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ABSTRACT 

BIOACTIVE PEPTIDE NANOFIBERS FOR ACCELERATION OF 

BURN WOUND HEALING 

Fatih Yergöz 

M.Sc. in Materials Science and Nanotechnology 

Supervisor: Ayşe Begüm Tekinay 

May, 2017 

 

Burn injuries are one of the most typical types of trauma worldwide, and the unique 

physiology of burn injuries requires the use of specialized therapeutic materials for 

treatment and makes the development of such materials especially challenging. Here, 

we report the use of synthetic, functional and biodegradable peptide nanofiber gels for 

improved healing of burn wounds to alleviate the progressive loss of tissue function at 

the post-burn wound site. These bioactive nanofiber gels form scaffolds which 

recapitulate the morphology and function of the natural extracellular matrix through 

peptide epitopes, which can trigger angiogenesis through significant affinity to basic 

growth factors. In this study, the angiogenesis-promoting properties of the bioactive 

scaffolds were utilized for the treatment of thermal burn model. Following the 

excision of necrotic tissue, bioactive gels and control solutions were applied topically 

onto the wound area. The wound healing process was evaluated at 7, 14 and 21 days 

following injury through histological observations, immunostaining and marker RNA 

/ protein analysis. Bioactive peptide nanofiber treated burn wounds formed well-

organized and collagen-rich granulation tissue layers, developed a greater density of 
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newly formed blood vessels, and exhibited increased re-epithelialization and skin 

appendage formation with minimal crust formation. Overall, the heparin-mimetic 

peptide nanofiber gels increased the rate of repair of burn injuries and can be used as 

effective means of facilitating wound healing. 

Keywords: Peptide Nanofiber, Burn Injury, Heparin, Hydrogel, Self-Assembly, Neo-

vascularization, Extracellular matrix  
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ÖZET 

YANIK YARA İYİLEŞMESİNİN HIZLANDIRILMASINDA 

BİYOAKTİF PEPTİT NANOFİBERLERİN KULLANIMI 

Fatih Yergöz 

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans 

Danışman: Ayşe Begüm Tekinay 

May, 2017 

 

Yanık yaralanmaları dünya genelinde en yaygın travma tiplerinden biri olmakla 

birlikte yanık yaralanmalarının kendine özgü fizyolojisi, tedavi için özel terapötik 

materyallerin kullanılmasını gerektirmekte ve bu tür malzemelerin geliştirilmesini 

zorlaştırmaktadır. Bu tez kapsamında, yanık yaralanmaları sonucu yara alanında 

oluşan ilerleyici doku fonksiyonu kaybının hafifletilerek iyileştirilmesi için sentetik, 

fonksiyonel ve biyolojik olarak parçalanabilir peptit nanofiber jellerin kullanımı 

anlatılmaktadır. Bu biyoaktif nanofiber jelleri bazik büyüme faktörlerine kuvvetli 

afiniteyle bağlanarak anjiyogenezi tetikleyebildigi gibi, hücrelere sinyal verebilen 

peptit epitopları vasıtasıyla hücreler arası ortamın yapısını ve fonksiyonunu taklit 

edebilme yetisine sahip iskeleler oluşturabilmektedir. Bu çalışmada, biyoaktif 

iskelelerin anjiyogenezi teşvik edici özellikleri termal yanık yara modelinin 

tedavisinde kullanılmıştır. Nekrotik dokuların eksizyonunu takiben, biyoaktif jel ve 

kontrol solusyonları yara alanı üzerine topikal olarak uygulanmıştır. Yaranın iyileşme 

süreci hasar sonrası 7., 14. ve 21. günlerde histolojik gözlemler, immüno boyama ve 

markör RNA / protein analizi ile değerlendirilmiştir. Biyoaktif peptit nanofiber ile 
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tedavi edilen yanık yaralarında, iyi organize olmuş ve kollajen bakımından zengin 

granülasyon dokusu, yara alanında yeni oluşan kan damarlarının yoğunluğunda, 

minimal kabuk oluşumu ile yeni oluşturulan epitelizasyon ve deri apendiksiyonu 

seviyesinde artma gözlemlenmiştir. Sonuç olarak, heparin-mimetik peptit nanofiber 

jelleri yanık yaralanmalarının onarımını arttırmasıyla, yara iyileşmesini 

kolaylaştırmada etkili bir tedavi yöntemi olarak kullanılabilir. 

Anahtar sözcükler: Peptit Nanofiber, Yanık Yarası, Heparin, Hidrojel, 

Kendindiliğinden Bir Araya Gelme, Neo-vaskülarizasyon, Ekstraselüler matris 
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1.1. Skin and Burns - Overview 

Although skin is the largest organ of the body, it is also least appreciated. It serves as 

a protective barrier by covering external surface of the human body and prevents 

internal tissues from being exposed to trauma, radiation, dehydration, and infection. It 

also helps thermoregulation process of the body through the action of hair follicles, 

sweating, vasoconstriction, and vasodilation. The skin gathers sensory information 

from the surrounding environment, assists in vitamin D synthesis as well as plays a 

crucial roles in the activation of the immune system against external pathogens. 

However, skin is almost wholly exposed to the external world and therefore is 

susceptible to constant wear and damage. While minor abrasions can be repaired with 

ease, severe skin injuries require medical intervention to prevent infection and fluid 

loss during the “down period” in which the skin tissue is non-functional. Amongst 

skin injuries requiring medical attention, burn wounds are some of the most common.  

Burns can be caused by sources of thermal, chemical and electrical energy, as well as 

radiation. The most common type of burn injury is thermal burns which are classified 

into three groups depending on their severity.  

1. Only the outermost layer (epidermis) of the skin is damaged in first degree 

burns, do not necessitate medical attention, and heal rapidly. The nervous 

system underneath the skin is intact in these burns, resulting in considerable 

pain. 

2. Epidermis and the layer beneath it (dermis) is damaged in second degree 

burns.  

3. Complete destruction of skin tissues to its full depth (epidermis, dermis and 

subcutaneous layers) is observed in third degree burns, and severe damage to 
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underlying tissues including fat, muscles and nerves. As a consequence of the 

latter, they are predominantly painless.  

1.1.1. Socio-Economic Impact  

There are around 2,000,000 burn injury cases that require medical attention in United 

States each year, of which 70,000 require hospitalization and 20,000 are treated in 

specialized burn centers. Burn wounds create a breach in the defense mechanisms of 

the body, making patients vulnerable to secondary infections by viruses and bacteria. 

These infections are responsible for about 10,000 deaths each year. Due to the risk of 

infection, victims of severe burn injuries must be treated in intensive care units and 

incur very high costs as a consequence.  

1.1.2. Etiology of burn wounds 

Although, there are several sources of burn wounds, their treatment is generally 

similar regardless of their origin since destruction of tissue is observed in all of the 

burns. Thermal burns will be discussed in the scope of this thesis. Severity of burns is 

determined mainly by two factors; the temperature, and the exposure time. Burns can 

occur at surprisingly low temperatures; permenant damage is observed at temperature 

as low as 44 oC in human skin according to previous experiments. The natural repair 

mechanism of skin cells cannot handle damage accumulation rate above this 

temperatures. While cells can nevertheless endure heat above this threshold for a 

considerable time, time before tissue necrosis decreases substantially if temperature is 

raised further above it. Since the severity of damage increases with temperature, 

sufficiently high temperatures can result in the destruction of all layers of tissue 

structure, including the extracellular matrix. The fluid flow to the site of injury is also 

impaired in burn wounds, limiting the transportation of oxygen and nutrients to the 

wound site, and potentially causing small blood clots and vascular constriction.  
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1.1.3. Burn Wound Progression 

After initial thermal insult, the tissue necrosis process continues in the zone of stasis 

in burn wounds, a phenomenon called burn wound progression. It primarily results 

from the accumulation of free radicals and cytotoxic cytokines as well as the plugging 

of neutrophil in dermal venules as a consequence of prolonged inflammation (Figure 

1). Edema formation with vascular congestion is abundant in burn wounds due to 

increased permeability of vessels and increased interstitial hydro static pressure. 

Blood flow is impaired through hypercoagulability and thrombosis, which also 

compromise vascular patency, as well as damaging the endothelial cells, which are the 

main differences compared to acute injuries1.  

 

Figure 1. Thermal injury zones. The three zones of burn injury is illustraed as three-

dimensional. (Reused from Ref.1 with permission from Wolters Kluwer Group.) 
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1.2. Anatomy of the Skin  

Skin has roughly 16,000 cm2 area for adults and represents approximately 8% of the 

body weight with a very complex structure. The skin is traditionally layered into three 

regions: epidermis, dermis and subcutaneous tissue.  

1.2.1. Skin Embryology 

Skin is derivative of both the ectodermal and mesodermal layers of the embryo. The 

ectoderm is responsible for producing a stratified epithelial tissue and 

neuroectodermal elements such as melanocytes and skin neurons, while the mesoderm 

develops into sweat glands, sebaceous glands, and hair follicles 2. Various cells and 

tissue elements are present in the dermal layer, including mast cells, macrophages, 

fibroblasts, Langerhan’s cells (LCs), Merkel cells as well as lymphatic channels and 

blood vessels. 

1.2.2. Epidermis  

The epidermis is the outlying layer of the skin, of which thickness can vary according 

to the position in the body. For example, the thinnest epidermis occurs on the eyelids 

and is around half a millimeter-thick, whereas the thickest can reach 1.5 millimeters 

soles of the feet. There are 5 distinct layers of epidermis, which includes (from 

superficial to deep) the stratum corneum, stratum lucidum, stratum granulosum, 

stratum spinosum, and stratum basale. The epidermis is a metabolically active tissue. 

Cells found in the layer of stratum basale transmigrate superficially while they 

differentiate, and change their shape from columnar to planar in a process called turn-

over. As keratinocytes migrate upwards, keratinocytes change their structures and 

physiological functions and their maturation is accompanied by the deposition of 

keratin and lipids. These cells eventually undergo apoptosis following their arrival at 

the stratum corneum, and this entire process, called keratinization, happens 
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continuously throughout life. No veins or capillaries is found in the epidermis, and 

nourishment and waste removal in this layer are mediated by dermal blood vessels 

located underneath. However, nourishment is able to reach only very bottom layers of 

epidermis leading to death of the cells found in the upper layers of the epidermis due 

to the lack of oxygen and nutrients. 

Stratum corneum is the external layer of the epidermis, of which thickness ranges 

from 8–15 μm 3. It consists of few layers of dead, hexagonal shaped, mature skin cells 

called corneocytes, which lack of most of their organelles and other internal structures 

and are filled with keratin fibers. These cells are also enclosed by intercellular lipids 

(mostly ceramide) which play a role in water retention 4.  They are also continuously 

discarded and replaced by cells migrating from lower parts of the epidermis. 

Stratum lucidum is the sublayer beneath the stratum corneum consisting of dead, 

flattened cells which contains a clear intermediate form of keratin called as eledin. 

This material synthesized is main contributor to its “lucid” appearance. It assists 

decreasing friction between the stratum corneum and the stratum granulosum in the 

palms of the hands and soles of the feet. 

Stratum granulosum is the distant layer in which living cells are found whose 

cytoplasm is filled with basophilic granules. The cells in this layer gradually lose their 

organelles, including nuclei and mitochondria, while accumulating keratin fibers and 

producing structures called lamellar granules that contain lipids and serve as a 

waterproof barrier. This barrier prevents evaporation, but also blocks the diffusion of 

nutrients into these cells, leading to their death in the outer layers on the keratinized 

epithelium.  

Stratum spinosum consists of 10-20 layers of cuboidal cells (keratin-producing cells) 

that occur on basal cell layer. Basal cells flatten out these layers through the turn-over 
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process. The stratum spinosum is the thickest layer of the epidermis, typically ranging 

from 50–150 μm which is also known as squamous cell layer 3. Cells found in this 

layer vigorously synthesize cytokeratin intermediate filaments anchored to 

desmosomes which join adjacent cells to maintain structural support and resistance 

against abrasion 5. Langerhans cells are also found in this layer to help preventing 

infection. 

Stratum basale is the deepest sublayer of the epidermis. In order to maintain cell turn-

over, cells found in this layer constantly divide and provide new keratinocytes to be 

able to replace the ones that are continuously shed as they differentiate. Melanocytes 

are also found in this layer to produce the UV-protective melanin pigment 6. 

