rapports (Jin et Kim, 2018 ; Khatab et al., 2020). Pour 

préparer de tels hydrogels, il suffit de les réticuler avec du calcium pendant 10 minutes et ils sont 

prêts à l'emploi.  
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En faisant référence à la région de tête, nous avons été très intéressés de voir si des progéniteurs 

d'origine embryologique différente, possèdent un potentiel chondrogénique similaire lorsqu'ils 

sont encapsulés dans des hydrogels sous différents niveaux d'oxygène en culture.  

Les cellules progénitrices auriculaires (AuP), les cellules progénitrices nasales (NsP) et les cellules 

souches de la pulpe dentaire (DPSC) ont été comparées à modèle de référence, les cellules 

BMMSC. Dans un premier temps, les cellules ont été testées pour leur capacité à se différencier 

en 3 lignages (chondro-, adipo- et ostéogénique). Le potentiel chondrogénique des cellules a été 

comparé en atmosphère normale ou en faible teneur d’oxygène. Il est important de mentionner 

qu'aucune étude n'a encore étudié l'effet de l'hypoxie sur les AuP. Nous avons ainsi montré que 

l'hypoxie n'était pas nécessaire et n'avait pas d'effet sur le potentiel chondrogénique de l'AuP. La 

condition normoxique, en revanche, semble être suffisante pour obtenir une bonne production de 

marqueurs du cartilage.  

Nos résultats sont complémentaires de ceux d'Otto et al., qui ont comparé la capacité 

chondrogénique des AuP équins aux BMMSC encapsulés dans des hydrogels 3D à base de gélatine 

(Otto et al., 2018). De façon similaire, les AuP en normoxie ont surpassé les BMMSC 

(augmentation des marqueurs de cartilage et diminution de ceux de l'hypertrophie. Dans notre 

étude, nous montrons que l’effet de l’hypoxie (3%) n'est pas nécessaire à l’expression des gènes 

du cartilage chez les AuP, alors qu’elle a un effet synergique pour le BMMSC.   Ainsi, les AuP 

ont été choisis comme la meilleure source de cellules pour notre deuxième série d'expériences. La 

deuxième étape a consisté à choisir le meilleur support pour l'ingénierie des tissus cartilagineux, 

en étudiant de multiples biomatériaux. 

Il a été démontré que divers échafaudages synthétiques produisaient des formes et des tailles 

variées qui offraient de bonnes propriétés mécaniques et chimiques de l'échafaudage pour 

améliorer la qualité du cartilage technique. Cependant, la plupart de ces polymères se dégradent 

lors de l'implantation et peuvent être métabolisés dans l'organisme, ce qui entraîne des effets 

secondaires toxiques. En outre, ces échafaudages synthétiques manquent de propriétés biologiques 

et peuvent provoquer des réponses immunitaires (Liu et al., 2016). 

Malgré leur reproductibilité limitée, les échafaudages naturels présentent une réponse biologique 

supérieure et une meilleure biocompatibilité par rapport aux échafaudages synthétiques. En dépit 
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de ces avantages, les échafaudages naturels et synthétiques manquent de caractérisation et de 

traitement détaillé de la microorganisation et de la structure des tissus (Perez-Puyana et al., 2020). 

En raison de leur microenvironnement naturel et de leur préservation des structures et des protéines 

tissulaires, les échafaudages naturels dérivés de tissus natifs sont devenus populaires ces dernières 

années. Après décellularisation, ils offrent de nombreux avantages par rapport aux échafaudages 

artificiels. Cela comprend une biocompatibilité améliorée, une capacité accrue de repeuplement 

cellulaire et des propriétés biomécaniques accrues. L'objectif de tout protocole de décellularisation 

est d'éliminer efficacement, suffisamment de matières cellulaires et nucléaires, afin de limiter le 

caractère immunogénique. Beaucoup de méthodes existent notamment l’utilisation de SDS, 

comme dèjà décrit (Utomo et al., 2015) pour le cartilage natif. Dans cette étude, nous avons utilisé 

du cartilage auriculaire d'origine porcine afin de développer une matrice appropriée pour 

l'ingénierie tissulaire. Il a été choisi en raison de sa physiologie similaire à celle de l'homme. Ce 

cartilage xénogénique porcin a été décellularisé avec succès grâce à un protocole établi dans notre 

laboratoire. Ce protocole consiste en un mélange de traitements physiques, chimiques et 

enzymatiques qui ont permis d'éliminer fortement les cellules porcines et d'obtenir un cartilage 

auriculaire décellularisé qui conserve une grande partie de la bioactivité du tissu, tout en éliminant 

le maximum de matière nucléaire. Il serait d’ailleurs très intéressant d’évaluer d’autres protocoles 

de décellularisation et de caractériser les protéines résiduelles. Ainsi décellularisés, plusieurs 

approches peuvent être envisagées pour la recolonisation des tissus par des cellules d’intérêt.  

