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RÉSUMÉ 

Le but de notre étude visait à déterminer si les matrices ECM (extracellular matrix) 

préparés à partir d'un modèle vertébré (Axolotl) capables de régénérer ses tissus suite à une 

blessure sont plus efficaces pour stimuler les réponses régénératives chez les animaux non 

régénérant (par exemple les mammifères). Nous avons testé la capacité de matrice ECM 

axolotl à améliorer la guérison des plaies cutanées dans des souris et nous les avons 

comparés à une matrice disponible commercialement (échafaudage Symbios PerioDerm) 

pour leur efficacité à favoriser la guérison des plaies. Des lésions d'excision ont été créées 

sur le dos de souris et les animaux ont été regroupés dans différents groupes; a-) ECM de 

peau axolotl décellularisée (groupe Axolotl), b-) matrice de derme acellulaire Symbios 

Perioderm (groupe PerioDerm), c-) grillage en titane (groupe témoin); respectivement. Les 

tissus des plaies ont été récoltés à des moments précis : 7 jours et 30 jours après la blessure 

pour évaluer la guérison des plaies. La guérison des blessures ayant reçu les différentes 

matrices a été comparées entre elles en utilisant le test de transillumination et des analyses 

histologiques. Les résultats indiquent que la ECM de peau d’axolotl décellularisée est bien 

tolérée par les souris, car aucun rejet n'a été observé. Le groupe qui a reçu l'ECM de la peau 

axolotl décellularisé a démontré une réépithélialisation, une densité cellulaire, une teneur 

en collagène (avec une organisation similaire à un tissu intact) et une vascularisation 

(angiogenèse) élevées par rapport aux groupes PerioDerm et témoins. La présence de 

follicules pileux était également observé dans le groupe axolotl (qui n'est pas présent dans 

PerioDerm et groupes de contrôle). Sur la base de nos résultats, l'hypothèse de base semble 

être correcte en ce qu'une matrice ECM provenant d'un régénérateur puissant semble
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 favoriser la guérison plus efficacement chez les animaux normalement non régénérants. 

Cependant, des recherches supplémentaires devront être menées pour confirmer ces 

résultats.  

Mots-clés: Plaie, cicatrisation, greffe, guérison cutanée, matrice extracellulaire (ECM), 
échafaudages, différenciation cellulaire, régénération tissulaire, biomatériaux 



 

ABSTRACT 

The aim of our study sought to determine whether ECM scaffolds prepared from a 

vertebrate model (Axolotl) capable of regenerating tissues following injury are more 

effective at stimulating regenerative responses in non-regenerating animals (e.g., 

mammals). We tested the ability of axolotl decellularized ECM scaffolds to improve skin 

wound healing in mammalian models and compare the axolotl skin ECM scaffold to a 

commercially available one (Symbios PerioDerm scaffold) for efficiency in promoting 

wound healing. Excisional lesions were created on the back of mice, and animals in 

different groups were treated by; a-) decellularized axolotl skin ECM (Axolotl group), b-) 

Symbios Perioderm acellular dermis scaffold (PerioDerm group), d-) Titanized mesh only 

(Control group); respectively. Wound tissues were harvested at time points: 7- and 30-days 

post-wounding to assess the scaffolds impact on wound healing. Wound healing was 

compared between the Axolotl, PerioDerm and Control groups using transillumination test 

and histological analyses, Results indicate that the decellularized axolotl skin ECM is well 

tolerated by mammalian models, as no immune rejection was observed. The axolotl group 

that received the decellularized Axolotl Skin ECM demonstrated high reepithelialization, 

cellular density, collagen content (in a porous pattern similar to intact skin), vascularization 

(angiogenesis) compared to PerioDerm and control groups. The presence of hair follicles 

was also observed in the axolotl group (which is not present in PerioDerm and control 

groups). Based on our results, the basic hypothesis appears to be correct in that an ECM 

scaffold from a strong regenerator seems to promote healing more efficiently in non-

regenerating animals. However, further research should be conducted to confirm these 

findings. 
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1.1 Introduction  

1.1 Healing wounds and scarring 

A wound can be described as any tissue disruption of normal anatomic structure and subsequent 

functional loss (1). The healing of a wound is a long and complex process during which time 

tissues recover from injury (2). Normally, the skin consists of two layers, the epidermis and the 

dermis, which act as a protective layer for the body from the environment (3). The skin serves as 

a physical, chemical, and bacterial barrier, so healing wounds is crucial to the body's health. 

Mammalian skin epidermis, as well as its appendages, such as hair follicles, sebaceous glands, and 

sweat glands, play crucial roles in providing dehydration protection and environmental regulation 

of body temperature (4). Thus, when an injury or illness causes a skin disorder there is the 

possibility of suffering serious physical ailments and even death.  

The epidermis layer is composed of stratified keratinocytes and defined by the basal membrane (5, 

6). Underneath the basal epidermal layer (which is located on top of the basement membrane) is 

the dermis, which is a layer of connective tissue. Essentially, the basal lamina consists of the basal 

cells of the epidermis and is primarily composed of type IV collagen, anchoring fibrils, and dermal 

microfibrils (7). The dermis provides structure and elasticity and is composed of an extracellular 

matrix rich in collagen and elastic fibers (8) . If the skin's protective layer is damaged, several 

biochemical reactions are triggered until the damage is repaired (9).  

In wound healing, there are four stages: Hemostasis, Inflammation, Proliferation, and Maturation 

(Remodelling), which overlap in time and space (Figure 1) (10-12). First stage blood clotting 

(hemostasis) takes place following skin injury. During this process, the injured vessels undergo a 

5- to 10-minute vasoconstricting response induced by the platelets, so as to reduce blood loss and 

fill the gap with a blood clot that contains cytokines and growth factors (13). Moreover, the blood 
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clot includes fibrin molecules, thrombospondins, vitronectin and fibronectin, forming an 

extracellular matrix (ECM) scaffold structure to facilitate migration of leukocytes, keratinocytes, 

fibroblasts, and endothelial cells. In the wound site, the platelets adhere together and release 

chemical signals to facilitate clotting (14). Upon activation of fibrin, a fibrin network is formed, 

which acts as an adhesive component that binds platelets together (15). As a result, wound 

openings are sealed to reduce or prevent bleeding.  

Clots and surrounding wounded tissue secrete pro-inflammatory cytokines and growth factors such 

as transforming growth factor (TGF)-β, platelet-derived growth factor (PDGF), fibroblast growth 

factor (FGF), and epidermal growth factor (EGF) (16, 17). As soon as bleeding has stopped, the 

inflammation phase is initiated by inflammatory cells (neutrophils, macrophages, lymphocytes) 

invading and infiltrating the wound (18).The inflammation stage includes removing dead and 

damaged cells from the wound area by a process called phagocytosis, during which white blood 

cells engulf bacteria and debris.  

In 3 days, macrophages move into the zone of injury and perform phagocytosis on pathogens and 

cell debris as well as secrete growth factors, chemokines, and cytokines (19). Also, white blood 

cells cooperate with platelets to release growth factors allowing epithelium cells to migrate and 

proliferate in the wound area. Both platelets and leukocytes release cytokines and growth factors, 

that have the ability to activate the inflammatory process (IL-1, IL-6 and TNF-α), promote collagen 

synthesis (FGF-2, IGF-1, TGF-β), stimulate angiogenesis (FGF-2, VEGF-A, HIF-1 , TGF-β ), 

trigger fibroblasts to become myofibroblasts (TGF-β ) and provide support for reepithelialization 

(EGF, FGF-2, IGF-1, TGF-β ) (20).  

A proliferation stage is characterized by the formation of new tissues and the secretion of factors 

(VEGF) by endothelial cells to help form blood vessels at the site of the wound (21). In the dermis, 
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fibroblasts and endothelial cells are the dominant cell types, supporting capillary growth, collagen 

production, and granulation tissue formation (21). Fibroblasts within the wound bed produce  

collagen, glycosaminoglycans, and proteoglycans, which provide the most important components 

to the ECM (22). During this process, collagen is synthesized in greater amounts, whereas 

fibroblast growth is progressively reduced, thus achieving a balance between synthesis and 

degradation of the ECM (22). The keratinocytes at the wound edges and the stem cells from the 

hair follicles and sweat glands perform the process of reepithelializing (13, 23, 24).  

The final phase of wound healing is remodeling, which can take years to complete in humans 

following the proliferation stage and ECM synthesis. This stage is characterized by regression of 

many of the newly formed capillaries and remodeling of the ECM to resemble normal tissue 

architecture. It is also important to note that the ECM also serves as a structure for cell adhesion, 

which is critical for regulating and organizing cell growth, movement, and differentiation (25, 26). 