 

Figure 2. Skin Anatomy. A, Three-dimensional demonstration of the skin. B, 

Location of different cell types and important histological zones. (Reused from Ref. 1 

with permission from Wolters Kluwer Group.) 
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1.2.3. Dermis  

The dermis is the following main layer underneath the epidermis, and is considerably 

thicker (regularly 1-4 mm thick). Its thickness varies according to its position: on the 

eyelids it has 0.6 mm thickness; whereas on the soles of feet, it has 3 mm thickness. 

The dermis contains sub-epidermal structures such as connective tissue, elastic tissue, 

reticular fibers, and different specialized structures and cells including blood 

capillaries, nerve endings, apocrine and endocrine glands, sebaceous glands, hair 

follicles, lamellar corpuscles, and Meissner corpuscles. These sub-epidermal elements 

are responsible for transmitting the sensations of touch and pressure, as well as 

regulating the balance of salts and water in the dermal ECM. However, cells are 

generally sparser and protein fibers are more common in the dermis compared to the 

epidermis. All these proteins and molecules found in dermal layer contribute 

significantly to its density. Dominant structural components of the dermis are mainly 

produced and maintained by dermal fibroblasts, the strongly dominating cell type in 

the dermis. Mast cells and tissue macrophages also occur in this layer.  

Collagen is an elongated, fibrous structural protein abundantly found in mammalian 

connective tissue and is a fundamental component of the ECM. It occurs as fibers and 

bundles, and contribute support for cell and tissue structures. Collagen is found all 

over the body, including cartilage, teeth, bone, tendons, ligaments and fascia and has 

important tensile strength. Collagen is also the most common structural component 

within the epidermis 7. Collagen acts in a cooperative manner with elastin to maintain 

skin elasticity and strength by forming a mesh-like framework with blood and lymph 

vessels, fibroblasts and mast cells. These are surrounded by ground substance, 

consisting predominantly of glycosaminoglycans that enhance the water retaining 

properties of collagen and maintain humidity required in epidermis. The production 
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and maintenance of both collagen and elastin proteins are maintained fibroblasts, 

which are positioned primarily at the upper side of dermis. Collagen can also assist in 

tissue development by supporting blood vessels. Several unfavorable conditions can 

arise as a result of reduced production and turnover of collagen, such as aging 

symptoms including rhytids, loss of skin elasticity, and skin thinning. Collagen also 

significantly contribute to fat-free dry weight of skin. Type I collagen is the primary 

collagen in dermis and accounts for up to 80% of the collagen in skin, while Type III 

collagen accounts for another 15%, and the remaining 5% is mostly Types V and VI. 

There is a typical ratio between Type III and Type I collagen which is crucial to be 

maintained in scars after wound healing 8. The dermis has the following two 

sublayers: reticular dermis and papillary dermis.  

1.2.4. Papillary layer 

Papillary layer is more superficial sublayer of dermis, which is contoured from the 

epidermis by ridges of papillae. These ridges are generally referred as rete pegs that 

increase the surface area of the dermal/epidermal junction and support the skin 

integrity. Wave-like border found in the dermis and epidermis promote the transfer of 

nutrients and oxygen between two layers. In aged skin, rete pegs are diminished and 

the surface area of the dermal-epidermal junction is decreased, resulting in the loss of 

sufficient nutrients and oxygen supply to the epidermis. For certain parts in the body, 

like hands and the feet that withstand the greatest frictional forces, having friction 

ridges and papillae is crucial since they enable to grasp objects as a result of friction. 

The fibers formed by elastin and collagen found in the papillary dermis create a finer 

network compared to those of the reticular layer and are arranged in a more 

disorganized fashion. This sublayer also contains a large amount of cells (e.g. 

fibroblasts), water, capillaries and  nerve fibers 9.  
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1.2.5. Reticular layer 

The reticular layer constitutes the lower part of the dermis and is found underneath the 

papillary dermis. This sublayer is denser and thicker than its more superficial 

counterpart (papillary dermis) and serve an uninterrupted transition to the 

subcutaneous layer. It includes fewer nerve fibers and capillaries but includes a high 

amount of elastic and collagenous tissue that are evenly distributed in an interwoven, 

crisscross pattern and aggregated into thick bundles in this layer 9. 

1.2.6. Dermal Ground Substance 

Ground substance consists of a broad range of anionic polysaccharides and 

glycosaminoglycans and is an integral part of the dermis and provides the necessary 

environment for the survival of dermal cells 10. Heparan sulfate, dermatan sulfate, 

hyaluronates and chondroitin-4-sulfate form the ground substance in the skin, and the 

deposition of these substances is regulated by fibroblast and mast cells. The ground 

substance exists as a viscoelastic hydrogel of hydrophilic polymers and is responsible 

for water binding and flow resistance. Elastin and collagen, combined with non-

fibrous substances like glycosaminoglycans (GAGs), altogether contribute the 

formation of ECM of this region. The vascular network is hard to replace following 

injury and plays a vital role in skin regeneration. Repair is delayed without adequate 

blood supply, and if adequate neovascularization cannot be accomplished in early 

state, scar formation is strongly enhanced at the wound site. Scar tissue has a several 

deficiencies that explain minimizing its formation when possible, although it is still 

preferable to non-healing tissue. With scar tissue formation, only 70% of tensile 

strength of the tissue can be recovered. Scars are also aesthetically disfiguring and not 

completely functional due to their undifferentiated state. 
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1.3. Important Elements Regulating Wound Repair Process 

1.3.1. Growth factors  

Initiation of the repair process in skin is quite complex and requires the action of 

several signaling cascade. Growth factors (GFs) are regulatory molecules involved in 

the activation of repair-associated signals under natural conditions. Growth factors 

can act in many different ways: they can be secreted endogenously to stimulate the 

cell itself (called autocrine signaling) or to communicate with other cells (called 

paracrine signaling). Stem cell research has made great progress in understanding the 

remarkable capacity of growth factors to elicit cellular behaviors such as 

differentiation, development, and regeneration; however, the action of various GFs 

are still not fully defined. 

Delivery of growth factors to wound site is a problematic concept. Introduction of 

soluble growth factors into bloodstream is impractical and may cause systemic 

dispersion, which prevents the material from reaching necessary concentrations for 

initiating local repair. Three methodology have been established to efficiently deliver 

GFs to the site of injury. Firstly, DNA plasmid coding for a GF of interest can be 

utilized to allow its continued production at the wound site. Secondly, a GF-coding 

gene can be transfected to a cell type found in the skin, and these cells can then be 

supplied to the site of injury 11. The last and most popular method does not require 

genetic intervention and entails the use of scaffolds as a carrier matrix to assist the 

delivery of growth factors. These scaffolds act as protective environments for GFs, 

preventing their degradation under in vivo conditions. However, the optimal release of 

GFs depends strongly on the degradation kinetics of the scaffold in tissue 

microenvironments.  
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Epidermal growth factor, vascular endothelial growth factor (VEGF), transforming 

growth factor-β (TGF- β) and fibroblast growth factor-2 (FGF-2) are commonly used 

GFs in the recovery of skin injuries 12. Controlled release of GFs may enhance their 

activity as well as ensuring direct delivery. In previous studies, VEGF encapsulated in 

heparin peptide-based hydrogel scaffolds were able induce neovascularization in the 

cornea of rat eye, whereas these GFs were not effective in the absence of a scaffold 

matrix 13. Likewise, vascular smooth muscle cells managed to synthesize more ECM 

in the presence of TGF-β1 immobilized in polyethylene glycol (PEG) hydrogel 

compared to the soluble TGF-β1 14. Carrier systems can be further functionalized with 

the addition of specific structures like glycosaminoglycan molecules to enhance their 

affinity to growth factors. Glycosaminoglycans (GAGs) are known to show affinity 

toward growth factors and prevent their degradation 15, 16. In addition, growth factors 

carrying heparin binding domains (like VEGF-A or basic FGF (FGF-2)) can establish 

electrostatic interactions with GAGs through sulfate and carboxylic acid groups, and 

these binding interactions increase their stability 16-18. Consequently, the use of 

heparin-mimetic molecules has gained considerable popularity in slow release studies 

during the recent decade.  

1.3.2. The Extracellular Matrix (ECM) 

Extracellular matrix (ECM) is composed of a broad range of proteins, proteoglycans, 

water and minerals, and forms the non-cellular part of tissues. Spatial and temporary 

organizations of signals arising from the ECM orchestrates the formation, function, 

homeostasis and regeneration of tissues by regulating cellular fates, and promoting the 

proliferation, migration, replication, differentiation or apoptosis of cells through 

molecules such as growth factors and pH modifications, and providing mechanical 

support to cells (Figure 3). The ECM contains different combinations of more than 
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100 types of molecules, the composition of which depends on tissue type, age and 

physiological conditions. The ECM contains molecules required for cell survival and 

differentiation and serves as a reservoir for soluble molecules such as cytokines, 

growth factors and chemokines, and consists of mainly fibrillary proteins, 

glycosaminoglycans and proteoglycans. 19-21 

 

Figure 3. Dynamic interactions of cells with the surrounding ECM. Physical 

signals, soluble signals, cell fate processes and cell-cell interactions regulate processes 

such as tissue formation, tissue homeostasis and tissue regeneration. CAMs, cell 

adhesion molecules; PGs, proteoglycans; GAGs, glycosaminoglycans; PLC, 
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phospholipase C  (Reused from Ref. 19 with permission from Nature Publishing 

Group). 

Glycosaminoglycans and Proteoglycans 

Proteoglycans are another class of ECM proteins and are heavily glycosylated. The 

basic unit of proteoglycan is consisting of glycosaminoglycan (GAG) chains that are 

bounded to a core protein in the middle 22, 23. Due to their structure and composition, 

they can bind to certain cytokines and growth factors 24. They are categorized as small 

leucine-rich proteoglycans (SLRPs), modular proteoglycans, cell-surface 

proteoglycans and according to the type of their GAG chain, core protein (nature of 

glycosaminoglycan chain), relative size and location 23. GAGs are long, charged 

molecules and can be classified as sulfated and non-sulfated forms that consist of 

repeating units of disaccharide [galactose (4 N-acetylglucosamine-β1,3-galactose-β1), 

sulfated N-aceltylglucosamine or N-acetylgalactosamine, D-glucuronic or L-iduronic 

acid]. Sulfated GAGs involve heparin and heparan sulfate (consisting glucosamine 

and either glucuronic acid or iduronic acid), chondroitin and dermatan sulfate 

(consisting of galactosamine and either glucuronic acid or iduronic acid) and keratan 

sulfate (consisting of glucosamine and galactose). Non-sulfated GAGs are represented 

by hyaluronan, which doesn’t bind to any core protein (Figure 4). GAGs can form 

highly hydrated structures and provide compressive strength to the tissues through 

their hydrophilic structures and ability to interact with water molecules 19. 

GAGs are one of the most studied polysaccharides and have been shown to interact 

with cytokines, growth factors, ECM proteins and enzymes to modulate the 

microenvironments of cells. Consequently, they have substantial roles in various 

biological processes such as angiogenesis 25, neural development 26, cancer 

pathogenesis 27, anticoagulation 28 and embryogenesis 29. Moreover, they are able to 
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direct signaling pathways by contributing to the formation of growth factor-receptor 

and enzyme-substrate complexes.  

 

Figure 4. Glycosaminoglycans and their structural units. 

1.4. Scaffolds 

Scaffolds are defined as temporary platforms used for the cultivation of cells and 

tissues 30. The efficiency and reliability of tissue engineering approaches heavily 

depends on the ability of scaffolds to provide cells with conditions (chemical and 

physical cues) that closely resemble their native environment. An ideal scaffold 

should allow intercellular communication of cells and exchange of nutrients, oxygen 

and waste products across the scaffold matrix through its porous structure. It should 

also facilitate the recruitment, proliferation and attachment of cells found at wound 

site and ensure the optimal differentiation and growth of the resident cell population 

by presenting biochemical signals and imitating the mechanical properties of skin 
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tissue 31. ECM found in native tissue microenvironment meets all these criteria and 

has been extensively studied in tissue engineering. 

 

Transplanting biofactors like cells, specific proteins such as small molecules, and 

their combinations within suitable scaffolds is a primary goal of regenerative 

medicine and tissue engineering. Biofactors carried within the structure of scaffolds 

can be used to initiate the repair process, while the porous, biocompatible, and 

degradable architecture of scaffolds imitates the volume and mechanical properties of 

the absent tissue 32, 33. Although biomaterial design has achieved considerable 

progress, the clinical applications of biomaterials are currently limited and the 

development of next-generation systems is necessary for their use in medical settings. 