Pour réensemencer les échafaudages, les approches d'ingénierie tissulaire consistent en plusieurs 

traitements, tels que la perfusion pulsatile, l'injection de culture statique, la force centrifuge et la 

sonication. Cependant, l'ensemencement n'était pas homogène dans tous les cas, et il ne se formait 

qu'une monocouche à la surface de l'échafaudage (Luo et al., 2016). L'utilisation du collagène dans 

la recellularisation a considérablement amélioré la pénétration des cellules (Martinello et al., 

2014). Cependant, il en résulte une distribution globale non homogène. La facilitation des 

interconnexions entre cellules et la préservation des jonctions cellule-matrice extracellulaires sont 

nécessaires pour maintenir l'adhésion et la prolifération des cellules. Les recherches actuelles ont 

introduit les feuillets cellulaires comme outil d'ingénierie du cartilage car ils permettent de limiter 

la dispersion des cellules. Dans notre travail, nous les avons utilisés pour la recolonisation de 
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cartilage auriculaire de porc décellularisé et démontré leur intérêt. Par ailleurs, leur utilisation tels 

quels, a permis de corriger un défaut cartilagineux in vivo, chez un modèle allogénique le lapin.  

L'ensemencement uniforme du cartilage est encore un défi en raison de la densité du tissu élastique 

du cartilage auriculaire. De nombreuses études ont fait incuber des échafaudages élastiques dans 

de l'élastase pour épuiser les fibres élastiques afin de mieux les recoloniser (de manière homogène 

avec les cellules). D'autres, ont introduit des canaux pour simplifier la recellularisation des disques 

de cartilage de porc. Ces canaux ont agi comme des conduits qui ont aidé les cellules et les 

nutriments à pénétrer, favorisant la viabilité et la prolifération des cellules. Cependant, le degré de 

réticulation du tissu cartilagineux était limité, les canaux n'étant pas suffisants pour permettre une 

réticulation complète (Luo et al., 2015 ; Lehmann et al., 2019).  Dans notre cas, nous n'avons 

même pas pris la peine de retirer les fibres élastiques pour une meilleure repopulation des cellules. 

Au lieu de cela, nous avons pu surmonter ce défi en adoptant une méthodologie qui comprenait 

d'abord la préparation de feuillets de cellules chondrogénique qui ont servi de vecteur cellulaire.  

Nous avons utilisé un système mécanique pour synthétiser des feuilles cellulaires provenant de 

différents progéniteurs et de différentes espèces. Toutes les cellules testées ont produit avec succès 

des feuillets cellulaires, et en se référant à nos résultats concernant la meilleure source de cellules 

pour la régénération auriculaire, il était évident de choisir les AuP qui avait une grande et rapide 

tendance à former des feuillets cellulaires. De plus, ces cellules prolifèrent relativement vite, ce 

qui n’est pas négligeable pour obtenir une quantité suffisante de cellules. Nous avons également 

choisi des cellules de lapin pour coloniser un cartilage porcin afin d’évaluer un système de 

reconstruction xénogénique in vitro. Et plus spécifiquement, ces feuillets cellulaires d'origine 

lapine étaient destinés à combler un défaut dans un modèle de défauts cartilagineux auriculaires 

chez le lapin allogènique.  

Des études ont utilisé des modèles de sandwich qui étaient applicables sur le tissu cartilagineux 

acellulaire. D’autres consistent à cultiver des chondrocytes couche par couche pour former un tissu 

cartilagineux artificiel après plusieurs semaines in vitro et in vivo (Gong et al., 2011 ; Chen et al., 

2015 ; Chiu, Weber et Waldman, 2019). Dans notre travail, nous avons utilisé la méthode du 

modèle sandwich, mais cette fois-ci, nous avons enroulé étroitement le feuillet autour du tissu 

décellularisé. Le cartilage a été rellularisé de manière homogène lorsque les feuillets cellulaires 
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ont entouré tout le cartilage pendant 2 semaines, les cellules ont pénétré profondément dans le 

cartilage porcin, qui a reconstruit un tissu cartilagineux in vitro.   