In the later stages, the myofibroblasts cause wound contraction and decrease scar surface (19, 27, 

28).  

 

 

                                                        Figure 1: Healing stages 
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Wound healing is a delicate and complex process, so if there is any interference or failure, the 

wound will not be able to heal. Several factors can affect wound healing, including diabetes, 

vascular disease, and metabolic disorders in the elderly (29).  

In the last few years, advances in cellular and molecular biology have contributed to a deeper 

understanding of how wound healing occurs in the body. An estimated 500,000 people in the 

United States undergo treatment each year for burns, the majority of which result in scarring and 

painful contractures requiring extensive surgical interventions (30, 31). There is a high level of 

social stigma and psychological distress for patients with visible scars, especially on the face (32).  

The scar is the body's natural way of healing and replacing lost or damaged skin. Mature cutaneous 

scars are composed of large amounts of collagen, of which 80-90% is type I collagen and the 

remainder type III collagen (33). In the case of deep wounds, scarred skin lacks dermal 

appendages, such as hair follicles and sebaceous glands  (34-36), and wounds that are no more 

than two millimeters deep reepithelize and heal without scarring (37). A scarred tissue is 

distinguished from normal skin by the absence of rete pegs, which anchor the epidermis to the 

dermis beneath (38). Basement membranes of the epidermis that develop over scar tissue are flatter 

than normal, since they do not contain the rete pegs that penetrate into the dermis normally (33). 

Changes within the ECM as well as in the epithelium of the skin are also believed to contribute to 

excessive scarring (39, 40).  

In mammals, fetal tissues are capable of healing without scarring. Scarless wound healing is 

discontinued in humans after approximately 24 weeks of gestation, whereas it ceases in mice on 

day 18.5 (29, 41, 42). Several research studies have demonstrated that the fetus heals wounds more 

rapidly and more efficiently, and that the resulting tissue regenerates completely. It is interesting 

to note that even dermal appendages like sebaceous glands and hair follicles can heal after fetal 
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injury (43). Studies have indicated that scarless wound healing occurs in fetal tissue due to 

differences in the extracellular matrix (ECM), inflammation, cellular mediators, gene expression, 

and stem cell function (44, 45). It may be possible to use fetal wound healing as a model of wound 

healing in mammals to obtain the best response in adult wounds. Interestingly, some vertebrates 

such as urodele amphibians (newts and axolotls) have the unique ability to regenerate tissues and 

heal wounds without scarring over their entire life span  (46-49). Thus, wound healing in a newt 

and axolotl may be used as a model for reducing wound scarring and complications in mammals. 

 

1.2 Treatment of wounds and minimize scarring 

It is expected that the wound care products market will reach $15-22 billion by 2024 (50). 

According to estimates, there are over 2% of the American population who are thought to suffer 

from chronic wounds (51). As a result of trauma or surgery, more than 100 million people suffer 

from scarring each year, resulting in pathologies ranging from thin surgical scars to chronic non-

healing wounds (52, 53). There are several surgical and pharmaceutical options available for 

treating and preventing scarring, though none of them is sufficient to prevent scarring from 

occurring, particularly in patients with severely damaged skin. In chemical peels, chemicals are 

used to exfoliate the skin in a controlled manner, leading to a reduction of superficial scarring (54). 

The use of collagen filler injections can be used to elevate atrophic scars to the same level as the 

surrounding skin (55). A laser is commonly used to remove hypertrophic scars, such as keloids, as 

well as to improve the appearance of burn scars (56). In some cases, superficial radiotherapy can 

be used to prevent recurrence of severe scarring and hypertrophic scarring (57). Additionally, intra-

lesional injections of corticosteroids are commonly prescribed to treat pathological scarring (58).  
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There are several physical, medical, and surgical methods available for treating or at the very least 

reduce scarring. Also, many attempts have been made to test the efficacy of novel agents for 

treating scarring and other fibrotic conditions in humans, but the results have been disappointing. 

The injection of neutralizing antibodies (NA) to transforming growth factor-β (TGF-β) at the edge 

of the wound has been tested on mice to promote wound healing (59). The wounds treated with 

NA had a more normal, regenerative pattern of dermal architecture, as demonstrated by the 

orientation of collagen fibers (60), than did controls, which had many abnormally oriented collagen 

fibers within the scar (59). The extracellular matrix (ECM) graft can promote wound healing by 

stimulating cell migration and proliferation within the ECM, especially if it contains growth 

factors. Several functions of the ECM are known, including organogenesis, tissue repair, 

maintenance of cellular organization in adults, and the prevention of tumor invasion (61).In the 

extracellular matrix, specific attachment sequences are recognized by receptors known as integrins 

on the cell surface (62). ECMs play an important role in wound healing as well as acting as a 

reservoir and modulator of cytokines and growth factors (63, 64). As scaffolds also serve as a 

bridge between the border of the wound to allow cells to migrate and proliferate, thus they are 

potentially able to accelerate wound healing while minimizing scarring (Figure 2). 

 

 

  

                            Cells   

                            Scaffold 

                             Skin 

                                              Figure 2: Migration of cells within the scaffold 
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A scaffold can be classified as either a natural scaffold (derived from organic skin living cells) or 

a synthetic scaffold (derived from biomaterials). Many synthetic scaffolds can promote wound 

healing, especially those that contain growth factors that stimulate the proliferation of cells within 

the scaffold. Various biomaterials are used to treat acute and chronic wounds. However, each has 

its own advantages and disadvantages (65-67).  

A natural scaffold may be a better alternative to synthetic scaffold since it contains natural growth 

factors, some of which are yet unknown, and it is characterized by a three-dimensional structure 

that facilitates cell proliferation and distribution inside the scaffold rapidly. An acellular dermal 

matrix (ADM) is a natural scaffold that may function as protective barriers, a scaffold on which 

cells can migrate, and to signal cells in a manner that promotes angiogenesis and granulation tissue 

ingrowth (68, 69). 

 

1.2 Regenerating wounds in some animals 

Natural science, especially zoology and embryology, has been fascinated by some animals' ability 

to regenerate parts of their bodies following amputation or injury, for hundreds of years. While 

complex tissue regeneration is not observed in the mammalian body, it is much more common in 

amphibians. The urodele amphibians (also known as salamanders) are one group of tetrapod 

vertebrates that have developed the ability to regenerate complex tissues throughout their lifetimes. 

Research has often been carried out using urodeles such as axolotls and newts to study 

regeneration, however, there have also been studies performed using the Japanese fired belly newt. 

In addition, the European ribbed newt, is also capable of regeneration. In short, it has been shown 

that there is no better regenerator among all the vertebrates than urodeles. It is known that urodeles 

are capable of regenerating entire limbs after having been amputated (48, 70). Additionally, 
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urodeles have the ability to regenerate a variety of tissues and organs, including the spinal cord, 

the heart's apex, a portion of the forebrain, and certain internal organs after injury (71, 72).  

The axolotl skin can regenerate completely after excision of the epidermis, dermis, and muscles 

(73, 74). In amphibians, skin can regenerate or heal on its own without the formation of scar tissue 

(73, 75, 76). In addition, anurans (frogs) are capable of completely regrowing a limb after 

amputation, but adults do not possess this capability (77). Moreover, research has revealed that the 

skin of amphibians (frogs and salamanders) contains peptides and proteins that promote wound 

healing in mammals (78, 79). There is also a growing interest in using frog skin as a biological 

dressing for severe burns in some countries with positive results (reduced infection and faster 

healing) (80). In the first trimester of gestation, the skin of mammals can heal without scarring. 

After that, the skin wound healing turns to scarring (81, 82). Spiny mice of Africa are the only 

mammals known to be able to regenerate damaged tissue (83). Furthermore, it is not known 

whether the panniculus carnosus of spiny mice is fully recovered, which is a structure essential 

for wound contraction in animals with loose skin, because it was not visible either in the healed 

skin or in the cartilage with the ear holes (76). As previously stated, animal models that possess 

the ability to regenerate tissues can be useful in determining which pathways in humans must be 

inhibited or stimulated to promote wound healing. Animals such as axolotls, which are known to 

have the capacity to regenerate fully, will likely play a significant role in helping humans achieve 

scarless wound healing. 