Several biomaterials authorized for treatment of in skin injuries by the Food Drug 

Administration (FDA), European Union (EU) or the German government34 are shown 

in Figure 5. Generally speaking, the development of biomaterials that enhance the 

processes that are deficient at wound site is a promising way of repairing severe tissue 

injuries and serves as a viable alternative to organ transplantation.  
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Figure 5. Commercially available tissue engineering products for injuries and 

diseases of the skin. (Adapted from Ref. 34 with permission from Nature Publishing 

Group.) 

Mimicking the three-dimensional (3D) composition of skin microenvironment is 

important for providing cells with a facsimile of their natural microenvironment. A 

3D environment presented by biomimetic scaffolds allows the formation of 

replacement tissues by triggering cellular differentiation, and these platforms can be 

further enriched with small molecules and growth factors in order to enhance this 

process 35. The incorporation of biological elements into the scaffold matrix is the 

main advantage of the biomaterial approach to wound recovery; however, these 

biological factors must be used in different combinations to effectively tackle each 

individual skin problem 12. Consequently, optimization is an important aspect of 

biomimetic scaffold development.  
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1.4.1. Properties of scaffolds  

A great variety of scaffolds have been developed to regenerate various organs and 

tissues in the literature. Although, there are no straightforward rules of thumb to 

describe how an ideal scaffold should be, a number of basic criteria must nonetheless 

be held by any biomaterial to effectively facilitate the regeneration process.  

Biocompatibility is crucial for any scaffold, and it is imperative that neither the 

scaffold nor its degradation byproducts raise immune responses or produce toxic 

effects in the body. The healing process can be delayed due to immune responses, and 

the practical usability of scaffolds is decreased dramatically in the event of potential 

immunogenicity 36. Scaffolds should also allow for cells to function in a manner 

analogous to their native environment, meaning that they shouldn’t exhibit toxic, 

mutagenic or otherwise uncharacteristic activities.  

Scaffolds should provide support to the site of injury until the recovery process is 

completed. They should ideally be eliminated through biological pathways, and their 

degradation and tissue repair should be synchronous to replace regenerating tissue 

gradually and smoothly.  

Mechanical properties of scaffolds are another other key element in tissue engineering 

and should also be optimized to the tissue of interest. Scaffolds intended for 

regeneration of hard and ductile tissues, such as cartilage, bone, and cardiovascular 

muscle, should be particularly resistant to mechanical stress and able to provide 

support during the healing process. Production of scaffolds with non-ideal mechanical 

properties may also result in insufficient vascularization and cell infiltration 37. 

Another crucial point for scaffolds in tissue engineering is a porous architecture, 

which enhances tissue regeneration by allowing the infiltration of surrounding cells 

into the scaffold at the site of implantation. The high metabolic demands of 
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proliferating cells at wound site can only be met through the adequate exchange of 

nutrients and gases. Pore size is critical for scaffold design to allow efficient cell 

binding, since cell communication relies on connections with the ECM through 

specific chemical groups. In addition, pores should be large enough to allow cell 

movements involved in recruitment and migration 38. 

Lastly, the process of scaffold production is another point of interest. Since clinical 

use of scaffolds is generally the primary aim, the scaffolds should be designed to be 

reproducible, cost effective and commercially viable 38. 

1.4.2. Types of Scaffolds Used for Regenerative Medicine 

The primary aim of tissue engineering and regenerative medicine is to design 

biomaterials that provide optimized milieus for regenerating tissues. These materials 

can be divided into two categories: natural and synthetic.  

1.4.2.1. Naturally Derived Biomaterials 

Naturally derived materials carrying biological cues and native physical features are 

the first biomaterials to be used in clinical applications to provide a appropriate 

environment for the differentiation, proliferation, attachment and migration of cells 38. 

These materials are exceptionally suitable for regeneration studies since they do not 

cause any toxicity and can be degraded by natural enzymatic systems in the host 12.  

However, several concerns have been raised regarding their rapid degradation kinetics 

and potential to create inflammatory responses. The degradation kinetics of these 

materials can be altered through chemical modifications such as cross-linking; 

however, these functionalization processes may also be responsible for toxic effects 

39.  

Collagen, which can be obtained from both animal and human sources, is one the 

most prevalent proteins in the body and is the most studied natural molecule for tissue 
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engineering and regenerative medicine applications. Its degradation kinetics and pore 

size can be modified by altering its density40. Mechanical properties of collagen can 

also be modified by its combination with other synthetic materials 41. Cell-ECM 

communications are primarily effected through the interaction of cell surface 

receptors and specific epitopes on soluble or ECM-bound biomolecules, which play 

crucial roles on the development of all organisms. These interaction can be replicated 

in biomaterial systems directly by the integrin family and the discoidin domain 

binding GFO (Gly-Phe-Hyp) motif, and indirectly with the RGD (Arg-Gly-Asp) 

sequence in fibronectin. 42-44 Indirect cell-collagen interactions, in which proteins 

containing the RGD motif bind to both integrins and collagen, are crucial for 

regulating cellular behaviors and is one reason for the efficiency of collagen scaffolds 

45. Effect of collagen-based scaffolds have been widely investigated in the 

regeneration of tissues such as skin 46-48, blood vessels 49, cornea 50, bone 51, 

cardiovascular system 52, urogenital system 53 and neural system 54. 

Hyaluronan (hyaluronic acid) is a type of glycosaminoglycan that consists of β-(1,4) 

or β-(1,3) linked D-glucuronic acid and D-N-acetylglucosamine residues (Figure 4). 

Hyaluronan can be synthesized through bacterial production. It has exceptional water-

holding capacity and viscoelastic properties. Hyaluronan is reported to be present in 

wound sites, vitreous chamber of the eye, and synovial fluid in joints, and has been 

shown to have important roles in cell migration, inflammation, fertilization, mitosis 

and angiogenesis 55, 56. Hyaluronan has been shown to modulate chondrocyte 

proliferation, GAG and type 2 collagen synthesis 57, 58, cartilage histogenesis and 

cellular condensation in chondrogenesis 59; as such, it is widely studied in cartilage 

regeneration. Hyaluronan based scaffolds have also been shown to contribute to bone 

regeneration when used to encapsulate the BMP-2 molecule 60. This material has 
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several other applications in wound healing 61, nerve and brain regeneration 62 and 

reconstructive surgery 63. 

Alginate is a polysaccharide that is the main component of seaweeds. It consists of β-

(1,4) D-mannuronic acid and α-(1,4) L-guluronic acid 64. Alginate, together with 

divalent cations such as magnesium and calcium, forms an ionotropic, elastic gel 65 

that is biocompatible, injectable, and able to organize at physiological pH and 

temperature 66. Mechanical properties of alginate gels can also be improved with 

CaCO3 and CaSO4 salts, but slow degradation kinetics is a major limitation of the 

system 67, 68 There are several applications of alginate in medical settings as a wound 

dressing 69 and for pancreatic islet delivery 70, cell mobilization 71, and cartilage tissue 

engineering 65. 

Chitosan is a soluble derivative of chitin and has also been widely investigated for 

medical applications, since it exhibits properties such as antimicrobial activity, easy 

processability, biocompatibility, biodegradability, non-toxicity, and hemostatic 

potential 72. Chitosan can be processed in a variety of forms, including hydrogels, 

fibers, sponges and membranes 73. Due to these properties, chitosan is used 

extensively in wound healing 74, bone and cartilage regeneration 75, and nerve 

conduits 76. 

Organ transplantation is associated with major problems involving organ failure and 

immunogenic effects. Organ rejection, which occurs due to antibodies found in the 

transplant recipient reacting with donor antigens, is one of the greatest limitations to 

organ transplantation and may force patients into taking immunosuppressive drugs for 

their entire lifetime. Decellularization is the process of removing native cells and 

isolating the ECM of tissue to enable the formation of scaffold materials. These 

scaffolds are able to enhance cell growth, differentiation and tissue development, and 
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can be recellularized with the patient’s own cells to eliminate adverse immune 

responses. Consequently, decellularized matrices are commonly used in wound 

healing studies 77.  

Apart from the aforementioned materials, several others have been reported for 

regenerative medicine and tissue engineering applications. These include fibrinogen 

78, fibrin 79, silk 80, agarose 81, and dextran 82. 

1.4.2.2. Synthetic Biomaterials 

The natural environment supporting cells can be decellularized and utilized directly 

for tissue regeneration; however, these naturally derived materials are often 

immunogenic. This limitation has led to the development of synthetic materials that 

emulate the ECM environment with great accuracy while eliminating the batch to 

batch variance, zoonotic infection and immunogenicity problems associated with 

natural scaffolds 83. The material properties of these scaffolds are typically engineered 

to fulfill the necesssary conditions for recovery of the tissue they are intended to 

replicate. This is a major advantage of synthetic materials, as it is relatively easy to 

control their immunogenicity, bioactivity, flexibility and degradation kinetics to 

optimally suit the tissue(s) of interest 84. The FDA has approved the clinical use of 

biodegradable polyesters such as poly (lactic-co-glycolic acid) (PLGA), poly (glycolic 

acid) (PGA) and poly (lactic acid) (PLA), which are non-toxic and naturally degraded 

into equally non-toxic byproducts 85. However, CO2 is a degradation product of PLA 

and PGA, and may decrease the pH of environment and cause necrosis 86.  Several 

other polymers are also used in tissue engineering applications for different purposes, 

including polyphosphazenes for soft tissue regeneration 87, polyanhydrides for drug-

delivery applications 88, and polyurethanes for vascular valves and grafts, prostheses 

and catheters 89. Apart from the optimization of their mechanical and physical 
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properties, one the most challenging aspects of synthetic biomaterial design is to 

replicate the bioactive signals that modulate the attachment, migration, and 

differentiation of cells. Nevertheless, these materials can be modified with 

conjugation of e.g. peptide sequences to increase cell-integrin interaction 90. 

Application of these synthetic molecules is also relatively less invasive and more site-

specific thanks to their injectable properties 91.  

Hydrogels made from synthetic molecules can harbor large amounts of water (up to 

thousands times their own dry weight), which strongly increases their 

biocompatibility 92.  PEG hydrogels are one the first examples of polymeric hydrogels 

and are formed through a cross-linking process that determines the mechanical 

properties and degradation kinetics of gel 88. There are several applications of PEG 

hydrogels formed by photocross-linking in regenerative medicine, including 

encapsulation of pancreatic islets 93 and cells such as chondrocytes 94, osteoblasts 95, 

and mesenchymal stem cells, as well as the controlled delivery of nitric oxide to 

decrease the formation of thrombosis and restenosis 96. 

Self-assembly is another process used in the formation of synthetic hydrogels. Rather 

than covalent interaction, this mechanism depends on the spontaneous assembly of a 

well-ordered system from a disorganized array of pre-existing molecules. Self-

assembly is broadly seen in biological systems for macromolecular assembly, 

including the folding of proteins 97. Non-covalent interactions such as hydrogen 

bonding, electrostatic interactions, van der Waals interactions, π–π stacking and 

hydrophobic-hydrophilic forces are responsible for the assembly process 98, 99.  

Peptide amphiphile molecules have been described by Niece et al. as a new 

methodology to form a hydrogel containing nanofibrous structures at aqueous and 

physiological environments by combining two oppositely charged peptide amphiphile 
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(PA) molecules, which assemble through hydrophobic collapse and intermolecular 

noncovalent interactions in aqueous solution (Figure 6) 100. Self-assembled peptide 

hydrogels are extensively studied in tissue engineering and regenerative medicine 

applications. Hydrogels formed by PA molecules can be degraded by enzymatic 

reactions and biological pathways, since they are mostly composed of amino-acid 

sequences 101. Their porous and nanofibrous structures mimic the natural environment 

of the ECM. These PA materials can be modified to bear biological signals to 

replicate the structure of ECM. Apart from being inherently decorated biological 

signals and ligands, they are also able to carry and release small molecules and GFs in 

a controllable manner. Preclinical investigation of sell-assembling peptide 

amphiphiles have been performed for the regeneration of various tissues, such as heart 

muscle 102, nerve 103, cartilage 104 and bone 105, and also stem cell differentiation 106 

and drug delivery systems 107. 