Dans un modèle de lapin, des défauts cartilagineux auriculaires ont été produits et, cette fois, des 

feuillets de cellules ont été utilisés comme vecteurs de cellules pour les acheminer et les maintenir 

dans la zone du défaut. Les feuillets cellulaires ont été créés in vitro en présence d'un milieu 

chondrogénique. Après 3 semaines de culture, les cellules ont proliféré et ont exprimé des 

marqueurs cartilagineux. Leur morphologie et leur composition ont été comparées à celles du tissu 

auriculaire natif qui a montré une grande similitude de composition par rapport au cartilage 

auriculaire natif. À ce stade, elles ont été récoltées et étaient prêtes à être implantées in vivo.  Après 

deux mois d'implantation, analyses histologiques et les analyses IHC montrent clairement un tissu 

néoformé de type cartilagineux élastique. Afin de mieux analyser la qualité du cartilage régénéré, 

nous avons caractérisé le feuillet cellulaire avant l'implantation et une biopsie de la zone du défaut 

2 mois après l'implantation. Ce n'était pas vraiment précis car après 2 mois d'implantation, les 

feuillets cellulaires étaient complètement intégrés aux tissus. Cependant, nous avons essayé de 

prélever le plus possible dans la zone où le feuillet a été implanté. On observe une grande 

expression d'ELN, d'ACAN, de SOX9 et surtout de COL2A1, caractéristique du cartilage. 

Il aurait été intéressant de préparer des feuillets produits par des cellules exprimant la GFP et de 

les implanter in vivo afin de pouvoir les suivre et voir si elles se sont accumulées dans le site du 

défaut ou si elles ont interagi avec le tissu environnant. De plus, on ne peut pas exclure que des 

cellules de l’hôte migrent dans la zone du défaut et participent à la réparation. Toutefois, en 

analysant les résultats histologiques, nous avons pu conclure que l’apport de cellules par le feuillet 

a nettement contribué à la réparation car les témoins, où le défaut n’a pas été comblé, ne présentent 

pas une organisation tissulaire et une réparation adéquate.  L'intérêt de cette comparaison était de 

montrer que lorsque nous avons introduit les feuillets, les cellules étaient viables et proliféraient 

et participent à la régénération du défaut. Ainsi, la technologie des feuillets cellulaires se pose 

comme un outil pour régénérer les défauts tissulaires et particulièrement de cartilage.  

Nous avons évoqué l'utilisation de cartilage de porc décellularisé comme matrice pour l'ingénierie 

des tissus cartilagineux. Bien que cet échafaudage ait été entièrement régénéré à l'aide de feuillets 

cellulaires, son utilisation peut toutefois poser de nombreux problèmes éthiques lors d'essais 

cliniques ultérieurs sur l'homme. Dans ce cadre, de nombreuses études ont démontré la capacité 
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des tissus végétaux décellularisés, à constituer un échafaudage cellulosique fonctionnel qui peut à 

son tour servir de support à une culture 3D in vitro ainsi qu'un échafaudage biocompatible 

implantable in vivo. Ainsi, dans un autre but de ce travail, nous avons cherché à explorer d'autres 

échafaudages pour l'ingénierie du cartilage et nous nous sommes tournés vers les tissus 

cellulosiques végétaux récemment décrits, à savoir l'hypanthium de la pomme. La partie cellulaire 

a été enlevée à l'aide du tensioactif anionique, dodécylsulfate de sodium (SDS). C'est l'un des 

produits ioniques les plus utilisés pour éliminer les restes cellulaires. De nombreuses études ont 

indiqué que des traces de détergent SDS peuvent rester attachées au tissu même après un bon 

rinçage à l'eau, le SDS peut provoquer des effets indésirables sur la réticulation du tissu entier 

(Cebotari et al., 2010 ; Syed et al., 2014). Ainsi, selon de nombreux chercheurs, il est nécessaire 

d'éliminer les traces restantes de SDS qui induisent une activité cytotoxique sur les cellules, avant 

de procéder à la recellularisation du biomatériau (Alizadeh et al., 2019). Dans leurs études, Hickey 

et al., ont effectué un traitement au sel, pour éliminer toutes les molécules de SDS, suggérant que 

le SDS peut former des micelles dans le tissu de la pomme qui peuvent limiter son potentiel de 

réticulation, ainsi le traitement au sel vise à desserrer ces micelles, en les libérant avec de l'eau 

(Hickey et al., 2018). En revanche, dans notre étude, nous n'avons ajouté aucun type de traitement. 