 

1.3 Rationale 

As a result of mammals' inability to regenerate wounds instead of forming scar tissue, a variety of 

technical approaches have been developed to aid in the direction of various types of wounds 
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towards regeneration. The development of biomaterials to facilitate wound healing has been the 

subject of much attention and funding for many decades. Additionally, biomaterials have been 

tested as potential medical devices (84). Moreover, the term "tissue engineering" was introduced 

in 1988 and described as “the application of the principles and methods of engineering and life 

sciences toward the fundamental understanding of structure-function relationships in normal and 

pathological mammalian tissue and the development of biological substitutes to restore, maintain, 

or improve tissue function” (85). Over the past decade, however, it has become evident that one of 

the most promising biomaterials can be found in the extracellular matrix of the various animals 

and organs themselves (86, 87). Moreover, the ECM is rich in growth factors, hence it can affect 

the migration of cells into the wound bed as well as stimulate wound healing and regeneration (85, 

88). It may be possible or expected that biomaterials are not as effective as ECMs for wound 

healing (89). This explains why a variety of scaffolds derived from different types of animals have 

been developed for use in humans (90). The acellular dermis (from cadavers), the pig bladder ECM 

scaffolds, and the fetal bovine dermis have all been used or tested as grafts for wound healing in 

humans (91). Moreover, there are also biomaterials derived from crustacean shells (chitosan), 

which are being tested for regenerative functions (92). In the ECM, growth factors are naturally 

stored (e.g., FGF, TGF-β, VEGF, PDGF and HGF) and play an important role in wound healing 

and regeneration (85, 93). 

However, researchers have not been able to pinpoint which growth factors or combinations of 

macromolecules (collagen, fibronectin, tenascin, hyaluronic acid, glycosaminoglycans) are 

optimal to stimulate regenerative responses. The ECM of salamanders consists of two important 

components, fibronectin and tenascin, which mediate cell migration and proliferation in the 

regenerative process (75, 94). Thus, the purpose of this thesis is to test the hypothesis that ECM 
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scaffolds derived from axolotl skin may promote wound healing in non-regenerating organisms 

(e.g., mammals). Moreover, the purpose of this thesis is to examine if Symbios PerioDerm scaffold 

may also promote wound healing and to compare this scaffold to ECM scaffold derived from 

axolotl skin in order to determine which scaffold is more effective at improving wound healing. 

Symbios PerioDerm scaffolds are acellular dermal allografts that are designed to augment or 

replace damaged or inadequate tissue during the repair, reinforcement, or replacement of soft tissue 

defects. Moreover, Symbios PerioDerm scaffolds provide treatment of gingival recession as soft 

tissue thickness is increased in the implant socket and prosthodontic management (95, 96). This 

thesis is innovative in that it considers both fundamental questions about the role of the 

extracellular matrix in promoting healing as well as the possibility of developing new biomaterials 

to improve human health after suffering burns or injuries that result in scarring. 



 

 

CHAPTER II 

METHODOLOGY
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2.1 Preparation axolotl skin scaffold (ECM) 

This experiment was performed according to the guidelines set by the Université de Montréal 

Animal Care Committee. Axolotls were purchased from Ambystoma Genetic Stock Center 

(Lexington, KY) and were being cared for according to the instructions given by Lévesque et al 

(97). An axolotl (female, white, 3 years old), was anesthetized by placing it in a container filled 

with 0.2% MS222 for 20 minutes. Afterward, the axolotl was euthanized by decapitation, the skin 

from its back was carefully removed and the dermis (including muscles and fat) was carefully 

cleaned with a scalpel. After washing the skin with 1X PBS, the skin is decellularized in order to 

reduce the possibility of rejection by the immune system when the skin is grafted on mice.  

The decellularization process was carried out with three cycles of freezing (-80°) and thawing 

(37°) to destroy the cellular membrane and nuclei without damaging the collagen of the 

extracellular matrix (Table 1). Then it was rinsed once in dH2O/300 ml with shaking 200rpm, 1h 

at room temperature, and then once in 1X PBS/300ml with shaking 200rpm, 5h at room 

temperature, in order to eliminate the cellular debris.  

Afterwards, it was rinsed 1X with 1M KCL/300ml with shaking 200rpm for 24 hours at 37 degrees 

Celsius, followed by rinsing with dH2O/300 ml with shaking 200rpm. Afterwards, it was placed 

in 1% SDS/300ml by shaking 200rpm for 48 hours at 37 degrees Celsius (changing solution after 

24 hours). It was then rinsed with 3X in dH2O water, 200rpm, for 1 hour at room temperature. 

Next, it was placed in dH2O containing detergent (1% TritonX-100)/300ml with shaking 200rpm, 

24h at 37°C, and it was then rinsed in 3X in dH2O/300ml with shaking 200rpm, 1h at room 

temperature. 
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Scaffold was rinsed in 1X PBS/300ml with shaking 200rpm for 5 hours at room temperature, and 

then in 1X dH2O/300ml with shaking 200rpm for 1h at room temperature. Then it is lyophilized 

and stored at -80 until it is ready to use. 

 

 

 

 

 

 

 

 

2.2 DNA isolation and RT-PCR 

Polymerase chain reaction (PCR) was conducted to determine whether DNA fragments (highly 

inflammatory) were present in decellularized axolotl skin (ECM). DNA was extracted from axolotl 

decellularized ECM and intact skin (to serve as a positive control). One small piece of 

decellularized and intact axolotl skin (ECM) was frozen with liquid nitrogen and broken up with 

a mortar and pestle. Each of them was collected as powder and placed in a centrifuge tube with 

2ml of 1X PBS. Then, they were homogenized using high-shear homogenizers. The PCR reactions 

were performed using 1X standard Taq NEB reaction buffer. 40 cycles of PCR amplification were 

 
The decellularization process 

1 Three cycles of freezing (-80°) and thawing (37°) 
2 Rinsed in 1X dH2O/300 ml with shaking 200rpm, 1h at room temperature 
3 Rinsed in 1X PBS/300ml with shaking 200rpm, 5h at room temperature 
4 Treat with 1X 1M KCL/300ml with shaking 200rpm for 24 hours at 37 degrees Celsius 
5 Rinsed in 1X dH2O/300 ml with shaking 200rpm 
6 Treat with 1% SDS/300ml by shaking 200rpm for 48 hours at 37 degrees Celsius 
7 Rinsed in 3X in dH2O, 200rpm, for 1 hour at room temperature 
8 Treat with detergent 1% TritonX-100/300ml with shaking 200rpm, 24h at 37°C 
9 Rinsed in 3X dH2O/300ml with shaking 200rpm, 1h at room temperature. 

10 Rinsed in 1X PBS/300ml with shaking 200rpm for 5 hours at room temperature 
11 Rinsed in1X dH2O/300ml with shaking 200rpm for 1 hour at room temperature 
12 Lyophilized and stored at -80 until it is ready to use 

Protocol for decellularizing axolotl skin according to Roy's lab (Table 1) 



 

 29 

performed using the following protocol 60° for primers forward; MSX1 1 IN FX3, and reverse 

primers; MSX 1 R877. Samples of PCR products (7uL decellularized axolotl skin, 7uL intact 

axolotl skin mix, and 7uL water blank) were added to 1uL Orange G stain. Then, 0.7uL of 1KB 

Ladder was added to 1uL of orange G stain. After that, all samples were loaded and resolved in 

1% agarose gels (30mL of H2O NANO, 600µL of TAE 50X, 0.3 g Agarose powder) 

 

2.3 Indirect Immunofluorescence 

To evaluate the integrity of the decellularized axolotl skin ECM from any damage, indirect 

immunofluorescence to detect collagen-IV was used (98). Firstly, the slides were deparaffinized 

in three separate baths of xylenes for five minutes each. Following this, slides were rehydrated in 

a series of 100%, 95%, 70% alcohol for 5 minutes each and then placed in water followed by a 

heat-induced epitope retrieval (20 min at 95°C) in 0.1 M citrate at pH 6.0. The slides were then 

blocked in TBS-T with 2% BSA for 15 minutes.  

The primary antibody (anti-col-IV, ab6586, 1/500) was diluted in blocking solution and incubated 

on slides overnight at 4°C. Then, all slides were rinsed with (PBS 1X) three times for five minutes. 

The secondary HRP coupled antibody (anti-rabbit HRP, cat# 170-6515, Biorad, 1/400) was diluted 

in blocking solution just as for anti-collagen-VI and incubated on slides for 45 minutes at room 

temperature. After this, all slides were rinsed with (PBS 1X) three times for five minutes. Tyramide 

(Biotium, San Francisco Bay, CA, cat# 92175) was diluted in 1X TBS with 0.0015% H2O2 to an 

active concentration of 11.6μM then incubated on slides at room temperature for 8 minutes. 