25 
 

 

Figure 6. General structure and schematic representations of peptide amphiphile 

molecules and nanofibers. (A) Chemical structure, (B) different regions of structure, 

(C) nanofibrous structure of peptide amphiphiles (Reused from Ref. 108 with 

permission from Royal Society of Chemistry). 

1.5. Angiogenesis, its Pathways, and its Mechanisms-of-Action 

Angiogenesis is the physiological process in which the formation of new blood 

vessels are taking place from pre-existing networks. This process is orchestrated by 

complex biological signaling pathways that involve the participation of a broad range 

of molecules, including vascular endothelial growth factor (VEGF), fibroblast growth 

factor (FGF) and transforming growth factor β (TGF-β) 109. Four main steps are 

achieved during angiogenesis; (1) endothelial cells are stimulated by angiogenic 
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factors, (2) capillary vascular basal lamina is degraded by activated endothelial cells, 

(3) a capillary sprout is formed and (4) vessels are matured through the migration of 

endothelial cells.  The expression of VEGF is induced during early stages of 

angiogenesis and results in vasodilatation. Vessel permeability and downstream 

vascular leakage is increased through vascular permeability factor (VPF), which 

enables the extravasation of plasma proteins (such as plasma-clotting proteins and 

fibrin/fibrinogen) and induces the formation of a fibrin mesh that provide a temporary 

matrix for migration of endothelial cell. This regulation of vascular permeability is 

necessary to prevent the excessive loss of plasma proteins. A protein called 

Angiopoietin-1 (Ang1), which is the ligand of the endothelial receptor Tie-2, 

increases the stability of newly formed vessels and protects existing vessels from 

leakage. Ang1 and VEGF work synergistically during the development of vessels. 

The second stage of neovascularization requires the migration of endothelial cells, 

which is achieved by the proteolytic degradation of ECM components and basement 

membrane through enzymes called matrix metalloproteinases (MMPs). Their 

proteolytic activity is regulated by tissue inhibitors of metalloproteinases (TIMPs). 

Among all MMPs, MMP2 (gelatinase A) and MMP9 (gelatinase B) play the most 

crucial roles for angiogenesis by degrading the collagen that is found in the vascular 

basement membrane. Other MMPs also have important roles in different pro- and 

anti-angiogenic processes.  

Degradation of the basal lamina facilitates the chemotactic stimulation of endothelial 

cells, which migrate and proliferate through the activity of factors such as EGF, 

bFGF, angiopoietins, and chemokines. Following this process, endothelial cells either 

assemble into tubular structures in the ECM or merge with existing vessels to 

establish new ones.  
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The vessel maturation step requires the deposition of a vascular basement membrane 

and recruitment of periendothelial cells, which increase the stability the newly formed 

vessels by inhibiting further proliferation and migration of endothelial cells through 

the formation of pericyte-endothelial associations. A great number of growth factors 

and inhibitors are involved in regulating the angiogenesis process: Platelet growth 

factor (PDGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), 

hypoxia-inducible factor (HIF) and vascular endothelial growth factor (VEGF), and 

are known as angiogenic (stimulatory) GFs, while thrombospondin, angiostatin, 

angiopoietin, endostatin, interferon and pigment epithelium-derived factor (PEDF) are 

recognized as angiogenic inhibitors 110. A very precise balance of these factors is 

necessary for the establishment of healthy new blood vessels, and the disruption of 

this balance can cause abnormal blood vessel growth and insufficient vessel 

formation. Both effects are broadly seen in many diseases.  
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Figure 7. Regulation of angiogenesis process trough pro-angiogenic factors and 

anti-angiogenic factors (Reproduced from Ref. 1 with permission from Journal of 

Cellular and Molecular Medicine 110). 

Apart from being associated with different diseases, angiogenesis is also required for 

healthy wound healing, since granulation tissue formation and the transportation of 

nutrients and oxygen are heavily dependent on newly formed blood vessels. 

Angiogenesis is rapidly induced in response to injury through the action of various 

cells (i.e. macrophage, monocytes), growth factors (vascular endothelial growth 

factor, angiopoietin, fibroblast growth factor, and transforming growth factor beta), 

cytokines and extracellular matrix (ECM) components. A high functional redundancy 

is assumed in this process, since a complex network of numerous mediators are 

involved in angiogenesis.  
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1.5.1. Role of Angiogenesis in Wound Healing 

Requirement for oxygen and nutrients is dramatically high in wound area because of 

injury-induced disruption in blood vessels. Therefore, it is critical to restore blood 

flow to the site of injury to support the viability, differentiation and proliferation of 

native cells and maintenance of cytokines 111. Impaired angiogenesis has also side 

effects on the functions of ECM components, keratinocyte migration and 

proliferation, granulation tissue formation, collagen deposition and macrophage 

function 112. 

As described previously, multiple steps must be achieved for a successful 

angiogenesis process, including vasodilation, degradation of basement membrane, 

migration and proliferation of endothelial cells. Immediately after tissue damage, a 

clot is formed through the action of thrombin, and VEGF expression is strongly 

upregulated. Activation of other angiogenetic growth factors like PDGF, 

angiopoietin-1 (Ang-1), TGF-α and TGF-β is facilitated by platelet cells. Therefore, 

the main initiators of the angiogenesis process are thrombin and platelet cells. 

Afterwards, angiogenesis is amplified through the action of monocytes and 

macrophages, which release growth factors and pro-inflammatory cytokines in order 

to enhance blood flow to the site of injury. Absence of blood circulation also causes 

hypoxic conditions, in which the expression of HIF-1α is upregulated and VEGF 

expression is also enhanced.  The stabilization of newly formed blood vessels is then 

modulated by Ang-1, alpha-smooth muscle actin (α-SMA) and PDGF. Pericytes are 

recruited to newly formed vessels with the last of these factors, and guide both the 

sprouting process and maturation of vessels 101. Lastly, blood vessel formation is 

suppressed at the final stage of angiogenesis, which is characterized by the 

upregulation of endogenous angiogenesis inhibitors (Figure 8). 



30 
 

 

Figure 8. Vascularization of tissue-engineering scaffolds. (Reused from Ref. 19 

with permission from Nature Publishing Group). 

1.5.2. Biomaterial-Based Therapeutics to Target the Angiogenesis 

Process 

Protein and peptide-based therapies designed to stimulate or inhibit angiogenesis have 

been clinically tested for a decade; however, only a few therapeutic agents have been 

approved. Transition of angiogenesis therapy from animals to humans requires 

comprehensive animal studies with biomaterials-based systems, which are currently 

limited. However, biomaterials nevertheless show great promise and might emerge as 

a new platform for the treatment of diseases which are currently known to be 

unresponsive to clinical intervention.   

The discovery of advanced synthesis methods has facilitated the development of a 

great number of therapeutic reagents and peptide-based drugs. The development of 

synthetic peptides has progressed considerably with solid-phase peptide synthesis 
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especially in the areas of biotechnology and medicine. Among peptide based 

biomolecules, peptide amphiphiles are very useful to develop materials with advanced 

multi-functional properties through simple chemical alterations. Solid-phase peptide 

synthesis and liquid-phase peptide synthesis are two main methods commonly used in 

peptide based biomaterials. Solid phase peptide synthesis method depends on the 

progressive addition of amino acids onto an insoluble resin. After the first amino acid 

is attached to resin by a linker, following amino acids are added from the carboxy-

terminus to the amino-terminus. Side chains of each amino acid are bound to 

protecting groups to prevent any undesirable reaction throughout chain assembly. 

Protected groups are then removed in a controlled manner in each coupling reaction 

until the chain is completed. Finally, the synthesized peptide is cleaved from resin and 

lyophilized. The purity of the peptide molecule can be evaluated by liquid 

chromatography and mass spectrometry. The peptide can also be purified reverse-

phase high-performance liquid chromatography 1.  

The optimum length of peptide molecules for scaffold applications is between 10-20 

amino acids. Larger peptides typically show solubility and uptake problems, limiting 

the maximum size that is feasible for use in cellular applications. Chemical structure 

of certain amino acid sequences complicate synthesis efforts, but in general, 

hydrophilic sequences are more soluble and known to be easier to synthesize. 

Peptides can be synthesized either manually or through a peptide synthesis machine. 

Although the manual methodology requires significant knowledge of peptide 

chemistry and is labor intensive, it allows much greater flexibility in the design and 

modification of peptides.  

Peptides have favorable properties over antibodies in terms of their solubility, cost, 

size, and ease of modification and manufacturing 113. Since the angiogenesis process 
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entails the actions of multiple targets and regulators during proliferation, migration, 

tube formation and vessel maturation, those regulators can be targeted with peptide-

based strategies to induce or inhibit angiogenesis. There have been many attempts to 

develop angiogenic modulators, generally targeting two molecular systems: VEGF (or 

its receptor) and integrin. A proline-rich, 39 amino-acid long peptide called PR39 was 

found to trigger angiogenesis by protecting HIF-1α from ubiquitin–mediated 

degradation in proteasomes and upregulating its expression, which activates several 

genes that promote survival in low-oxygen conditions 114. SVVYGLR is derived from 

the sequence of osteopontin, which is another peptide-based angiogenic stimulator 

sequence 115. The arginine-glycine-aspartic acid (RGD) sequence is a primary 

recognition site between ligands and receptors that is found in many ligands, and is 

involved in cell adhesion. This bioactive sequence was used for the delivery of 

doxorubicin to endothelial cells, which results in the inhibition of tumour growth and 

metastasis in mice 116  

1.6. Self-assembled peptides in wound repair and regeneration 

Skin provides a protective interface against microbial invasion, prevents water 

loss through evaporation, and hosts a range of sensory receptors for the detection of 

temperature and mechanical stimuli 117. The physical integrity of skin is therefore 

essential for its function, and skin wounds are characterized by the rapid restoration of 

this integrity at the expense of fine structural details: Skin appendages and sensory 

corpuscles, for example, are produced only at the final stages of recovery, and 

recently repaired skin wounds contain an extracellular matrix environment that is 

mechanically and biochemically distinct from healthy tissue. One consequence of this 

rapid-but-incomplete repair is the creation of long-lasting fibrotic scars, which fail to 

regain the level of functionality present in unwounded skin 118. In addition, large-area 
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laceration and burn injuries are beyond the capacity of myofibroblasts to close and 

repair under short time scales, resulting in an increased risk of secondary infections 

during recovery. Due to the shortcomings inherent to the natural skin regeneration 

process, many efforts have been made to enhance the recovery of skin wounds 

through the use of cell or tissue grafting techniques, natural or artificial scaffolds, and 

bioactive molecules such as growth factors and immunoregulatory elements; all of 

which aim to modulate the vast network of signaling pathways that characterize 

wound repair in eukaryotic systems 119.  

Wound healing is a complex and continuous process that occurs through an 

extensive series of well-regulated interactions between cells, extracellular elements, 

and signaling molecules present at the site of injury 120. In general, however, the 

recovery of skin wounds can be classified under four distinct stages: hemostasis, 

inflammation, proliferation and remodeling 118, 121. The hemostasis stage begins 

immediately following wounding and involves the cessation of bleeding through 

vasoconstriction, formation of a fibrin-based wound clot through coagulation and the 

initial recruitment of immunoregulatory cells to the injury site. Following this step, 

the recruited immune cells raise a local inflammatory response and clear the wound 

bed of debris and invading bacteria, while secreting growth factors that stimulate the 

proliferation and differentiation of keratinocytes, fibroblasts and endothelial cells. 

These cells in turn are responsible for depositing new extracellular matrix elements, 

mediating the contraction of the wound, and producing new blood vessels to supply 

the healing tissue with oxygen and nutrients. Lastly, the healing tissue gradually 

matures over the following weeks through the resorption of excessive blood vessels, 

development of new skin appendages and sensory elements, and the replacement of 

type-III collagen with a well-crosslinked type-I collagen network 122, 123.  
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Acute wound injuries are typically treated using commercially available 

wound dressings, which prevent bacterial entry, hydrate the wound site, and may be 

functionalized with growth factors, antioxidants, vitamins or antimicrobial agents to 

further enhance wound recovery 124. In addition, natural and synthetic materials are 

widely used for the development of hydrogel scaffolds in regenerative medicine and 

tissue engineering, with a great number of applications reported for the recovery of 

skin wounds in particular 125. However, these materials may exhibit low 

biocompatibility, raise strong immune responses, or give rise to toxic degradation 

products under in vivo conditions, necessitating the development of more advanced 

biomaterial hydrogels for wound repair 12, 126. Self-assembled peptide systems have 

emerged as one alternative approach for the development of biocompatible scaffold 

materials, and are particularly promising in this context due to their ability to be 

functionalized with a broad range of bioactive signals. These signals can stimulate 

cellular recruitment, adhesion, differentiation and proliferation to regulate the 

behavior of cells at the site of injury and, due to their biological origins, prevent the 

creation of unwanted immune responses against the scaffold and/or the cells it 

contains 19, 66, 127.  