Nous nous sommes limités à de longues étapes de lavage à l'eau distillée avec des changements 

toutes les 2 heures pendant 24 heures sous agitation. L'eau était ensuite changée en PBS pendant 

la nuit. Ceci est corrélé par plusieurs études qui utilisent de l'eau distillée et du PBS (Cebotari et 

al., 2010 ; Zvarova et al., 2016 ; Lin et al., 2019). Cela était suffisant pour éliminer la cytotoxicité 

des tissus.  

Les plantes sont caractérisées par une plus grande disponibilité que les tissus animaux. Nous avons 

déjà prouvé que nos quatre sources cellulaires ont la capacité de se différencier en cartilage 

lorsqu'elles sont encapsulées dans des hydrogels, il était donc intéressant d'évaluer la viabilité et 

le potentiel chondrogénique des mêmes cellules dans des matrices de pommes. Les tests de 

viabilité ont révélé que les cellules proliférent et restent viables au moins plusieurs semaines. Ceci 

est corrélé avec d'autres études qui ont montré que les cellules étaient capables de proliférer et 

restaient viables jusqu'à 12 semaines de culture (Modulevsky et al., 2014). Une autre idée à 

souligner est que lorsque ces tissus ont été fixés, des sections d'OCT ont été coupées 

horizontalement et verticalement jusqu'à atteindre presque tout le bloc. Ces lames ont été colorées 

et analysées. Cela montre, d'après nos résultats, que les cellules ne se sont pas accumulées à la 
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surface de l'échafaudage, mais ont proliféré et colonisé profondément le tissu. L'échafaudage ainsi 

produit était non seulement capable de soutenir l'adhésion et la prolifération des cellules, mais 

aussi de maintenir et d’orienter leur fonction. Par exemple, une formation tissulaire blanchâtre est 

observée, ce qui s'explique par l’expression et le dépôt importants de matrice extracellulaire. Nos 

résultats étaient conformes à ceux décrits dans la littérature où les échafaudages de pommes et 

d'autres végétaux tels que la carotte, l'oignon, le céleri ont permis de générer des tissus adipeux et 

osseux (Lee et al., 2019 ; Cheng et al., 2020 ; Negrini et al., 2020). Cependant, nos travaux sont 

les premiers à montrer que les échafaudages issus de pommes favorisaient la régénération de tissu 

cartilagineux.  

Plusieurs biomatériaux ont été décrits comme supportant ou favorisant la chondrogenèse. Les 

hydrogels d'alginate représentent l’un des modèles les plus décrits et les plus aboutis. Cet hydrogel 

est largement utilisé dans l'ingénierie des tissus cartilagineux en raison de sa haute viscosité et de 

sa matière imprimable, de sa faible cytotoxicité et de sa biocompatibilité in vivo. Différentes études 

ont utilisé l'alginate pour l'impression 3D du cartilage (Markstedt et al., 2015 ; Möller et al., 2017; 

Ouyang et al., 2017). 

Dans une autre étude, l'alginate a été combiné avec le COL1 et l'agarose pour améliorer la 

fonctionnalité biologique du tissu cartilagineux généré (Yang et al., 2018). En outre, lorsque des 

BMMSC ont été encapsulées dans des billes d'alginate, elles ont sécrété des facteurs paracrines 

spécifiques qui ont régénéré le cartilage de manière endogène in vitro (Sahu et al., 2021). Ainsi, 

nos présents résultats, démontrent également pour la première fois que, les matrices de pommes 

sont un meilleur substrat pour la chondrogenèse, ce qui conforte l'intérêt de son utilisation pour 

l'ingénierie du cartilage ou d'autres tissus, en raison de sa malléabilité et de sa grande disponibilité.  