Following this, all slides were rinsed with (PBS 1X) three times for five minutes. Afterwards, 

slides were mounted with ProLong® Gold antifade reagent and observed with a Zeiss Axio Imager 

M2 Optical Microscope (Zeiss, Munich, Germany). 
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2.4 Materials and surgical instruments 

The scaffolds (Symbios PerioDerm Acellular Dermis, 2 cm x 4 cm) were purchased from Dentsply 

Sirona, Mississauga, ON, Canada. Decellularized Axolotl Skin scaffolds and PerioDerm Acellular 

Tissue Scaffolds (figure 3A), and Titanized Mesh (figure 3B) were prepared by cutting them in a 

circular pattern (size 8mm for Axolotl and Prioderm scaffolds and 10mm for Titanized Mesh) 

which were performed by punch biopsy (size 8-10mm). Titanized mesh was used to prevent 

contraction of the panniculus carnosus in the wound area. Tegaderm (Nexcare 3M) Nexcare wound 

dressings, and callus cushions, for protecting the wound area from infection or any damage during 

mice activity, were purchased from Pharmaprix and PJC Jean Coutu in Montreal, Canada (figure 

4). The suture needles (Ethicon 5-0 x 18" Ethilon® Nylon Clear Sutures with P-3 Needle - 12/Box), 

scissors, and sterile punch biopsy (Acuderm P550 ACU-Punch Biopsy Punches (8-10) mm, Box 

of 50), inhalational anesthesia (isoflurane), normal sterile saline, a needle holder, and Addison 

forceps (figure 5).  

 

2.5 Animal Maintenance and Excisional Wounding steps 

The immune-competent mice (CD9 from Charles River, Montreal Canada) were purchased, and 

housed at the animal care facility at Montreal University. A total of 18 male mice (weighing 35-

45g and aged 2-3 months) were selected at random and divided into three groups of three mice 

each. All mice were housed in cages with free access to standard pellet food and water, under the 

following conditions: at room temperature (around 24°C), with 12 hours of darkness followed by 

12 hours of light. 
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 Figure 3 Materials and surgical instruments  
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Suture needles (Nylon Suture) Sterile punch biopsy 8mm 

  

Sterile punch biopsy 10mm Surgical tools 

Figure 5 Materials and surgical instruments  
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 The mice were administered 0.05-0.1 mg/kg of buprenorphine slow release (done by the 

veterinary services of the Universté de Montréal) prior to anesthesia in order to reduce 

postoperative pain, and then inhalation of isoflurane was used as a general anesthetic. The backs 

of anesthetized mice (n = 18) were shaved, and the area of the wound was washed with normal 

sterile buffer to remove any contamination that might lead to infection. Two full thickness skin 

excisions were made with a 10 mm diameter punch biopsy tool (Figure 6). 
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 Figure 6 Excisional Wounding steps  
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After wounding, Titanized mesh is placed directly on the wound bed for the control group, and it 

is sutured with eight stitches. In the Axolotl and Perioderm groups, Titanized mesh and scaffolds 

(axolotl and Perioderm) were placed and then stitched together with eight stitches each (figure 7). 

Photographs were taken on day 0 with an iPhone 11 Pro, then Callus cushions were placed and 

sutured with tie stitches around the wound area. Then it was covered with Tegaderm (Nexcare 

3M), followed by a non-sticky dressing (figure 8A, B, C, D). All mice were injected 

subcutaneously with normal sterile saline (0.5 ml) in order to prevent dehydration. The following 

groups have been assigned:  

Axolotl Group Axolotl (n=6): The first experiment was conducted using three decellularized 

axolotl skin ECM scaffolds in which they were grafted on 3 mice for the period of time 7 days, 

and the second experiment was performed using three decellularized axolotl skin ECM scaffolds 

in which they were grafted on 3 mice for the period of time 30 days.  

Perioderm Group (n=6): The first experiment was carried out using three Symbios Perioderm 

acellular dermis scaffolds in which they were grafted on 3 mice for the period of time 7 days and 

for the second experiment was performed using three Symbios Perioderm acellular dermis 

scaffolds in which they were grafted on 3 mice for the period of time 30 days.  

Control Group (n=6): The first experiment was carried out using three titanized meshes in which 

they were grafted on 3 mice for the period of time 7 days, and the second experiment was 

performed using three titanized meshes in which they were grafted on 3 mice for the period of time 

30 days. The animal experimentation has been approved by the animal care and ethics committee 

of Université de Montréal, which is recognized by the Canadian Council for Animal Care. 
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The mice were euthanized by Carbon dioxide exposure and decapitated on day 7 and day 30, and 

the wound closure rate was determined by taking photographs of each wound using an iPhone 11 

Pro on days 0, 7, 22 and 30, in the first and second experiments. 

2.6 Transillumination Test 

Transillumination (shining light) was used to detect the presence of vascular networks. On days 7 

and 30, the skin containing the whole wound area was removed from mice in all groups. Then, 

they were stretched on a light source and photographed with an iPhone 11 Pro. 

2.7 Histological analysis 

The slides were stained with DAPI staining, which stains DNA, in order to determine whether the 

decellularized Axolotl Skin ECM had completely decellularized. Additionally, the slides were 

stained with Sirius Red and Hematoxylin and Eosin to assess the collagen content and presence of 

cells in the granulation tissues of Axolotl, Perioderm, and control groups. 

 

2.7.1 Staining with DAPI 

This method was used to determine if any cells were left in the ECM of decellularized axolotl skin. 

The slides were deparaffinized in 3 baths of xylenes for 5 minutes each and rehydrated in 

successive concentrations of 100%, 95%, 70%, and 50% alcohol. All slides were then distilled in 

water for 5 minutes and mounted with ProLong® Gold antifade reagent containing DAPI (4′,6′-

Diamidino-2-phenylindole). Afterward, they were visualized using a Zeiss Axio Imager M2 

Optical Microscope (Zeiss, Munich, Germany). 
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2.7.2 Staining with Sirius red 

 It is important to detect the collagen pattern in order to determine if they are normal collagen 

patterns or abnormal collagen patterns (scarring). The samples were fixed in 4% paraformaldehyde 

in 0.7× PBS at 4°C overnight. Afterwards, tissues were rinsed thoroughly with 1× PBS and 

embedded in paraffin. Before staining, sections (10 μm in thickness) were deparaffinised through 

three baths of xylene for 5 min each. Slides were then rehydrated in a graded series of 100, 90, 70, 

and 50% ethanol, and then in distilled water for five minutes.  

All slides were then soaked in Weigert's Hematoxylin for 10 minutes. Then, rinsed three times 

with distilled water (H2O RO) for ten minutes. Next, the slides were soaked in Sirius Red 0.1% 

m/v (Direct Red 80 (Alfa Aesar, B21693) in a saturated solution of Picric Acid) for 1 hour. 

Afterward, slides were washed in acetic acid 0.5% v/v for 2X5min followed by rapid dehydration 

in 90% EtOH, 100% EtOH, and 100% Xylene for 2X5min each. After that, Permount (Fisher 

scientific, Ottawa, Ontario, Canada) was used to mount the slides. Polarized light was used to 

visualize collagen by a Zeiss Axio Imager M2 Optical Microscope (Zeiss, Munich, Germany). 

 

2.7.3 Staining with Hemoxylin & Eosin  

This method is useful in detecting cells, appendages of dermis, and different layers of skin in a 

wound area, which can then be compared to that of a normal skin layer. The slides were 

deparaffinised and rehydrated as described above for Sirius red staining. Following rehydration, 

the slides were subsequently stained in Mayer’s hematoxylin (Dako Cytomation, S3309) for 75 

sec, thoroughly rinsed in water, put in 0.08% NH4OH for 20 sec, in 80% ethanol for 1 min, in 

Eosin for 30 sec and rinsed in 80% ethanol for 30 sec. Then, slides were dehydrated in 95% ethanol 

two times for 1 min, 100% twice for 1 minute and two times in xylene for 1 minute. The mounting 
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was performed with PermountTM Mounting medium (Fisher Scientific, Sp15-100). Zeiss Axio 

Imager M2 Optical Microscope (Zeiss, Munich, Germany) was used to visualize the slides. 

 

2.8 Semi-quantitative analysis  
 

 The microscopic scale was used for histological staining with Hematoxylin & Eosin and Sirius 

Red. A macroscopic scale was also used for wound closure and transillumination tests. The wound 

closure (tissue closure), the percentage of new tissue over the wounded area, presence of vascular 

network and collagen content (density), collagen pattern (porosity or mesh like structure), amount 

of epithelial cells, recovery of the epidermis over the wounds (Epithelial Layer), presence of the 

basal lamina, connective tissue (Dermal Layer), the panniculus carnosus muscle (Muscle Layer), 

cell density in  wound tissue sections, presence of reddish spots and dermal appendages (hair 

follicles and sebaceous gland) were assessed and scored in a semi-quantitative analysis. The 

scoring is compared to Control group was labelled as follows: none= –, low= +, moderate= ++, 

high= +++.  
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 Figure 7 Excisional Wounding steps  
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Figure 8 Wound dressing steps  
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3.1 Assessment the Decellularized Axolotl Skin ECM 

The methods of DAPI staining, which stains DNA, and PCR have been used to verify that cells 

were removed from decellularized axolotl skin in order to avoid triggering an immune response 

against the xenograph. The decellularized axolotl skin ECM has also been examined using Sirius 

red and indirect immunofluorescent staining of collagen IV to determine whether any damage had 

occurred following the decellularization procedure. 