RADA16 (RADARADARADARADA) is one of the most common peptide 

sequences used for the treatment of skin injuries, and readily self-assembles into well-

organized β-sheet structures in water 128. While self-assembled peptide scaffolds are 

typically designed to mimic the structure of a particular protein, RADA16 has been 

developed purely for its structural properties and does not contain bioactive motifs, 

although the sequence bears some similarities to the fibronectin-derived, adhesion-

promoting RGD motif. Chirality also appears to be important for the biofunctionality 

of this peptide sequence, as L-RADA16 peptide hydrogels are able to mimic cell 



35 
 

microenvironment and enhance cell proliferation, while the D-form peptide hydrogels 

induce cell growth and rapid hemostasis 129, 130. Despite its lack of bioactive motifs, 

the sequence has been successful in mediating the repair of skin wounds: RADA16-I, 

a derivative of RADA16, has been shown to increase the rate of repair by 20%-30% 

in second-degree burn injuries compared to blank controls and miscellaneous wound 

dressing scaffolds (chitosan, collagen I and PDLA) 131. The base RADA16 sequence 

has also been used in conjunction with human fibroblast cells and keratinocytes to 

develop a synthetic skin in the absence of any biologically-derived materials 132, while 

another, shorter peptide sequence (LIVAGKC) was found to stimulate enhanced 

reepithelialization in a full-thickness porcine excision wound model 133.  

In addition to directly participating in signaling pathways through their 

physical structures and amino acid sequences, self-assembled peptide hydrogels can 

also carry cargos of other bioactive molecules. Bioactive mediators such as cytokines 

and chemokines play important roles in regulating the interactions between cells and 

biomaterials in drug and protein delivery, tissue regeneration and cell culture 

applications, and the efficiency of the peptide material in promoting a particular 

cellular response can be enhanced through their delivery within the self-assembled 

scaffold 12, 126, 134-136. For example, functional proteins such as vascular endothelial 

growth factor, fibroblast growth factor, brain-derived neurotrophic factor, lysozyme, 

trypsin inhibitor, BSA, and IgG have been integrated into RADA16 peptide hydrogel 

scaffolds without losing their original structure and functions 136, 137. In particular, 

Schneider et al. reported that the release of epidermal growth factor (EGF) by a 

RADA16-I scaffold is responsible for enhancing wound coverage by 5-fold compared 

to untreated controls on an in vitro human skin tissue model, and EGF release from 

the scaffold was found to selectively occur in the presence of the skin model, but not 
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in PBS 138. In addition to scaffold structures, a chimeric keratinocyte growth 

factor/elastin fusion protein has been reported to self-assemble into nanoparticle-like 

aggregates and promote re-epithelialization and granulation by 2-folds and 3-folds in 

a diabetic mouse model 139.  

While peptide molecules can undergo self-assembly through their structures 

alone, their assembly behavior is often promoted by appending a hydrophobic tail 

region at one end of the peptide sequence. The result of such a modification is a new 

class of molecules called peptide amphiphiles, which have been used with increasing 

popularity in tissue engineering applications during the past decade. Peptide 

amphiphile (PA) molecules can be designed to self-assemble either by themselves 

(through hydrophobic and hydrophilic interactions) or in the presence of an 

oppositely-charged peptide amphiphile molecule (through charge neutralization 

between charged residues), producing hydrogel scaffolds with the biocompatibility, 

non-toxicity, non-immunogenicity and sequence-specific biological activity inherent 

to peptide molecules. As with peptide-only nanostructures, the water-rich hydrogel 

structure of PA scaffolds is highly amenable for the controlled release of growth 

factors and other bioactive molecules. Consequently, the use of peptide amphiphile 

hydrogels has been described for a wide range of wound-related applications, 

including the promotion of collagen release from human fibroblasts using the palmyl-

KTTKS sequence and the promotion of angiogenesis by the palmitoyl-LRKKLGKA 

140 and basic fibroblast growth factor-loaded palmyl-AAAAGGGERGD sequences 

141.  

 A heparin-mimetic peptide sequence (HM-PA, lauryl-VVAGEGDK(p-

benzosulfonate)S-Am) was also developed by our group for a variety of applications 

and exhibited some potential for use in wound healing. This peptide amphiphile 
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sequence is incapable of self-assembling by itself, but undergoes charge neutralization 

with a negatively-charged PA molecule (typically E-PA, lauryl-VVAGE) to form 

hydrogel scaffolds exhibiting strong affinity towards a range of growth factors 142. 

The HM-PA/E-PA mixture was shown to stimulate angiogenesis, re-epithelization 

and granulation tissue formation compared to a sucrose control in an acute full-

thickness rat skin wound model, with an additional (albeit non-significant) trend for 

increased skin appendage formation 118. This PA system also displayed similar results 

in a diabetic rat model, effectively modulating the dysfunctional immune responses 

and extended recovery period associated with diabetic wounds 143. In contrast to the 

bioactive scaffold, the presence of non-bioactive control networks (containing a 

mixture of E-PA and the positively-charged K-PA (lauryl-VVAGK) molecules) did 

not significantly affect the diabetic wound healing process, suggesting that the 

immunoregulatory and growth-stimulating effects of the PA scaffolds were sequence-

specific. The affinity of this scaffold towards endogenously produced growth factors, 

as well as its general similarity to cell-regulating glycosaminoglycan molecules, are 

possible reasons for this behavior.  
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2.1. Introduction 

Burn injuries are the fourth most common type of trauma worldwide, and third-degree 

burns constitute one of the most severe injuries of the skin. Although, recent 

developments in post-injury care have greatly improved the survival and recovery 

rates of patients suffering from severe burns, the considerable length of the recovery 

process and the concurrent risk of infection contribute to patient mortality in burn 

injuries 145. Even under ideal conditions, the formation of scar tissue follows wound 

closure, and may compromise the appearance and functionality of the healed tissue 

146. In addition, burn wounds are subject to a higher risk of necrosis compared to 

lacerations and blunt trauma injuries due to the oxidative and inflammatory stresses 

exerted by the zone of coagulation 1, 147. Consequently, untreated burn injuries often 

experience a period of progression where viable tissues adjacent to necrotic regions 

are themselves converted into necrotic tissue, increasing the depth and diameter of the 

injury 148, 149. Severe burn injuries are also associated with a rapid and systemic 

immune response that may result in septic shock, caused by a combination of 

increased capillary permeability, an excess of proteins in the interstitial space, and the 

overexpression of pro-inflammatory factors by macrophages 150. Taken together, these 

factors necessitate the development of novel techniques that specifically address the 

unique pathophysiological needs of burn injuries, especially with regards to the ability 

to halt burn wound progression and facilitate tissue repair with minimal scar 

formation 151. 

Hydrogels are effective materials for treatment of burn injuries, because they provide 

an environment similar to one present in native skin tissues, retaining water and 

modulating the fluid balance at the site of injury. They can be functionalized with 

bioactive or antimicrobial agents to prevent secondary infections or accelerate the 
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wound repair process 146. Self-assembled peptide nanofiber gels contain bioactive 

sequences that effectively replicate the functions of many extracellular matrix 

proteins, allowing their use for the repair of a broad range of tissue injuries 152-154. 

Previously, peptide gels were used as wound dressings for both burn and laceration 

injuries 155, 156. We recently reported that heparin-mimetic peptide nanofibers (HM-

PA, Lauryl-VVAGEGD(K-psb)S-Am) increase re-epithelialization and granulation 

tissue formation in a rat acute skin wound model 118. In contrast, non-bioactive control 

gel (bearing a similar secondary structure but no heparin-mimetic motifs) provided no 

improvement over sucrose-treated controls, suggesting that the sequence (rather than 

the presence of the gel as a scaffold) was effective in promoting wound healing, 

possibly through the selective retention of growth factors by HM-PA 13.  

In the present study, we show that HM-PA nanofiber gels facilitate recovery of burn 

injury caused by a thermal burn model developed for the evaluation of topical 

treatment methods. Wound regeneration was monitored through histological 

observations, immunostaining and marker protein expressions across 21 days of 

recovery, and blood vessel densities, collagen organization and skin appendage 

formation were quantified to determine the effect of bioactive PA treatment on the 

repair process. The HM-PA treatment was observed to enhance angiogenic activity 

during early regeneration; increase wound closure, re-epithelialization and granulation 

tissue formation rates and promote the formation of skin appendages compared to 

saline treatment and 3M™ Tegaderm™ wound filler suggesting that the HM-PA gel 

can be utilized as an ideal potential platform for the treatment of burn wounds in 

addition to laceration injuries. 
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2.2. Materials and Methods 

2.2.1. Materials 

9-Fluorenylmethoxycarbonyl (Fmoc) and tert-butoxycarbonyl (Boc) protected amino 

acids, lauric acid, 4-(2′,4′-dimethoxymethyl-Fmoc-aminomethyl)-phenoxyacetamido-

norleucyl-MBHA resin (Rink amide MBHA resin), Fmoc-Asp(OtBu)-Wang resin, 2-

(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 

diisopropylethylamine (DIEA) were purchased from NovaBiochem (Merck) and all 

other chemicals were purchased from Sigma-Aldrich, Thermo scientific, Invitrogen 

and Fisher. Antibodies used in this study were purchased from Millipore and Abcam. 

2.2.2. Synthesis and Purification of Molecules and Gel Formation  

Fmoc solid phase peptide synthesis method was followed for the synthesis of peptide 

amphiphile (PA) molecules. Two different solid supports were used according to the 

charge of the PA molecule to be synthesized: Positively-charged PAs, (HM-PA 

(Lauryl-VVAGEGD(K-psb)S-Am) and K-PA (Lauryl-VVAGK-Am)), were 

fabricated using Rink amide MBHA resin, while the negatively-charged PA (E-PA 

(Lauryl-VVAGE)) was synthesized on Fmoc-Glu(OtBu)-Wang resin. Coupling of 

each amino acid residue was performed through the activation of carboxylate groups 

of two equivalents of Fmoc protected amino acids with 1.95 equivalents of HBTU and 

3 equivalents of N,N-diisopropylethylamine (DIEA) for 1 mole equivalent of starting 

resin for 3 h. In each step of amino acid coupling, samples were treated with 20% 

piperidine/dimethylformamide (DMF) solution to remove Fmoc protecting groups on 

amino acids. Remaining free amine groups were permanently acetylated and blocked 

with 10% acetic anhydride solution in DMF after each amino acid coupling. DMF and 

dichloromethane (DCM) were used as washing solvents after each step and used to 

wash away excess chemicals in the reaction mixture. In the synthesis of sulfonated 
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PA, HM-PA (Lauryl-VVAGEGD(K-psb)S-Am, the side chain of the lysine was 

conjugated to p-sulfobenzoic acid, which was protected with Mtt (4-methyltrityl) for 

the selective deprotection of amine groups under subsequent steps. Before the 

coupling of p-sulfobenzoic acid to the lysine residue, the Mtt protecting group on the 

lysine side chain was removed by shaking the resins with a cocktail solution of 

trifluoroacetic  acid (TFA):triisopropylsilane (TIS):H2O:DCM at the ratio of 

5:2.5:2.5:90 for 5 min. The cleavage of synthesized PA molecules from solid support 

resin was then carried out with a cocktail solution of TFA:TIS:H2O at a ratio of 

95:2.5:2.5 for 2 h. Excess chemicals (mainly TFA and DCM) were removed by rotary 

evaporation. The viscous PA solution was then precipitated with ice-cold diethyl ether 

at -20 °C overnight. The resulting white precipitate was collected through 

centrifugation and dried under vacuum. The precipitate was then dissolved in 

ultrapure water and left frozen at -80 °C overnight. On the following day, the frozen 

solution was collected and lyophilized for 3-4 days. The characterization and purity of 

molecules was assessed with liquid chromatography–mass spectroscopy (LC–MS). 