Dans une dernière partie de notre travail, nous avons développé une nouvelle approche permettant 

d’optimiser le microenvironnement cellulaire lors de culture 2D.  Des cellules sont ainsi cultivées 

pour former des feuillets cellulaires qui sont ensuite décellularisés. La matrice extracellulaire 

restante appelée (CSM : cell secreted matrices) est ensuite lyophilisée directement sur les plaques 

de culture qui seront utilisées pour diverses applications.  

La notion de CSM a été utilisée dans différentes études avec des BMMSC, des chondrocytes et 

des cellules de la sous-muqueuse intestinale (Decaris et al., 2012 ; Wang et al., 2018 ; Taghavi et 

al., 2020). Dans notre étude, nous avons gardé le modèle cellulaire des AuP de lapin mis en 
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conditions chondrogénique, pour produire les CSM. En effet, nous avons montré que les 

périchondrocytes auriculaires de lapin pouvaient fournir de grandes quantités de matrice 

extracellulaire pour l'ingénierie des tissus cartilagineux. La lyophilisation qui s’ensuit a permis de 

conserver les plaques pendant un temps plus long (plusieurs mois) et surtout à température 

ambiante. 

Cette approche semble innovante puisque nos données ont démontré que la CSM lyophilisée 

présentait une grande capacité à améliorer la différenciation chondrogénique où une augmentation 

significative de l'expression des gènes particuliers a été observée par rapport aux cellules 

ensemencées sur des plaques de plastique. Comme prévu, après la décellularisation et la 

lyophilisation, la quantité totale de protéines est réduite en raison de l'élimination des cellules. 

Cependant, les protéines extracellulaires sont également concernées par cette baisse, puisque les 

collagènes totaux, les GAG et l'élastine sont également diminués. Bien que ces dernières puissent 

être des protéines intracellulaires, nous devons considérer que le traitement au détergent affecte 

également le réseau matriciel lors de la décellularisation. L'analyse par spectrométrie de masse 

desprotéines restantes a montré de plus, que plusieurs protéines intracellulaires sont encore 

attachées au substrat lyophilisé. Parmi elles, une grande partie est impliquée dans l'adhésion 

cellulaire ou le cytosquelette. Cela n'est pas surprenant puisque ce réseau de protéines est 

normalement lié à la matrice extracellulaire par des adhésions focales et peut certainement rester 

attaché tout au long de la préparation des plaques lyophilisées. Le traitement du SDS pour la 

décellularisation pourrait également créer des liens pour stabiliser certaines interactions protéine-

protéine, ce qui pourrait expliquer la persistance, a priori étonante, de plusieurs autres protéines 

intracellulaires voire nucléaires, comme les histones par exemple. Néanmoins, nous avons 

considérés les substrats lyophilisés tels quels et procédé à des tests d’applications potentielles.  

La dédifférenciation des chondrocytes reste un défi permanent dans la reconstruction des tissus 

cartilagineux. En effet, lors de l'amplification in vitro des chondrocytes sur les surfaces 2D 

plastique, on observe une diminution de l’expression des gènes COL2A1, ACAN et SOX9, au 

détriment de COL1, expliquant ainsi la perte de phénotype cartilagineux. Les différences 

structurelles sont remarquables même lors de l'observation de ces cellules au microscope, où les 

chondrocytes primaires présentent une forme plutôt arrondie qui devient plus aplatie et fusiforme 

au fur et à mesure de la dédifférenciation.  
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De nombreux efforts ont été faits pour diminuer ce phénomène, comme l'encapsulation des 

chondrocytes dans des hydrogels 3D avec des conditions d'hypoxie, l'implication de différents 

facteurs de croissance, des techniques de co-culture qui combinent différents progéniteurs avec 

des chondrocytes dans des ratios spécifiques. Toutefois, de nombreuses limitations ont été 

associées à chaque technique.  

Notre méthode de CSM lyophilisée fournit un outil innovant et intéressant pour plusieurs 

applications comme décrit dans les résultats. Une approche similaire a été décrite récemment, par 

Mao et al., qui ont comparé des CSM issues de BMMSC et des chondrocytes articulaires. Ils ont 

également montré que leur méthode limite la dédifférenciation mais ne montre qu’une diminution 

de COL1 sans aucune modification de COL2, ou ACAN, qui sont très nettement augmentés dans 

notre étude (Mao et al., 2019).  

Nous avons également testé des cellules initialement ensemencées sur des plaques lyophilisées 

revêtues de CSM pendant 3 passages puis passées sur des plaques en plastique, et inversement. 