 

3.1.1 DAPI staining  

As a result of DAPI staining, the decellularized axolotl skin ECM did not stain for nuclei in 

comparison to those of normal axolotl skin (Figure 9). The negative staining of nuclei by DAPI 

(Figures 9A, B) indicated successful removal of cells in Decellularized Axolotl Skin ECMs, 

whereas intact axolotl skin (Control) containing cells showed positive nuclear staining by DAPI. 

(Figures 9C, D). 

 

3.1.2 Collagen staining with Sirius red 

Sirius red staining was used to determine whether or not collagen content and orientation of fibers 

within the decellularized Axolotl Skin ECM had been damaged. Staining with Sirius Red revealed 

collagen fibers (red) in the Decellularized Axolotl Skin ECM (Figures 10A and 11A) and in the 

intact axolotl skin (Figures 10B and 11B). The red collagen fiber indicates collagen is still readily 

apparent in the decellularized axolotl skin. Thus, the collagenous matrix structure and collagen 

organization of the decellularized axolotl skin ECM were likely maintained after decellularization 

(Figures 10A, 11A). 
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 Figure 9 DAPI staining of the decellularized axolotl skin ECM. Axolotl decellularized skin (Figure 9A, B) shows negative staining for 

nuclear DNA, indicating the absence of cells, while intact skin (Figure 9C, D) shows positive nuclear DNA staining, indicating the 
presence of cells. 
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Figure 10 Sirius red of the decellularized axolotl skin ECM in the Polarization field, Sirius red stain imaging, a magnification 10X, 
revealed general maintaining collagen in the decellularized axolotl Skin ECM (A) and intact axolotl skin (B). 
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 Figure 11 Sirius red of the decellularized axolotl skin ECM in the white light, Sirius red stain imaging, a magnification 10X, 
demonstrated the presence of general maintaining collagen of Decellularized Axolotl Skin ECM (A), and intact axolotl skin (B). 
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3.1.3 Indirect immunofluorescent localization of collagen IV 

The basement membrane glycoproteins are normally associated with collagen type IV. Therefore, 

indirect immunofluorescence localization of collagen IV was carried out in order to determine if 

damage had occurred to the decellularized axolotl skin ECM. The collagen IV fibers were 

visualized by immunofluorescence in both decellularized axolotl skin ECM (Figure 12A) and in 

intact axolotl skin (Figure 12B). The collagen IV fibers were well preserved after decellularization 

in comparison to intact axolotl skin. Thus, decellularization did not change the distribution of 

collagen IV that is present in normal axolotl skin tissue. 

 

3.1.4 Detection of genomic DNA in decellularized axolotl skin 

A fragment of genomic DNA of 500 bb of the MSX1 gene intron (1 intron in the axolotl MSX1 

gene) was amplified using PCR to determine whether any genomic DNA was still present in the 

decellularized axolotl skin. Remaining genetic materials, such as DNA fragments, are capable of 

inducing an immunogenic rejection response. In order to assess for the presence of DNA fragments 

and to avoid triggering an immune response against the xenograph, the presence of residual 

genomic DNA after decellularization was measured using PCR. There was a significant difference 

in DNA content between Decellularized Axolotl Skin ECM and intact Axolotl skin. Neither 

Decellularized Axolotl Skin ECM nor water blank (negative control) showed any DNA 

amplification, however intact skin displayed an intense amplified band at 500 kb (expected size of 

the amplicon) (Figure 13). Thus, cells and genomic DNA were successfully removed from 

Decellularized Axolotl Skin ECM as there was no genomic DNA detected. 

 

 



 

 47 

 

 

 

 
 
 
 
 
 
 
 
 
 

 Indirect immunofluorescent staining of collagen IV 

D
ec

el
lu

la
ri

ze
d 

A
xo

lo
tl 

Sk
in

 E
C

M
 

 
 A 

In
ta

ct
 A

xo
lo

tl 
sk

in
 

 
 B 
 
 

Figure 12 Indirect immunofluorescent staining of collagen IV, an image of indirect immunofluorescent, a magnification 10X, staining 
showing the general histoarchitecture of collagen IV (red indicates collagen IV presence) in Decellularized Axolotl Skin ECM (A) was 
preserved after decellularization when compared to intact axolotl skin(B). 
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Figure 13 PCR amplification of genomic DNA (intron of axolotl MSX1 gene). 
The PCR results of intact Axolotl skin on gel electrophoresis showed a large band 
of DNA at >500 bp, but the Decellularized Axolotl Skin ECM and blank water 
showed no DNA band. 
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3.2 An assessment of grafts (Axolotl, PerioDerm, and Control groups) in mice after 7 and 30 

days. 

Both seven-day and thirty-day experiments were carried out using decellularized Axolotl Skin 

ECM (Axolotl group), Symbios PerioDerm acellular dermis scaffolds (Perioderm group), and 

Titanized meshes only (Control group). The grafts were placed on the backs of mice for 7 and 30 

days. We assessed the Axolotl, Perioderm, and Control grafts at 7 and 30 days through wound 

closure, transilluminating test, and histological analysis (staining Sirius red with Eosin & 

Hematoxylin Sirius red). 

 

3.2.1 Wound closure 

The wounds (8 mm excisional) were photographed immediately following surgery (0 day) and 

post-surgery (7, 21 and 30 days) in both seven-day and thirty-day experiments (Figures 14, 15)  

There were no differences in the percentage of wound closure between Axolotl, Perioderm, and 

Control groups at 7 days in both the seven-day and thirty-day experimental animals, but at 21 days 

and 30 days in the thirty-day experimental groups, there were differences in the size of tissue 

closure between Axolotl, PerioDerm, and Control groups (Figures 14, 15) (Table 2).  After 21 

days, the tissue closure in the Control group was ++, while tissue closure was + in the Perioderm 

and Axolotl groups. However, tissue closure was +++ in all groups (Axolotl, Perioderm, Control) 

after 30 days. 

Axolotl, PerioDerm, and Control groups also showed no differences in new tissue over the 

wounded area at 7 days in both seven-day and thirty-day experiments, but the presence of new 

tissue over the wounded area showed differences on day 21 and day 30 in thirty-day experiments 

(Figures 14, 15) (Figures 22A, B, C, 24A, B, C) (Table 2). Following 21 days and 30 days, the 

presence of new tissue over the wound area in the Control group was +, while it was ++ in the 
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Perioderm group and +++ in the Axolotl group. These findings suggest that the Axolotl group, as 

compared to the Perioderm group and Control group at 21, 30 days, showed a greater ability to 

regenerate/heal new tissue in the wounded area (+++) (Figures 15 on 30 days, black arrows) 
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 Figure 14 In a 7-day experiment, an 8-millimeter circle wound was made on 

the dorsal of the mice using a punch biopsy, and images were taken on days 0 
and 7. At 7 days, there was no difference in wound closure between Axolotl, 
Perioderm, and Control groups. 
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Figure 15 In a 30-day experiment, a punch biopsy was used to make an 8 mm circle wound on the dorsa of the mice, and photographs were taken at 0,7,21, and 
30 days after the wound was made. In the axolotl, Perioderm, and control groups, there was difference in closure rate at 7 days. But there were differences in 
wound closure (tissue closure) and new tissue over the wounded area between the Axolotl, Perioderm, and control groups on days 21, 30. The percentage of 
tissue closure was ++ large in the Control group, while the percentage of tissue closure was + in the Perioderm and Axolotl groups on days 21, however, the 
percentage of tissue closure was +++ in all the groups on 30. On days 21 and 30, the percentage of new tissue over the wound area in the Control group was +, 
while the percentage of new tissue over the wounded area was ++ in the Perioderm group and +++ in the Axolotl group. 
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Scoring of WC: Wound Closure; NTOWA: New Tissue Over Wounded Area 
The macroscopic scale, semi quantitative analysis results of Wound closure (Table 2) 
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3.2.2 Trans-illumination Test 

A trans-illumination test was used to observe the development of microvascular networks within 

and along the wound margins and grafts in both seven-day and thirty-day experiments. In general, 

there was a noticeable difference between the vascular networks of the Axolotl, Perioderm, and 

Control groups in the seven-day experiment (Figure 16) (Table 3).  