LC-MS data was obtained with an Agilent LC-MS equipped with Agilent 6530 Q-

TOF with ESI source and Zorbax SB-C8 4.6 mm x 100 mm column for acidic 

conditions and a Zorbax Extend-C18 2.1 x 50 mm column for basic conditions. 

Mobile phases of each column were a gradient of water and acetonitrile containing 

0.1% formic acid (for basic peptides) or 0.1% NH4OH (for acidic peptides). Residual 

TFA adhering to positively charged PAs was then removed by treatment with HCl 

solution, and the remaining peptide residue was lyophilized. An Agilent 1200 series 

preparative reverse-phase high performance liquid chromatography (HPLC) system 

was used for the purification of molecules and was equipped with a Zorbax Extend-

C18 21.2 x 150 mm column for basic conditions and a Zorbax SB-C8 21.2 x150 mm 
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column for acidic conditions. As the mobile phase of each column, a gradient of water 

and acetonitrile containing 0.1% TFA or 0.1% NH4OH was used according to the 

charge of conditions. 

In order to enable nanofibrous gel formation through charge neutralization, each of 

oppositely charged PAs was reconstituted in 0.25 M glucose solution prepared in 

ultrapure water and mixed at the molar ratio of 1:2 for the HM-PA / K-PA 

combination (resulting in a bioactive PA mixture) and 1:1 molar ratio for the E-PA / 

K-PA (resulting in a non-bioactive control PA mixture). Total charges of both 

mixtures were -1. The pH of peptide solutions was adjusted to 7.4 and peptide 

mixtures were sterilized with UV light for 1 h prior to use. 

2.2.3. Physical and Mechanical Characterization of Self-Assembled Peptide 

Nanofiber Networks  

2.2.3.1. Scanning Electron Microscopy (SEM) 

Nanofiber networks formed by HM-PA / K-PA (1:2 molar ratio) and E-PA / K-PA 

(1:1 molar ratio) were inspected through SEM. Samples for SEM were prepared by 

incubating peptide nanofiber gels (1 wt %) with a final volume 60 µL for 20 min on 

silicon wafers. The peptide nanofiber gels were then dehydrated by sequential 

treatment with increasing concentrations of ethanol (20%, 40%, 60%, 80% v/v) for 2 

min per wash and left in 100% absolute ethanol until drying in a critical point drier 

(Tousimis, Autosamdri-815B). Before the imaging process, samples were coated with 

6 nm of Au/Pd layer and images were taken with a FEI Quanta 200 FEG scanning 

electron microscope under high vacuum with 5 keV beam energy. 
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2.2.3.2. Oscillatory Rheology  

An Anton Paar Physica RM301 rheometer operating with a 25 mm parallel plate at 21 

°C was used for oscillatory rheology measurements. In order to measure storage (G') 

and loss (G'') moduli, HM-PA or control nanofiber gels (1 wt %) with total volume of 

300 µL were loaded on the center of the lower plate and incubated for 15 min prior to 

measurement while upper plate was brought to a 0.5 mm gap position. While taking 

storage moduli (G') and loss moduli (G'') measurements, angular frequency was 

adjusted from 100 to 0.1 rad/s, with a shear strain of 0.5%. The process was repeated 

3 times for each peptide nanofiber gel and consecutive measurements were averaged 

for each sample. 

2.2.3.3. Circular Dichroism (CD) 

Secondary structures of HM-PA nanofiber or control nanofiber assemblies were 

examined by CD spectroscopy using a J-815 Jasco CD spectrophotometer at room 

temperature. Initially, PA stock solutions were prepared at 1 mM concentration and 

diluted to a concentration of 3.6 x 10-4 M for CD spectroscopy. Measurements were 

obtained 3 times in the range of 300 nm to 190 nm with 100 nm/min scanning speed, 

1 nm bandwidth and 0.1 nm data pitch and 0.1 nm data interval, with digital 

integration time (1 DIT) as 1 s at standard sensitivity. Three consecutive 

measurements were averaged for each sample. The results were modified and shown 

as molar ellipticity. 

2.2.4. In vivo Burn Model 

All procedures performed in the present study were approved by The Animal 

Experiments Ethical Committee of Gazi University. In vivo experiments were carried 

out with 3-4 months old (20-30 g) male BALB/c mice. A total of 60 male mice were 
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randomly divided into 4 groups for HM-PA nanofiber treatment (n = 15), control 

nanofiber treatment (n = 15), sucrose solution treatment (n = 15) and 3M™ 

Tegaderm™ hydrogel treatment (n=15). Mice were maintained on ad libitum access 

to a standard laboratory diet in a 12-12 h light-dark cycle. Mice were anesthetized by 

intraperitoneal injection of ketamine hydrochloride (45 mg/kg) and xylazine 

hydrochloride (5 mg/kg). Under deep anesthesia, long hairs found on their dorsa were 

removed with a clipper and then shaved by a razor blade for complete hair removal. 

After the sterilization of underlying skin with povidone iodide, 3rd degree burns were 

generated with a custom made 200 g aluminum rod heated to 100 °C in a boiling 

water bath for 10 min. The tip of the aluminum rod was used as a template to generate 

1 cm2 wounds with square shapes on the posterior-dorsum of each mouse for 6 s. 

Within 30 min of burning, mice were resuscitated through intraperitoneal injection of 

saline using half-strength Parkland formula (4 mL/kg x percent body area). After 48 

h, full thickness skin layers were removed from the wounds using a biopsy punch to 

generate 6 mm-diameter wounds. The debridement process was performed to 

accurately reflect the current medical standard for the treatment of burn injuries. The 

wounds were then treated with bioactive or non-bioactive peptide solutions, 0.25 M 

sucrose solution or 3M™ Tegaderm™ hydrogel. Lyophilized peptide masses were 

dissolved in 0.25 M sucrose solution to preserve osmotic balance. Gels were prepared 

by mixing oppositely charged PA molecules at a final concentration of 1 wt % 

immediately prior to application. 0.25 M sucrose solution was used as a negative 

control, while 3M™ Tegaderm™ hydrogel was used as positive control. Following 

the application of each treatment, wounds were covered with gauze dressing and 

impregnated with saline, and a long-term adhesive, air permeable, elastic and sterile 

bandage (OctaCare®) was placed over the wound to stabilize the position of 
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treatments. Gels (and sucrose solution) were re-applied and the wounds were re-

dressed two days post-wounding. Mice were then individually caged and allowed to 

eat and drink ad libitum and routine controls were conducted throughout the study for 

infection and body weight loss. Animals were sacrificed at each experimental end 

point (day 0, day 7, day 14, day 21) and their tissues were extracted to continue with 

further analysis. Half of the tissue was used for histological analysis and the other half 

was used for RNA and protein analysis. 

2.2.5. Wound Area Measurement  

Wounds were photographed on days 7, 9, 12, 14, 16, 19 and 21 post wounding with a 

ruler. The scab areas on top of the wound were measured and calculated with Image J 

software (NIH, USA). 

2.2.6. Histological Analysis 

Half of the skin tissues of sacrificed mice were collected at days 7, 14 and 21, and 

fixed in 10% formalin. Following the fixation of extracts, samples were dehydrated in 

serially increasing concentrations of ethanol (70%-100%), embedded in paraffin and 5 

µm skin sections were serially taken using a microtome. Tissue sections were 

incubated at 58 °C overnight and stained with hematoxylin and eosin (H&E), 

Masson’s trichrome and picrosirius red with standard protocols after deparaffinization 

in xylene and rehydration in gradually decreasing  concentrations of ethanol (%100-

%70). All the quantifications from H&E and Massons’ trichrome staining were 

performed using Image J. Images from these stainings were acquired using an upright 

microscope (Zeiss Axio Scope A1) at 5x and 10x magnifications, and then merged to 

observe whole skin tissue. Firstly, whole granulation area was traced and measured 

from wound edges and remaining muscle tissue at both sites. Wound closure was 
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measured at three different layers and their average was taken to best represent the 

extent of repair. The crust area was also traced and measured. Re-epithelization was 

quantified by measuring the remaining gap between left and right wound edges. 

Newly formed skin appendages were counted in the burned area and their density was 

calculated. Newly synthesized collagen was also quantified. Orientation of collagen 

fibers was analyzed using the Image J plug-in Orientation J. Scoring was also 

confirmed by researchers who were blind to the study design. 

2.2.7. Immunohistochemical Staining 

For immunohistological stainings, the tissue sections were deparaffinized in xylene 

and rehydrated in graded ethanol solutions and left in distilled water. Enzymatic 

antigen retrieval was performed with 0.1% pronase for 10 min at 35 °C or heat 

mediated antigen retrieval was performed with sodium citrate buffer (pH 6.0) using 

the guidelines provided by Abcam. Endogenous peroxidase activity was then 

inhibited with 3% hydrogen peroxide for 10 min at room temperature. Thereafter, 

normal goat serum was used to block non-specific binding sites by treating slides for 

2 h at room temperature. Slides were incubated with anti-von Willebrand factor 

(1:400; ab6994, Abcam) overnight, followed by HRP conjugated goat anti-rabbit 

secondary antibody (1:500, Millipore (12-349)) on the next day. Antibody staining 

was followed by staining with 3,3’-diaminobenzidine (DAB) and counterstaining with 

hematoxylin. Mounting was performed with a xylene based mounting medium. 

Digital images of the granulation area were acquired using an up-right microscope 

(Zeiss Axio Scope A1) at 100x magnification and merged to count newly formed 

blood vessels. Quantifications were performed by ImageJ to calculate vessel density 

in each granulation field. 
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2.2.8. Protein and RNA Isolation from tissue 

The simultaneous isolation of RNA and protein from burn wound samples was 

performed by using TRIzol reagent according to the manufacturer’s protocol with 

minor adaptations and is briefly described below 157, 158. Firstly, tissue was weighed 

and cut into small pieces with the help of a sterile surgical knife. Then, tissue pieces 

were smashed with liquid nitrogen until they became powder-like, and samples were 

homogenized with a power homogenizer with 1 mL of TRIzol reagent per 50-100 mg 

of tissue sample. The homogenate was incubated for 5 min to permit the complete 

dissociation of the nucleo-protein complex, mixed with chloroform (0.2 mL of 

chloroform per 1 mL of TRIzol reagent was used for initial homogenization) with 

vigorous shaking and centrifuged, which yielded a colorless top aqueous phase, an 

interphase, and an organic bottom phase. RNA was precipitated from aqueous phase 

by addition of isopropanol (0.5 mL of 100% isopropanol to aqueous phase per 1 mL 

of TRIzol reagent), mixed 15 times (up-down) and incubated at room temperature for 

10 min. Then, the mixture was centrifuged to allow the formation of a gel-like RNA 

pellet, washed with 2 mL of 75% ethanol, air-dried for 5-10 min, dissolved in RNase-

free water by pipetting and stored at -20 °C until use. DNA was precipitated from the 

interphase and organic phase by the addition of ethanol (0.3 mL of 100% ethanol per 

1 mL TRIzol reagent used for initial homogenization) and centrifuged. Phenol-ethanol 

supernatant was removed and saved for protein precipitation by the addition of 

isopropanol (1.2 mL of isopropanol per 1 mL of TRIzol reagent was used for initial 

homogenization). The protein-isopropanol mixture was incubated overnight at -20 °C 

to allow the precipitation of proteins and centrifuged to pellet them. The protein pellet 

was washed with 2 mL of cold 0.3 M guanidine hydrochloride prepared in 95% 

ethanol 3 times with 20 min of incubation between each washing, and then washed 
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with ethanol at the last washing step. The protein pellet was left to air-dry for 5-10 

min, dissolved with 10 M urea containing a protease inhibitor cocktail (Sigma) 158 and 

stored at -20 °C until use. 

2.2.9. Quantitative Reverse Transcription Polymerase Chain Reaction 

The gene expression profiles of angiogenesis inducing growth factors were evaluated 

by quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis. 

Yield and purity of extracted RNA were assessed using the Nanodrop 2000 system 

(Thermo Scientific). Primer sequences for growth factors were selected according to 

their suitability by using PREMIER Bio-soft software (Table 1). Reaction efficiencies 

for each primer set were evaluated with standard curves using at least 5-fold serial 

dilutions of total RNA after the optimization of their annealing temperatures. 