Comme attendu, une augmentation significative de la croissance est observée quand les 

chondrocytes sont sur des CSM, et de façon intéressante, ces cellules continuent de se diviser plus 

rapidement, même quand elles sont repassées sur plastique, indiquant qu’une forme de mémoire 

cellulaire est maintenue du fait de la période au contact de la CSM.  

Par ailleurs, nous montrons aussi que la mise en culture sur CSM permettait de recouvrer le 

phénotype cartilagineux à des chondrocytes dédifférenciés. Comme précisé par ailleurs, il a déjà 

été montré que la mise en culture 3D pendnat une période minimale de 3 semaines (alginate) 

permettait d’inverser le processus de dédifférenciation et faire ré exprimer les gènes spécifiques 

du cartilage. Il est intéressant de noter que notre modèle permet de réaliser cela en un temps plus 

court et surtout sur des systèmes de culture (2D) beaucoup plus facile à mettre en œuvre.  

Nos résultats sur les substrats lyophilisés ont été obtenus en utilisant des périchondrocytes 

auriculaires comme cellules productrices de matrice extracellulaire. Plusieurs observations ont été 

faites tout au long de notre étude : leur taux de prolifération (pour obtenir rapidement un nombre 

suffisant de cellules), leur potentiel chondrogénique et le maintien et recouvrement du phénotype. 

Il serait très intéressant d'étudier d'autres types de cellules, car elles sécrètent et laissent 

probablement derrière elles différents complexes supramoléculaires et donc d'autres ensembles de 

signaux. Par exemple, il serait intéressant d'explorer différentes voies de différenciation en utilisant 
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la même préparation de plaque (ex : CSM lyophilisée produite par ostéoblastes ou myoblastes 

respectivement pour conduire l'ostéogenèse ou la myogénèse de progéniteurs).  

Au total, nous proposons une nouvelle approche consistant à utiliser un revêtement de CSM 

lyophilisée pour plusieurs applications de culture cellulaire, notamment la différenciation et la 

prolifération. Ces plaques préparées peuvent également être utilisées avantageusement pour 

l'amplification cellulaire avec préservation du phénotype et peuvent également être une voie pour 

de multiples tests de screening car adaptables à tous les dispositifs de culture 2D sur plastique 

actuels. 

 

V-Conclusion et perspectives 

1-Conclusions 

Les AuP se sont révélées être les meilleures sources de cellules pour régénérer le cartilage élastique 

auriculaire. Cultivées à des niveaux d'oxygène normaux, ces cellules ont surpassé les autres 

progéniteurs en ce qui concerne l'expression de différents marqueurs cartilagineux. Au contraire, 

l'hypoxie est inefficace et peu bénéfique pour l'AuP. Comme prévu, les BMMSC montrent le 

meilleur profil chondrogénique mais nécessitent un environnement hypoxique.  

Nous avons ensuite utilisé ces cellules pour préparer des feuillets, ce qui n’avait pas été décrit pour 

des cellules progénitrices auriculaires. Ces feuillets ont permis de recoloniser un cartilage 

xénogénique décellularisé et de réparer un défaut de cartilage auriculaire in vivo, pour la première 

fois dans des modèles de lapins allogèniques.  

Pour approfondir nos connaissances et explorer les matrices pour l'ingénierie du cartilage 

auriculaire, nous avons procédé à l'étude d'échafaudages naturels décellularisés qui sont très 

prometteurs pour la médecine régénérative. Nous avons réussi à décellulariser des tissus de pomme 

et confirmé leur biocompatibilité vis-à-vis de différents progéniteurs et cellules souches. Plus 

important encore, la structure de la pomme a favorisé de manière significative l'expression des 

marqueurs du cartilage et la génération de tissu cartilagineux et a dépassé le potentiel 

chondrogénique des hydrogels d'alginate utilisés comme référence. Ces résultats suggèrent 

fortement l'importance de ce genre de tissu en tant que support alternatif pour l'ingénierie des tissus 

cartilagineux et pour la médecine régénérative en général.  
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Enfin, et comme approche de recherche et développement (R&D), nous avons créé une stratégie 

qui utilise des CSM lyophilisées sur des plaques de plastique comme support pour plusieurs essais 

de culture cellulaire. L'utilisation de ces plaques naturellement revêtues de CSM permet une 

chondrogenèse de cellules progénitrices humaines. Cela favorise également la croissance, le 

maintien du phénotype des chondrocytes lors de leur multiplication et améliore leur viabilité par 

rapport aux cellules ensemencées sur des plaques de culture en plastique.  