The microvascular network was +++ at the center and edges of the Axolotl's wounds (Figures 16A, 

B black/white arrows), whereas it was + only at the edges in the Perioderm and Control groups 

(Figures 16C, D) 16D, E, G, H black /white arrows). Further, in 7-day experiment, the color of the 

tissue covering the back wounds varied markedly among the Axolotl, Perioderm, and Control 

groups. On the backs of the Axolotl wounds, the tissues were more reddish in color and more 

vascularized (++) (Figure 15C black arrow), whereas tissue in the Perioderm and Control groups 

were more yellowish and showed only a minimal amount of vascularity (+) (Figures 15F, I black 

arrows). 

As determined by the transillumination test in thirty-day experiments, the Axolotl, Perioderm, and 

Control groups demonstrate different microvascular networks. Microvascular networks in the 

Axolotl group were +++, whereas those in the Perioderm and Control groups were – (Figures 17A, 

B, C) (Table 3). As a result of these findings, the Axolotl group was more able to create vascular 

networks (+++) in the wounded area than the Perioderm group and Control group at 7 and 30 days 

(Figure 17, 16) (Table 3). 
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Figure 16 In a 7-day experiment, Axolotl group (A, B) showed +++ vascular network, whereas Perioderm group (D, 
E) and Control group (G, H) did present + vascular network. The tissue back wounds were more reddish in color and 
showed more vascularity in the Axolotl group (C) and were yellowish in color and showed only minor vascularity in 
the Perioderm (F) and Control groups (I). 
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 Thirty-day Transillumination Test 
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 Figure 17 In a 30-day experiment, the Axolotl group (A, B) showed +++ 

vascular network, whereas the Perioderm group (D, E) and Control group (G, 
H) did show – vascular network. 
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The macroscopic scale, semi quantitative analysis results of Transillumination test (Table 3) 
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3.2.3 Histological analysis  

In the seven-day and thirty-day experiments, Sirius and hematoxylin & Eosin were used to 

examine the histology of the grafts to determine whether collagen and cells were distributed 

differently in wound areas between the Axolotl, Perioderm, and control groups. 

 

3.2.3.1 Sirius red staining  

In scarring regions, the collagen fibers are usually larger, evenly distributed and organized into 

cross-hatched patterns. Both the seven-day and thirty-day experiments revealed different collagen 

contents among the Axolotl, Perioderm, and Control groups (Figures 18A, B, C, 20A, B, C, 22A, 

B, C, 24A, B, C). On 7 and 30 days, the collagen content in the Axolotl group was +++, whereas 

in the Perioderm group, it was + on 7 days and ++ on 30 days (Figures 19A, C, 21A, C, 23A, C, 

25A, C) (Table 4). In contrast, the collagen content of the Control group was ++ on 7 days and + 

on 30 days (Figures 19D, 21D, 23D, 25D) (Table 4). In addition, new collagen pattern was 

distributed and arranged into a porous network (spongy-like) on 7 days and 30 days in the Axolotl 

group (Figures 19A, 21A, 23A, 25A black /white arrows), while new collagen was arranged in 

linear and wave patterns without porous matrix on days 7 and 30 in the Perioderm group (Figures 

19C, 21C, 23C, 25C black /white arrows). The collagen pattern developed in the Control group 

was arranged linearly and in waves, with less porous on day 7, but no porous on day 30 (Figures 

19D, 21D, 23D, 25D black /white arrows). 

In the Axolotl group, the porosity of collagen pattern was +++ on 7 days and 30 days, whereas the 

porosity of collagen pattern in Perioderm was – on 7 and 30 days (table 4). However, the porosity 

of collagen pattern in the control group was + on 7 days and - on 30 days (table 4). In conclusion, 

the Axolotl group showed porous collagen patterns and a higher collagen content in the wound 
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area as compared to the Perioderm and control groups. Accordingly, the porous collagen pattern 

formed in the Axolotl group could facilitate cell proliferation and differentiation more efficiently 

than collagen pattern observed in the Periderm and Control groups. (99-101). 

 

 

 

 White light, staining the wound with Sirius red at seven days 
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 Figure 18 Representative full wound sections in White light, a magnification 10X.The Sirius red stain has been used to examine collagen 

content and its orientation in healing wounds for each of the Axolotl, Perioderm, and Control groups. The collagen content of the axolotl 
group was +++ and the matrix formed under the Decellularized Axolotl Skin ECM was oriented in a porous pattern (A). In the PrioDerm 
group, the amount of collagen was +, but no matrix (B). In the Control group, collagen content was (++), matrix orientation was linear, 
and porosity was (–) (C). 
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 White light, a magnification of 20X at 7 days White & black, a magnification of 20X at 7 days 
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 Figure 19 This figure represents high-powered images of the epidermal-dermal border in White light, a magnification 20X. The Sirius 

red stain was used to measure collagen content and orientation in healing wounds for the Axolotl, PerioDerm, and Control groups. 
Collagen content was (+++) in the axolotl group, and the porosity of matrix was (+++) (A, B). PrioDerm group, the amount of collagen 
was (+), but no matrix (C, E). The collagen content in the Control group was (++), and the porosity of matrix was (+) (D, F). 
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 In polarized light, staining the wound with Sirius red at seven days 
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Figure 20 Representative full wound sections in polarization field, a magnification 10X. The Sirius red stain has been used to examine 
collagen content and its orientation in healing wounds for the Axolotl, PerioDerm, and Control groups. The collagen content of the 
axolotl group was (+++), and the matrix was oriented in a porous pattern (A). In the PerioDerm group, the amount of collagen was 
(+), but no matrix (B). In the Control group, collagen content was (++), matrix orientation was linear, and porosity of matrix was (+) 
(C). 
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 In Polarized light, a magnification of 20X at 7 days White & black, a magnification of 20X for 7 days 
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 Figure 21 This figure represents high-powered images of the epidermal-dermal border in Polarization light, a magnification 20X. The 
Picrosirius red stain was used to measure collagen content and orientation in healing wounds for the Axolotl, PerioDerm, and Control 
groups.  Collagen content was (+++) in the axolotl group, and the porosity of matrix was (+++) (A, B). PrioDerm group, the amount 
of collagen was (+), but no matrix (C, E). The collagen content in the Control group was (++), and the porosity of matrix was (+) (D, 
F). 
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 White light, staining the wound with Sirius red at thirty days  
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Figure 22 Representative full wound sections in White light, a magnification 10X. The Sirius red stain has been used to examine collagen 
content and its orientation in healing wounds for each of the Axolotl, Perioderm, and Control groups. In axolotl group, the collagen 
content was +++ amount and the new matrix collagen formed was porous. Also, new tissue over the wounded area in axolotl group was 
(+++), in comparison to Perioderm group, it was (++) and Control group, it was (+) (A, B, C). The collagen content in Perioderm group 
was (++), in which distributed & arranged into linear and wave patterns, with no porous matrix (B). The collagen content in the control 
group was (+), in which arranged in a cross-hatched pattern (this could represent scar tissue), matrix was not porous (C). 
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 White light, a magnification 20X at 30 days White & black the wound, a magnification 20X at 30 days 
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Figure 23 This figure represents high-powered images of the epidermal-dermal border in White light, a magnification 20X. The Sirius 
red stain was used to measure collagen content and orientation in healing wounds for the Axolotl, PerioDerm, and Control groups.  In 
the axolotl group, the collagen content was +++ amount, and the matrix was oriented in a porous manner (A, B). In the PrioDerm 
group, Collagen content was (+++) in the axolotl group, and the porosity of matrix was (+++) (A, B). PrioDerm group, the amount of 
collagen was (++), and the porosity of matrix was (–) (C, E). The collagen content in the Control group was (+), and the porosity of 
matrix was (–) (D, F). 
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 In polarization field, staining the wound with Sirius red at thirty days 
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Figure 24 Representative full wound sections in polarization field, a magnification 10X. The Sirius red stain has been used to examine 
collagen content and its orientation in healing wounds for each of the Axolotl, Perioderm, and Control groups. In axolotl group, the 
collagen content was +++ amount and the new matrix collagen formed was porous. Also, new tissue over the wounded area in axolotl 
group was (+++), in comparison to Perioderm group, it was (++) and Control group, it was (+) (A, B, C). The collagen content in 
Perioderm group was (++), in which distributed & arranged into linear and wave patterns, with no porous matrix (B). The collagen 
content in the control group was (+), in which arranged in a cross-hatched pattern (this could represent scar tissue), matrix was not porous 
(C). 
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 In Polarization filed, a magnification 20X at 30 days White & black, a magnification 20X at 30 days 
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 Figure 25 This figure represents high-powered images of the epidermal-dermal border in Polarization field, a magnification 20X. 