SuperScript III Platinum SYBR Green One-Step qRT-PCR kit (Invitrogen) was used 

for cDNA synthesis and PCR according to the manufacturers’ instructions. Reaction 

conditions were briefly as follows: 55 °C for 5 min, 95 °C for 5 min, 40 cycles of 95 

°C for 15 s, Tm (60 °C, 60 °C and 58 °C for VEGF, bFGF, GAPDH, respectively) for 

30 s, and 40 °C for 1 min, which was followed by melting curve analysis to confirm 

product specificity after each reaction. VEGF and bFGF gene expression profiles were 

analyzed at days 7, 14 and 21.  For the analysis of expression, primary gene 

expression data were normalized to the expression level of GAPDH in each run, 

which served as the internal control gene. Each group was then normalized to the 

expression levels of sucrose solution treated groups, which served as a negative 

control. mRNA levels were calculated according to the comparative Ct method with 

effciency correction for each target gene. 
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Table 1. Primer sequences used for qRT-PCR expression analysis 

Gene Primer Sequences: Forward / Reverse  Melting 

Temperature 

FGF-2 (bFGF)  5’- GAGAAGAGCGACCCACACG - 3’ 60 °C 

FGF-2 (bFGF)  5’- GGCACACACTCCCTTGATAGA - 3’ 

VEGF165  5’- CTGTAACGATGAAGCCCTGGAG - 3’ 60 °C 

VEGF165  5’- TGGTGAGGTTTGATCCGCAT - 3’ 

GAPDH  5’- GTCAAGCTCATTTCCTGGTATG - 3’ 58 °C 

GAPDH  5’- CTCTCTTGCTCAGTGTCCTTG - 3’ 

2.2.10. Western Blot Analysis 

After sacrificing the animals, half of the tissue samples collected from animals were 

taken into microcentrifuge tubes and immediately frozen with liquid nitrogen to 

further characterize the expression levels of proteins at days 7, 14 and 21 of the burn 

wound healing process. Total protein in each sample was solubilized with 0.3 mL of 

10 M urea and quantified with BCA assays (Thermo Scientific) using a 1:50 dilution 

rate to eliminate the absorbance coming from urea itself and to accurately quantify the 

protein stock concentration. Equal amounts of proteins (70 ng, 20 μL) were resolved 

on 10% SDS-PAGE under denaturing and reducing conditions and transferred to 

polyvinylidene difluoride (PVDF) membranes (Thermo Scientific). Membranes were 

blocked with 5% non-fat milk in TBS-T for 1 h at room temperature and then 

incubated with primary antibody at 4 °C overnight. Anti-VEGF and anti-α-SMA 

antibodies were purchased from Millipore (ABS82, (1:750) and 04-1094, (1:1000), 
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respectively). Anti-GAPDH antibody was used as internal control and purchased from 

Millipore (MAB374 (1:500)). After washing in TBS-T, membranes were incubated 

with a corresponding HRP-coupled secondary antibody for 1 h at room temperature. 

Anti-rabbit IgG-HRP (purchased from Abcam) and anti-mouse IgG-HRP (purchased 

from Millipore, 12-349) were used at dilutions of 1:2000 and 1:1000, respectively. 

Signals were   visualized using enhanced chemiluminescence analysis on a 

ChemiDoc™ Imaging System with Image Lab™ Software (Bio-Rad). Protein 

concentrations were quantified with ImageJ software and intensities of VEGF and α-

SMA were normalized to GAPDH. 

2.2.11. Statistical Analysis 

Statistical analyses were performed by using GraphPad Prism 6 software. One way 

ANOVA with Tukey’s post-tests or two way ANOVA with Bonferroni post-tests was 

employed to determine the statistical differences between groups, where appropriate.  

Error bars indicate the standard error of the mean. The level of significance was set at 

p<0.05. 

2.3. Results 

2.3.1. Synthesis and characterization of PA molecules 

Heparin-mimetic (HM-PA), negatively charged E-PA and positively charged K-PA 

molecules were synthesized by solid phase peptide synthesis method, purified by 

preparative HPLC and their molecular weights were confirmed by mass spectrometry 

analysis prior to their use (Figure 10-12). The structure of the HM-PA molecule was 

designed to mimic that of heparin through the presentation of sulfonate, hydroxyl and 

carboxylate groups, while E-PA was used as a non-bioactive control peptide lacking 

reactive groups on its amino acid side chains (Figure 9a) 118. When mixed with the 
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positively-charged K-PA at neutral pH, both peptide molecules self-assembled into 

fibrous networks that closely resemble the structure of the extracellular matrix (Figure 

9 d, e) and feature an abundance of β-sheets, while the individual PA molecules did 

not self-assemble in the absence of a charge-neutralizing agent and exhibited random 

coil structures (Figure 9 b). Storage and loss moduli of both bioactive and non-

bioactive peptide scaffolds were comparable to those of the commercial wound 

dressing 3M™ Tegaderm™ (Figure 9g). A representative image of PA nanofiber gels 

is shown in Figure 9f. 
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Figure 10. (A) RP-HPLC chromatogram of HM-PA , the change of response units with 

respect to time at 220 nm. (B) Mass spectrometry of HM-PA. [M-H]
-
 (calculated): 

1225.59, [M-H]
-
 (observed): 1224.59, [M-2H]

-2
/2 (calculated): 611.79, [M-2H]

-2
/2 

(observed): 611.76 [M-3H]
-3

/3 (calculated): 407.53, [M-3H]
-3

/3 (observed): 407.49. 

 

Figure 9. Chemical structures of K-PA, HM-PA and E-PA. (A) Characterization 

of peptide amphiphile molecules and their nanofıbers with circular dichroism. (B) 

Structure of Heparin. (C)  Characterization of peptide nanofibers at pH 7.4 by using  

SEM. (D,E) General appearance of peptide nanofiber gels (F). Rheology 

measurements of scaffolds (G). Scale bars are 5 µm. 
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2.3.2. Gel treatment and dorsal burn injury model 

Full-thickness dorsal burn wounds were created following a protocol modified from 

Sun et al. (Figure 13) 159. Briefly, 1 cm2 aluminum plaques were heated to 100 °C in 

boiling water for 10 min and applied to the dorsum of anesthetized mice for ~6 s to 

inflict third-degree burn injuries. These injuries were allowed to develop for 2 days, 

and a 6 mm skin punch was used to remove necrotic tissue at full-thickness depth 

from the center of the burn wound (Figure 13).  

A B 

Figure 11. (A) RP-HPLC chromatogram of K-PA , the change of response units with 

respect to time at 220 nm. (B) Mass spectrometry of K-PA. [M+H]
+
 

(calculated):653.48, [M+H]
+
 (observed): 654.49, [2M+H]

+
(calculated): 1307.96 

[2M+H]
+ 

(observed): 1307.98. 

Figure 12. (A) RP-HPLC chromatogram of E-PA , the change of response units with 

respect to time at 220 nm. (B) Mass spectrometry of E-PA. [M-H]
-
 (calculated): 

655.42, [M-H]
-
 (observed): 654.42. 
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Figure 13. Schematic representation of full-thickness burn wound model. (a) A 

pre-heated aluminum plaque was applied to the shaved dorsum of the anesthetized 

mouse; followed by the removal of the injured skin and the application of the 

hydrogel. (b) A schematic of the hydrogel-implanted wound site. Schematic 

representations of the burn model were prepared using Mind the Graph software. 

 

 

 

 

 

 

Figure 14. Comparison of normal mouse skin with full-thickness burned mouse skin. 

Scale bars are 500 µm. 



56 
 

The defect left by the removed tissue was then covered with either a peptide 

nanofiber hydrogel (HM-PA / K-PA or E-PA / K-PA), the commercial wound filler 

3M™ Tegaderm™, or 0.25 M sucrose solution. Wounds were visually monitored 

daily (Figure 15 a) and 5 animals from each group were sacrificed for histological 

analysis at days 7, 14 and 21. Animal weights were also controlled throughout the 

study duration to eliminate the possibility of excessive weight loss due to trauma 

(Figure 16). Wound recovery was observed to be enhanced in wounds treated with 

HM-PA peptide nanofibers, with significantly smaller wound areas at days 12, 14 and 

16 (Figure 15 b). In contrast, neither the non-bioactive peptide mixture nor the 3M™ 

Tegaderm™ filling enhanced wound closure compared to the negative control (0.25 

mM sucrose) within the first 16 days of recovery, although wound closure was 

complete in all groups at day 21. In addition, HM-PA peptide nanofiber-treated 

wounds exhibited a dense fur covering on top of the closed wound (which was 

partially shaved prior to wound imaging), while 3M™ Tegaderm™ - and sucrose-

treated groups had limited fur growth (Figure 15 a).  
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Figure 15. Representative images of burn wounds after gel application at days 7, 

9, 12, 14, 16 and 21 (A). Quantification of wound areas treated with HM-PA peptide 

nanofibers, sucrose solution, 3M™ Tegaderm™ and control nanofibers at days 7, 9, 

14, and 16 (B). One-way ANOVA (Bonferroni's multiple comparisons test) was used 

for statistical analysis. Error bars represent standard error of mean. 
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Figure 16. Animal weights throughout the study. 
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2.3.3. Histological analysis 

The effective recovery of burn wounds depends not only on the closure of the wound 

itself, but also on the replacement of damaged extracellular matrix with freshly 

deposited collagen, the removal of local debris from the wound site and the formation 

of new skin appendages 160. As such, skin sections taken at 7, 14 and 21 days 

following peptide nanofiber gel, 3M™ Tegaderm™ or sucrose application were 

stained with H&E and Masson’s trichrome to observe the local morphology of the 

site of injury (Figure 17 a). Granulation, re-epithelialization, crust formation, wound 

contraction and skin appendage development were also monitored to determine the 

extent of functional wound recovery. The gradual decrease of granulation area is one 

of the main hallmarks of skin wound recovery and occurs through the contractile 

activity of myofibroblasts. HM-PA peptide nanofiber gel treatment was found to 

result in significantly smaller granulation tissue areas at day 7, suggesting that the 

heparin-mimetic hydrogel enhanced fibroblast recruitment and/or the differentiation 

of local fibroblasts into myofibroblasts (Figure 17 b). A similar trend was also 

observed in average wound distance results, which also strongly depend on 

myofibroblast activity and suggest that wound contraction was enhanced by bioactive 

peptide nanofiber gel treatment at day 7 (Figure 17 c).  
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Figure 17. Masson’s Trichrome staining of HM-PA nanofiber, sucrose solution, 

3M™ Tegaderm™ and control nanofiber application at days 7, 14 and 21 (A). 

Scale bars are 500 µm. Quantitative analysis of granulation tissue (B), re-

epithelization (C), crust area (D), wound distance (E) and skin appendages (F) of burn 

wounds at days 7, 14 and 21. One-way ANOVA (Bonferroni's multiple comparisons 

test) was used for statistical analysis, *p< 0.05. Error bars represent standard error of 

mean. 

In addition to the physical contraction of the site of injury, wound recovery also 

depends on the local remodeling of the extracellular matrix for the removal of local 
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debris and deposition of new matrix proteins. While HM-PA peptide nanofiber 

treatment had a significant impact on wound closure at the earlier stages of the 

recovery process, its effects on matrix remodeling were longer-lasting. In particular, 

bioactive peptide nanofiber treated wounds had significantly shorter gaps in newly 

formed epithelial tissue at both day 7 and day 14, exhibiting mean epithelial gap 

distances of 4.4 and 1.6 mm at these time periods (compared to 6.5 and 4.7 mm for 

sucrose and 7.3 and 4.5 mm for 3M™ Tegaderm™) (Figure 17 d). In addition, the 

successful remodeling of the wound site following HM-PA peptide nanofiber 

treatment was also associated with the rapid degradation of the wound crust, which 

was 9.7- and 9.5-folds thinner than the sucrose and 3M™ Tegaderm™-treated groups 

at day 14 (Figure 17 e). Furthermore, bioactive peptide nanofiber-treated wounds had 

16.67 ± 5.03 skin appendages per granulation area at day 21, compared to 5.08 ± 0.82 

and 10.49 ± 1.73 in sucrose and 3M™ Tegaderm™-treated wounds, suggesting that 

extracellular matrix remodeling was mostly complete by this time period and that the 

remodeled skin was well into the process of being repopulated by skin appendages 

(Figure 17 f).  