 

2-Perspectives  

Afin d'approfondir les résultats obtenus au cours de la thèse, différentes perspectives sont 

possibles. 

Au vu des résultats obtenus au cours de cette thèse, il serait intéressant de compléter cette étude 

par des essais cliniques utilisant des AuP autologues pour la réparation des défauts du cartilage. 

Les feuillets cellulaires sont également des outils très prometteurs pour la thérapie cellulaire et 

l'ingénierie tissulaire. Nous avons montré leur capacité à former du tissu cartilagineux in vivo. Nos 

résultats doivent être étendus à la réparation de défauts tissulaires plus importants in vivo afin 

d'envisager par la suite, des essais cliniques. En parallèle, des résultats préliminaires ont été 

obtenus lorsque des feuillets cellulaires obtenus de cellules ostéogénique. Il pourrait être 

intéressant de les combiner avec des feuillets chondrogéniques afin de construire une jonction 

ostéochondrale. La caractérisation de cette jonction serait très utile pour définir les conditions 

nécessaires à la régénération d'un défaut ostéochondral et pourrait être utile pour améliorer la prise 

de greffe. Elle peut également apporter des informations sur la construction de diverses jonctions 

tissu-tissu en général.  

En ce qui concerne les échafaudages de pommes, il est primordial de tester leur potentiel 

chondrogénique in vivo en créant des modèles animaux de défauts cartilagineux. Il est également 

intéressant de tester différentes cellules pour produire d'autres tissus tels que des tissus osseux ou 

musculaires.  

Il est important d'étudier les propriétés mécaniques des tissus reconstruits à l’aide de nos 

échafaudages (feuillets de cellules, hypanthium de pomme) en mesurant leur rigidité et leur degré 

d'élasticité et de flexibilité à l'aide de l'équation du module de Young et de voir jusqu'à quel niveau 
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ces échafaudages peuvent résister aux contraintes. En effet, il est primordial que le tissu reconstruit 

soit fonctionnel et réponde aux exigences et contraintes liiées à son rôle (maintien, élasticité, 

rétention d’eau, etc). Nos travaux seront ainsi prêts et applicables pour les essais cliniques. 

En ce qui concerne notre dernière série d'expériences avec des plaques revêtues de CSM, plusieurs 

perspectives peuvent être envisagées. Tout d'abord, une population cellulaire homogène devrait 

être choisie afin de limiter la variabilité cellulaire et donc d'augmenter la reproductibilité. Une 

évaluation critique des stratégies de décellularisation telles que le choix des agents qui éliminent 

le mieux le matériel d'ADN est nécessaire pour bien rincer et éliminer les traces d'histone et de 

protéines intracellulaires qui sont piégées, probablement en raison du SDS.  

En effet, différentes sources cellulaires pourraient être étudiées pour la préparation de divers tissus. 

La préparation de ces plaques pourrait être réalisée à façon ou à haute échelle, de manière 

automatisée pour leur utilisation dans des applications industrielles in vitro. Cela permettrait 

également de disposer de supports de culture cellulaire qui facilitent la préparation de grandes 

quantités de cellules, dans des conditions d'environnement appropriées, ce qui ouvre des 

perspectives prometteuses pour la recherche in vitro, chirurgie reconstructive et la thérapie 

cellulaire. En outre, ces plaques pourraient être utilisées comme supports pour la fabrication de 

patchs cellulaires personnalisés. 

Des plaques revêtues de matrice extracellulaire existent déjà sur le marché. Cependant, elles sont 

toutes fabriquées en adsorbant sur le plastique, une seule protéine de la matrice mise en solution. 

Non seulement, nous proposons des plaques avec des protéines naturellement sécrétées par les 

cellules, mais elles sont également déposées et organisées comme une matrice extracellulaire 

spécifique à un tissu particulier, qui contient les signaux nécessaires à induire les effets que nous 

avons décrits dans cette dernière partie. Ce travail nous a conduit à lancer une procédure de PI 

(propriété intellectuelle) pour l’évaluation et dépôt d’un brevet.  



 

 

 