The Sirius red stain was used to measure collagen content and orientation in healing wounds for the Axolotl, Perioderm, and 
Control groups. In the axolotl group, the collagen content was +++ amount, and the matrix was oriented in a porous manner (A, 
B). In the Perioderm group, Collagen content was (+++) in the axolotl group, and the porosity of matrix was (+++) (A, B). 
Perioderm group, the amount of collagen was (++), and the porosity of matrix was (–) (C, E). The collagen content in the Control 
group was (+), and the porosity of matrix was (–) (D, F). 
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The microscopic scale, semi quantitative analysis results of Sirius red (Table 4) 
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3.2.3.2 Hemoxylin & Eosin staining 

Hematoxylin and eosin staining was used in both the seven-day and thirty-day experiments to 

demonstrate the migration of cells in the wound area (Figures 26, 27, 28,29). Both the seven-day 

and thirty-day experiments revealed different epithelial cells among the Axolotl, Perioderm, and 

Control groups. On 7 and 30 days, the epithelial cells (epithelium layer) in the Axolotl group were 

+++, whereas in the Perioderm group, it was + on 7 days and ++ on 30 days (Figures 26A, B, 27A, 

C, 28A, B, C, 29A, C, D). (Table 5). In contrast, the epithelial cells (epithelium layer) in the 

Control group were ++ on 7 days and + on 30 days (Figures 26C, 27D, 28C, 29D) (Table 5) 

In the center of the wound, the epidermal layer, basal lamina, and connective tissue (dermal layer) 

were +++ after 7 days and 30 days (figure 27B, 29A (III)(V) black arrows, 29A black arrow). 

Contrary to this, the epidermal layer, the basal lamina, and the connective tissues (dermal layer) 

in the center of the wound were all ++ after 7 days and ++ after 30 days in the Periderm group 

(figures 27C, E, 29C, E) (Table 5). The epidermis, basal lamina, and connective tissues (dermal 

layer) in the control group were all ++ after 7 days and at 30 days (figures 27D, F, 29D, F) (table 

5). 

In the Axolotl group, a reddish spot in the connective tissue was + after 7 days, suggesting dense 

vascularization (figure 27B, (I) (II) black arrows). The Axolotl group did not have any reddish 

spots after 30 days and neither did the Perioderm group or the control group on 7 and 30 days. On 

day seven, the panniculus carnosus muscle was ++ under the connective tissue at the center of the 

Axolotl wound (figures 26A (I) black arrow, 27B (IV) black arrow).  Whereas the panniculus 

carnosus muscle was – in the wound area in the Perioderm group on 7 and 30 days (Table5). In 

contrast, the panniculus carnosus muscle in the Control group was + under the connective tissue 
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after 7 days (figure 27D (I) black arrow). After 30 days, none of the Axolotl, Perioderm, or Control 

groups showed any signs of the panniculus carnosus in the wound area (Table5).  

Interestingly, on 7 and 30 days, cell density (epithelium and dermal layers) in the Axolotl group 

was +++, whereas in the Perioderm group, it was + at 7 days and ++ at 30 days (Figures 26A, B, 

27A, C, 28A, B, C, 29A, C, D). (Table 5). And cell density (epithelium and dermal layers) in the 

Control group was ++ at 7 and 30 days (Figures 26C, 27D, 28C, 29D) (Table 5).  

Also, Axolotl groups showed some dermal appendages at 30 days, including hair follicles, sweat 

glands, apocrine glands, and sebaceous glands (Figure 29B, (I)(II)(III) black arrows). Hair follicles 

and sebaceous glands were + on day 30 in the center of the axolotl wound (Figure 29B) (Table 5). 

Axolotls, however, lacked dermal appendages (hair follicles and sebaceous glands) on day 7 

(Figure 27B). Moreover, neither the Perioderm nor the Control groups showed signs of dermal 

appendages (hair follicles or sebaceous glands) within the wound area after 7 and 30 days (Figures 

27C, E, D, F 29C, E, D, F) (Table 5).   
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 H&E histology at seven days 
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 Figure 26 Representative full wound sections, a magnification 10X. The slides were stained with hematoxylin and eosin to demonstrate 

the cellular presence in the granulation tissues in the wound areas of each of the three groups: Axolotl, Perioderm, and Control. The 
wound was completely re-epithelialized in the Axolotl group (A), Under the connective tissue at the center of the wound, parts of the 
panniculus carnosus have grown (I) black arrow. In the Periderm group, the wound surface was poorly re-epithelialized (B). In the 
Control group, the wound surface was incompletely re-epithelialized and covered with ++ amount epithelial cells(C) 
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 H&E histology, a magnification 20X at 7 days H&E histology, a magnification 40X at 7 days 
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 Figure 27 This figure represents high-powered images of the epidermal-dermal border, a magnification 20X, 40X. Hematoxylin and eosin 

staining was used to show granulation tissue cells in wound areas of the three groups: Axolotl, Perioderm, and Control. Cell density  was 
+++ in the center of axololt's wounds (A), A reddish spot was seen in the central area of the wound, possibly indicating dense 
vascularization (B, (I)(II)black arrows), A +++ amount of epidermal thickness, basal lamina, and connective tissue were observed in the 
wound center (B, (V)(III)black arrows), Part of the panniculus carnosus muscle  have grown under the connective tissue in the center of 
the wound (B, (IV)black arrow). Cell density was + in the center of Perioderm's wounds (C, E). In Control group, cell density was ++ in 
the center of wounds (D), A panniculus carnosus muscle may have been observed slightly under the connective tissue (D (I)black arrow). 
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 H&E histology at 30 days 
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 Figure 28 Representative full wound sections, a magnification 10X. For the purposes of demonstrating the cellular positions in the 
granulation tissues of the wounds, of each of the three groups: Axolotl, Perioderm, and Control, the slides were stained with hematoxylin 
and eosin. Axolotl wounds were epithelized, and the panniculus carnosus muscle was not visible beneath the dermis (A). In the Perioderm 
group, the wound surfaces were epithelized, and the panniculus carnosus muscle did not appear under the dermis (B). In the Control 
group, the wound surfaces were epithelized, and the panniculus carnosus muscle was not evident under the dermis (C). 

10X 

10X 

10X 



 

 72 

 
 
 

 H&E histology, a magnification 20X, 40Xat 30 days H&E histology, a magnification 20X, 40X at 30 days 
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Figure 29 This figure represents high-powered images of the epidermal-dermal border, a magnification 20X, 40X. Hematoxylin and 
eosin staining was used to show granulation tissue cells in wound areas of the three groups: Axolotl, Perioderm, and Control. The 
epidermal thickness, basal lamina, and connective tissues at the wound site in the axolotl group were +++ (A), there were some dermal 
appendages in the center of axololt's wounds, probably hair follicles, sweat glands (eccrine), apocrine glands, and sebaceous glands (B, 
(I)(II)(III) black arrows). In the Perioderm group, epidermal thickness, basal lamina, and connective tissues were ++ (B). In the Control 
group, the epidermis thickness, the basal layer, and the connective tissue were ++(C). 
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The microscopic scale, semi quantitative analysis results of Hematoxylin & Eosin (Table 5) 
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Axolotls' ECM matrix was decellularized by using the procedure in (Table 1). This method is 

commonly used to decellularize tissue matrix because it is less damaging to matrix proteins (102). 

It is essential that the ECM be free of all cells and cellular debris in order to minimize rejection by 

the immune system of the host animal as much as possible. Studies have shown that insufficient 

decellularization is the major cause of scaffold rejection (103).  

Thus, it was essential to ensure the Axolotl ECM matrix was free from nuclei and cellular debris 

(102), which can be determined by testing for the presence of genomic DNA with PCR and staining 

with DAPI. In the PCR test, both decellularized Axolotl Skin ECM and blank water (Negative 

control) did not show any DNA bands, while intact skin showed an intense band. Consequently, 

in ECM from decellularized axolotl skin cells were removed, while intact axolotl skin (positive 

control) displayed the presence of genomic DNA and cells. Staining with DAPI confirm the same 

finding. Interestingly, we showed that decellularized axolotl skin is well tolerated in mammalian 

models, as there is no sign of rejection. 

The decellularization of skin ECM is inevitably accompanied by some degree of damage to the 

structural proteins, so Sirius red and indirect immunofluorescence methods were used to evaluate 

whether any damage had occurred following the decellularization procedure. The integrity of the 

extracellular matrix plays a critical role for colonization and proliferation of host cells, as well as 

promoting regenerative responses (for example, the presence of growth factors, glycoproteins, 

fibronectin, etc.) (102). 