2.3.4. Modulation of angiogenesis by bioactive peptide nanofiber scaffolds 

A complex set of signaling interactions is required for the recruitment, differentiation 

and survival of the cells that drive the wound recovery process. The formation of new 

blood vessels is a major aspect of these interactions, and angiogenesis-promoting 

scaffolds can effectively support wound healing by ensuring the transport of oxygen, 

nutrients and signaling molecules to cells at the site of injury. As such, the ability of 

the HM-PA peptide nanofiber hydrogels to support neovascularization was tested by 

anti-von Willebrand factor staining and the quantification of newly formed blood 

vessels at the wound site. Bioactive peptide nanofiber treatment was observed to 
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greatly enhance angiogenesis at the wound site at day 7, with a smaller (but 

statistically significant compared to non-bioactive peptide nanofiber and 3M™ 

Tegaderm™) increase at day 14, which is consistent with the early induction of 

angiogenesis in the presence of the bioactive peptide nanofibers (Figure 18). 

However, compared to control nanofiber and 3M™ Tegaderm™, blood vessel 

density was significantly lower in HM-PA peptide nanofiber-treated wounds at day 

21, which suggests that wound recovery was complete at this time period and that 

most of the blood vessels present at the former wound site had been resorbed (Figure 

18 b). 
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Figure 18. Staining of blood vessels by anti-VWF and quantification of blood 

vessels at days 7, 14 and 21 (A,B). Quantification of average vessel diameter at 

day 7 (C). One-way ANOVA (Bonferroni's multiple comparisons test) was used for 

statistical analysis. Arrows indicates the newly formed blood vessels. Errors bars 

represent standard error of mean. Scale bars are 50 µm. 

The qRT-PCR analysis of VEGF and FGF-2 further supported these results, as the 

considerable increase in angiogenic factor expression at day 7 was observed to 



65 
 

decrease at days 14 and 21 in the HM-PA peptide nanofiber-treated group (Figure 

19). Expression of VEGF was further confirmed by Western analysis at day 7 at 

protein level. Likewise, the protein-level expression of α-SMA was significantly 

enhanced at day 7 in the HM-PA peptide nanofiber-treated group compared to control 

peptide nanofiber gel and sucrose solution, which may indicate the early 

differentiation of fibroblasts into myofibroblasts in the presence of the bioactive 

peptide nanofiber hydrogel.  

 

Figure 19. Protein and mRNA levels of genes associated with angiogenesis and 

wound repair at the burn wound site at days 7, 14 and 21. qRT-PCR analyses 

were performed for VEGF and bFGF (A, B), while Western blot analyses were 

performed for VEGF and -SMA (C, D). Statistical analysis was performed with one-
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way ANOVA and Bonferroni's multiple comparisons test. Error bars represent 

standard error of mean. 

2.3.5. Collagen orientation 

The ability of bioactive and non-bioactive peptide nanofiber scaffolds and 3M™ 

Tegaderm™ to facilitate the deposition of well-crosslinked collagen fibers was 

investigated through the picrosirius red staining of skin sections at day 21 (Figure 20 

a). In healthy skin, picrosirius red dye stains in distinctive bands due to the presence 

of hair follicles, sebaceous and sweat glands, and a highly organized collagen 

structure. In contrast, the wound area is characterized by uniform staining due to the 

disruption of the collagen network, and the restoration of the crosslinked collagen 

matrix is indicative of wound recovery. Accordingly, a highly homologous picrosirius 

red staining was observed in non-bioactive peptide nanofiber, 3M™ Tegaderm™ and 

sucrose-treated burn injuries, suggesting that collagen crosslinking is incomplete even 

at day 21 for these groups. However, a heterogeneous pattern of staining was 

observed in the HM-PA peptide nanofiber-treated wounds, which was consistent with 

an advanced state of recovery and the restoration of the regular architecture of skin. 

The orientation of collagen fibers were also quantified through the OrientationJ 

plugin of ImageJ software, and bioactive hydrogel-treated wounds were observed to 

exhibit two distinctive alignment directions, which is similar to healthy skin and 

indicative of crosslinking (Figure 20 b-c). Non-bioactive peptide nanofiber, 3M™ 

Tegaderm™ and sucrose-treated wounds, however, exhibited fiber orientation in only 

a single direction, suggesting that collagen crosslinking was not yet complete.  
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Figure 20. Fiber directionality resembles healthy tissue in HM-PA peptide 

nanofiber-treated burn wounds. Picrosirius red staining was performed to visualize 

collagen fiber orientation. Wound areas analyzed are highlighted with dashed lines 

(A, B). Healthy and HM-PA peptide nanofiber-treated fibers were distributed evenly 

between -50° and +50° orientations, while sucrose, 3M™ Tegaderm™- and control 

nanofiber-treated wounds exhibited collagen orientation only in the -50° direction (C). 

2.4. Discussion 

Severe burn wounds are characterized by a strong local immune response, higher 

metabolic rates at the site of injury, increased cortisol and cytokine levels, ingress of 

fluid from extracellular space to the wound site and limited transport of oxygen and 

nutrients, which result in the gradual necrosis of affected tissue 161. Consequently, the 

effective repair of burn wounds requires the modulation of metabolic, immune, 

homeostatic and angiogenic responses. Heparin and heparan sulfate are 
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glycosaminoglycans that are abundantly expressed at the burn injury site and assist in 

the early wound healing process by preventing coagulation, activating a range of pro- 

and anti-inflammatory pathways and binding to growth factors such as VEGF, FGF, 

HGF and TGF-β that stimulate the proliferation of fibroblasts, muscle cells, epithelial 

cells and endothelial cells 162. However, heparin is rapidly degraded in biological 

environments and, due to its animal origin, poses a risk of zoonotic contamination, 

which has stimulated the development of more advanced delivery systems for 

replicating its effects on tissues 163. Hydrogel scaffolds are especially useful for this 

purpose, as their similarities to the extracellular matrix, ease of modification, ability 

to constantly hydrate the site of injury and potential co-delivery with cytokines, 

antibiotics, growth factors and/or stem cells are all highly relevant properties for the 

treatment of burn wounds 164.  

The HM-PA peptide nanofibers mimic the activity of heparin and form a 

biocompatible gel at neutral pH. The HM-PA peptide nanofibers were previously 

shown to bind growth factors, enhance osteo-chondrogenic differentiation, improve 

the success of pancreatic islet transplantation and stimulate the repair of normal and 

diabetic wound injuries 13, 165-167. Our present observations suggest that the growth 

factor-binding, water-retaining and glycosaminoglycan-mimicking features of HM-

PA peptide nanofibers are also effective for stimulating the repair of full-thickness 

burn injuries. In particular, HM-PA peptide nanofiber-treated wounds had higher skin 

appendage formation, wound closure and re-epithelialization rates, as well as lower 

granulation tissue areas and thinner crust formation, at days 7 and 14 of the recovery 

process, which is consistent with the prominent roles played by heparin during early 

wound healing. While wound closure was mostly complete in all groups at day 21, 

the bioactive peptide nanofiber-treated group nevertheless exhibited enhanced fur 
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growth and a lack of scar tissue formation at later stages of recovery, and presented a 

greater amount of collagen remodeling in Masson’s trichrome staining. 

Angiogenesis is another aspect of wound healing and plays an especially important 

role in burn injuries due to the anoxic and nutrient-poor environment that 

characterizes these wounds 164. However, blood vessels are typically resorbed 

following the completion of the healing process, and excessive angiogenesis at later 

stages of wound healing is also detrimental for the functionality of the repaired tissue, 

potentially contributing to the development of hypertrophic scars 168. Consequently, a 

balance between angiogenic and anti-angiogenic responses is necessary for wound 

recovery, and the HM-PA peptide nanofibers are able to answer this need by 

mediating the required transition between the production and resorption of blood 

vessels. Anti-von Willebrand factor staining results suggest that, compared to sucrose 

and 3M™ Tegaderm™ treatment, neovascularization was heavily enhanced on day 7, 

slightly enhanced on day 14 and slightly impaired on day 21 in response to heparin-

mimetic peptide nanofibers. VEGF, the main angiogenic factor in wound healing, was 

also strongly expressed at the HM-PA peptide nanofiber-treated wound site at day 7, 

while declining sharply at days 14 and 21. As HM-PA peptide nanofibers have 

previously been shown to specifically interact with VEGF165 through its heparin-

binding domain 13, it is likely that their presence enhances angiogenesis by retaining 

endogenously produced VEGF at the site of injury. The HM-PA peptide nanofibers 

also exhibit an affinity for the endothelial cell-stimulating factor FGF-2, of which 

expression was elevated following bioactive gel treatment.  

Following injury, the collagen matrix at the wound site is completely denatured, 

leaving a disordered and necrosis-promoting extracellular environment. During the 

wound repair process, the cellular debris at the wound site is removed by 
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inflammatory cells, and a new, well-crosslinked collagen matrix is deposited by local 

and recruited fibroblasts. Collagen alignment can therefore be used as a measure of 

the wound healing progress, as healthy extracellular matrix is characterized by two 

axes of collagen fibers that intersect to create a basket-woven appearance, while the 

old, dysfunctional extracellular matrix exhibits only a single collagen axis 169. In 

sucrose and 3M™ Tegaderm™-treated wounds, orientation analysis showed that 

collagen fibers were arranged in only a single axis, while healthy and HM-PA peptide 

nanofiber-treated tissues were characterized by the deposition of collagen in two axes 

of orientation. This enhancement of collagen crosslinking was also supported by the 

early expression of α-SMA, which is responsible for fibroblast activation, wound 

contraction and extracellular matrix remodeling. In addition, sucrose- and 3M™ 

Tegaderm™-treated samples exhibited some “gaps” without picrosirius red staining, 

suggesting that collagen deposition was incomplete in these samples, while the entire 

dermal layer was stained extensively with picrosirius red for healthy and HM-PA 

peptide nanofiber-treated samples.  

2.5. Conclusions 

In summary, we demonstrated that the heparin-mimetic peptide nanofibers are able to 

support the repair of full-thickness burn injuries by mediating wound contraction and 

re-epithelialization, preventing scar formation, and stimulating the development of 

skin appendages. In addition, enhanced wound recovery in the heparin-mimetic 

peptide nanofiber-treated group was found to be associated with the induction of 

neovascularization and the deposition of an extensively crosslinked collagen matrix. 

It is especially notable that the commercial wound filling 3M™ Tegaderm™ was 

significantly less effective in many of these aspects. The burn injury and treatment 

model used in the present study closely resembles the standard of care for burn 
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wounds, which entails the removal of necrotic tissue and the implantation of 

autografts and/or collagen-based scaffolds. As such, the HM-PA peptide nanofiber 

system can easily be adapted to clinical settings for moderate burn injuries that do not 

necessitate autograft treatment. 
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In this thesis, I have described the design and synthesis of a peptide amphiphile 

system that is able to enhance the repair of burn injuries in the mouse model. In 

particular, the HM-PA scaffold was able to prevent post-injury necrosis, increase 

cellular viability and recruitment, promote collagen deposition and crosslinking, and 

enhance angiogenesis, re-epithelialization and skin appendage formation compared to 

epitope-free peptide scaffolds and the commercial wound dressing 3M™ 

Tegaderm™. Positive effects were observed at all stages of the wound healing 

process, with rapid wound closure as a result of early proliferation and angiogenesis, 

and decreased scar formation due to enhanced collagen deposition at later days of 

recovery. The ability of HM-PA to stimulate angiogenesis during the early stages of 

recovery is especially crucial for its effectiveness, as blood vessel formation is a 

major requisite of healthy tissue repair. In contrast to the bioactive peptide system, the 

non-bioactive scaffold did not exhibit comparable effects despite similar physical and 

mechanical properties, suggesting that the heparin-binding and growth factor-

retaining abilities of HM-PA were necessary for promoting wound healing in full-

thickness burn wounds.  

Peptide nanofibers are a promising means of enhancing the natural signaling 

pathways responsible for regulating cell and tissue repair. Their hydrogel structure, 

variable bioactive groups, ease of preparation, low batch-to-batch variance, and slow 

release capacity all contribute to their effectiveness in facilitating tissue recovery in a 

broad range of injury and disease models. However, there is a dearth of tissue 

engineering studies that explore the full potential of peptide amphiphiles in clinical 

settings, and few pharmacological companies include peptide scaffolds and similar 

materials in their portfolio. Consequently, comprehensive material characterization 

studies are necessary to demonstrate the safety and efficiency of peptide hydrogel-
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based treatment systems in human patients. In the context of the present study, future 

efforts may focus towards developing the HM-PA scaffold for practical applications, 

potentially by using a broader range of injury models of varying severity, location, 

and prognosis.  
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