As shown on result page 42, collagen fibers were still readily visible in the decellularized axolotl 

skin ECM after staining with Sirius Red. Thus, the collagenous matrix structure of the 

decellularized axolotl skin ECM was maintained after decellularization. As shown in the result 

section on page 46, collagen IV fibers were visualized using primary antibodies against type IV 
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collagen in decellularized axolotl skin ECM. This indicates that collagen IV fibers were well 

preserved after decellularization. 

Trans-illumination revealed a highly vascular network at the middle and edge of the Axolotl 

wounds compared to the Perioderm and Control wounds at 7- and 30-days post-grafting. On day 

seven, the tissues on the backs of the axolotl wounds appeared more reddish and vascularized than 

those in the Perioderm and control groups. Both Perioderm and Control groups showed a small 

number of vascular networks only at the wound edges on day seven and not at 30 days. The 

revascularization of the wound site is highly beneficial since it nourishes and oxygenates the cells 

and prevents the development of Ischemia-Reperfusion injuries. As an example, diabetic wounds 

are susceptible to hypoxia (low oxygen levels) as a result of inadequate angiogenesis and the 

associated vascular dysfunction and neuropathy (104).  

Many types of cells secrete VEGF for the purpose of stimulating endothelial cells to produce new 

blood vessels. Thus, VEGF regulates the migration, proliferation, and differentiation of endothelial 

cells by interacting with its receptor (105, 106). A lack of angiogenesis due to impaired endothelial 

function also inhibits fibroblast proliferation and collagen deposition by preventing the 

hydroxylation of proline and lysine residues, which negatively affects scarring outcomes (107). It 

is possible that VEGF expression is higher in the axolotl groups and future experiments could 

focus on this important angiogenic factor to determine whether this is the case. Consequently, 

adequate angiogenesis promotes re-epithelialization, fibroblast proliferation, and neutrophil 

activity in the fight against infection. Thus, axolotls could promote wound healing by forming new 

blood vessels at the wound site. 

In both the first and second experiments, wound closure were not different between the Axolotl, 

Perioderm, and control groups after 7 days. As shown on result page 49, on days 21 and 30, there 
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was a difference between the Axolotl, Perioderm, and Control groups in terms of wound closure 

and new tissue over the wounded area. Despite earlier differences in closure rate, the wounds in 

the Axolotl, Perioderm, and Control groups were completely closed within 30 days, but the new 

tissue over the wounded area at the wound site varied between the groups. After 30 days, the new 

tissue over the wounded area in the axolotl group was +++ as compared to Perioderm (++) and 

Control (+) groups. As a consequence of these findings, the Axolotl group showed greater tissue 

regeneration (+++ new tissue over the wounded area) than either Perioderm or the Control group 

after 30 days (Figures 15 on 30 days) (Figures 22A, B, C, 24A, B, C). 

As compared to Perioderm and Control groups, the collagen content and the porosity of new 

collagen matrix in the Axolotl group were +++ in the wound area (Figure 21A, 25A) , as shown 

on result page 57.  The porosity of a scaffold affects nutrients supply, gas exchange, metabolic 

waste removal, cell adhesion, and intracellular signaling (108-110). Thus, newly formed collagen 

patterns in the axolotl group were organized to create a porous network, which should enhance 

cell migration and differentiation during wound healing (101, 102). On the other hand, neither the 

Perioderm nor the control groups demonstrated a high collagen content or a porous network pattern 

after thirty days post-grafting.  

As shown on result page 67, the wound surface of the Axolotl group was more fully epithelized 

within seven and thirty days than the wound surface of the Perioderm group and the Control group. 

In addition, the epidermal layer, basal lamina, and connective tissues (Dermal layer) were +++ in 

the wound center of Axolotl compared to Perioderm and Control group (Table5). Also, the 

connective tissue in the center of the wound showed a reddish spot, which was possibly 

vascularization at 7 days post-surgery. Additionally, the connective tissue in the center of the 
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wound showed some dermal appendages that were possibly hair follicles, sweat glands, and 

sebaceous glands (Figure 29B).  

On day seven, the wound surface in the Control group was incompletely reepithelialized and 

covered with some epithelial cells (Figure 26C). However, after 30 days, the central area of the 

wound in the Control group had been adequately reepithelialized covering the wound area (Figure 

29F).  

In the control group, epidermal layer, basal lamina, and connective tissues (Dermal Layer) were + 

at the wound center on day 7 (Figure 26D, F). Nevertheless, on day 30, epidermal layer, basal 

lamina, and connective tissues (Dermal Layer) were ++ in the wound center (Figure 29D, F). The 

results of the control group were contrary to expectations. Macroscopic observation of the wounds 

revealed that the wounds appear to have healed better while transillumination revealed less 

healing. In contrast, in the periderm group, wound surfaces were poorly epithelized (Figure 26C, 

E), and epidermal layer, basal lamina, and connective tissues (Dermal Layer) were + on 7 and ++ 

30 (Table 5). Based on all of these findings, the grafted axolotl ECM matrix displays better 

regeneration of epithelium, proliferation, and differentiation compared to the Perioderm and 

Control groups (Table 5). 

 Interesting to note, at both day 7 and 30 post-grafting, axolotl wounds were completely re-

epithelialized compared to Perioderm wounds and control wounds. Moreover, axolotl group 

wounds showed some hair follicles and sebaceous glands that were not visible in the Perioderm 

and control groups 30 days post-grafting (Figures 29B, E, F). Decellularized axolotl skin ECM 

may contain growth factors (this will need to be investigated further in the future) that facilitate 

cellular migration into the wound bed which neither Perioderm nor Control groups contained. 

Moreover, decellularized axolotl skin ECM could also be responsible for the development of 
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dermal appendages, such as hair follicles and sebaceous glands. Also, the density of cells in the 

epithelium and connective tissue was higher in the axolotl group than in the Perioderm group and 

control group at both day 7 and 30 post-grafting. 

The results of this study suggest that decellularized extracellular matrix from axolotls could 

facilitate wound healing in mammals by promoting reepithelialization and angiogenesis. 

Nonetheless, for a complete understanding of wound healing, further investigations will be needed, 

such as the analysis of TGF-β signaling pathways, which are crucial for wound healing but can 

also result in abnormal scarring. Also, various components (cellular receptors and intracellular 

modulators) need to be assessed by immunofluorescence microscopy to determine the levels of 

TGF-β receptors (ALK5 and TβRII) as well as to measure the levels of phosphorylated and total 

Smad2 and Smad3 (which are responsible for proliferation and collagen expression). Also, 

activation of the MAP kinase signaling (which affects proliferation, migration, and differentiation) 

should be assessed by assessing phosphorylated and total levels of p38, ERK, and JNK (111-113). 

The Decellularized axolotl skin ECM will need to be further investigated to determine whether it 

can enhance reepithelialization, granular tissue formation, vascularization, and even the presence 

of hair follicles. 
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The objective of this research, which has never been done in the world before, was to determine 

whether the ECM scaffolds from axolotls can influence a regenerative response in mammals.  

In the first part of this project, the axolotl skin was completely decellularized to remove any 

potential antigens, specifically the major histocompatibility complex on the surface of the cells 

that may cause an immune reaction. Clearly, the results indicated that the Decellularized axolotl 

skin ECM of axolotls is well tolerated by mice, as no rejection occurred. The axolotl group that 

received the decellularized Axolotl Skin ECM demonstrated high reepithelialization, cellular 

density, collagen content (in a porous pattern similar to what is seen in intact skin), vascularization 

(angiogenesis) compared to Perioderm and control groups. Even the presence of hair follicles, 

which was not present in Perioderm and control groups, were observed in the axolotl group. 

Contrary to Perioderm and control groups, the new collagen formed under Decellularized Axolotl 

Skin ECM in the axolotl group seem to be in present at higher levels and be more porous or 

organized like that of intact tissue. In addition, it also looks as if there is a greater number of cells 

in the axolotl group. As compared with the Perioderm and control groups, wound sites with 

decellularized Axolotl Skin ECM showed the greatest amount of wound tissue formation. The 

basic hypothesis seems to be correct in that an ECM from a strong regenerator improves wound 

healing in a non-regenerating model. If future studies confirm our results this could represent a 

breakthrough in the development of biomaterials capable of stimulating regeneration in normally 

non-regenerating animals.  
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Figure 30 The general protein analysis was performed to determine 
and quantify the complete complement of proteins (the proteome) in 
both decellularized axolotl skin ECM and intact axolotl skin. It has 
been concluded that the general protein analysis revealed proteins that 
were readily visible in the decellularized axolotl skin ECM, indicating 
the decellularized axolotl skin ECM has been maintained after 
decellularization.  


