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ABSTRACT 
 

 

ROLE OF ANANAS COMOSUS DERIVED EXOSOMES IN SCARLESS 

CUTANEOUS WOUND REPAIR 

 

Wound healing is a complex and dynamic process involving a great number of cellular 

interactions based on growth factors, cytokine, and chemokine release. Although many new 

therapeutic agents are being introduced to the market for their remarkable wound healing 

capabilities, the problem of why some organisms heal perfectly while others heal with a 

pathological connective tissue known as a scar remains a mystery. Scar formation is a natural 

process that occurs after the healing process due to dysfunctionalities in the remodeling 

phase that may occur either in the epithelial epidermis or the dermis. Reducing scar 

formation is lately gaining interest as a new area of scientific research. Following the 

discovery of scarless healing of the fetal skin, an explosive number of studies have 

highlighted striking differences between fetal and adult human skin in terms of the 

differences in their extracellular matrix, growth factor, and cytokine characteristics. Despite 

of the accumulating evidence to mitigate the scar formation, gain or loss of function of no 

single pathway or cell type has been shown to be responsible for scar formation therefore 

mimicking the scarless healing remains as a challenging issue. Nonetheless, findings from 

recent studies have shed light to certain aspects of scarless healing. In this respect, the use 

of plant-based products in the treatment medical conditions is becoming a matter of 

preference due to their lower side effects. Taking a parallel approach, this study aimed to 

evaluate the potential of scar reducing effects of Ananas comosus derived exosomes by 

determining their proliferative, migratory, and angiogenetic activities on the gene and 

protein expression levels of key factors of wound healing. Our results indicate that these 

exosomes activate ERK/MAPK and PI3K/AKT pathways and induce cellular proliferation 

and migration while increasing the ratio of transforming growth factor-β3 (TGF-β3) to TGF-

β1, and certain MMPs, which is an indication for suppression of scar formation. 

Additionally, it has been shown that these exosomes also promote extracellular matrix 

reconstruction. Based on these results A. comosus exosomes emerge as a promising agent 

that facilitate cutaneous wound healing suppressing formation of scars. 
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ÖZET 

 

 

YARA İZSİZ AKUT YARA ONARIMINDA ANANAS COMOSUS TÜREVLİ 

EXOSOMLARIN ROLÜ 

 

Yara iyileşmesi, büyüme faktörleri, sitokin ve kemokin salınımına dayanan çok sayıda 

hücresel etkileşimi içeren karmaşık ve dinamik bir süreçtir. Dikkat çekici yara iyileştirme 

yetenekleri için birçok yeni terapötik ajan piyasaya sürülmesine rağmen, bazı organizmaların 

neden mükemmel iyileşme sorunu yaşarken, diğerleri skar olarak bilinen patolojik bir bağ 

dokusu ile iyileşme sorunu gizemini korumaktadır. Skar oluşumu, epitelyal epidermiste veya 

dermiste meydana gelebilecek yeniden şekillenme evresindeki işlev bozuklukları nedeniyle 

iyileşme sürecinden sonra ortaya çıkan doğal bir süreçtir. Skar oluşumunun azaltılması, son 

zamanlarda fetüsün skarsız iyileşmesinin keşfi ile bilimsel alanda dikkat çekmektedir. Bu 

alandaki araştırmaların artmasıyla, fetal ve yetişkin insan derisi arasındaki farklılıklar, hücre 

dışı matris, büyüme faktörü ve sitokinlerdeki farklılıklarına göre tanımlanmıştır. Skar 

oluşumunu hafifletmek için mevcut bulgulardan bağımsız olarak, skar oluşumundan tek bir 

yol veya hücre tipi sorumlu değildir, bu nedenle skarsız iyileşmeyi taklit etmek zor bir 

konudur. Bununla birlikte, bu alandaki son çalışmalar, skarsız iyileşmenin belirli yönlerini 

aydınlatır. Öte yandan, bitki kaynaklı ürünlerin tıbbi problemlerde kullanımı, daha az yan 

etkileri olduğu için giderek daha fazla dikkat çekmektedir. Bu bağlamda, bitki bazlı A. 

comosus türevli eksozomlar, hem gen hem de protein ekspresyon seviyeleri ile skar azaltma 

oranları ile birlikte proliferatif, migratif ve anjiyogenetik aktiviteleri için test edilmiştir. 

Sonuçlar, bu eksozomların ERK/MAPK ve PI3K/AKT yollarını aktive ettiğini ve hücresel 

proliferasyon ve migrasyonu tetiklerken, matriks metallopreteinazlarla beraber büyüme 

faktörü-β3'ün (TGF-β3), TGF-β1’ya oranı gibi skar oluşumu ile ilişkili proteinlerin oranını 

arttırdığını göstermiştir. Ek olarak, bu eksozomların ayrıca hücre dışı matris 

rekonstrüksiyonunu teşvik ettiği gösterilmiştir. Sonuç olarak, sonuçlar A. comosus 

eksozomlarının skar hafifletme yeteneğine sahip kutanöz yara iyileşmesinde umut verici bir 

ajan olduğunu göstermektedir. 
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1.  INTRODUCTION 

 

Wounds occur when the functional and cellular integrity of the skin is disrupted. In order to 

restore skin continuity, wound healing, -a 3-consecutive-phase process, takes place in the 

disrupted area right after the wounding occurs [1]. Despite of the differences in these phases 

which are known as  inflammation, proliferation, and remodeling, concerted action of 

various interactions and reactions between different cell types, secretion of soluble mediators 

and changes in the extracellular matrices, all of which become initiated by host mechanisms, 

are required for wound healing [2, 3]. Novel therapeutics attempt to overcome the 

complications and the impairments that may occur during wound repair with the help of 

better understanding of the molecular pathways underlying these circumstances [4]. 

Molecular mechanisms underlying the wound healing are strictly regulated. This strict 

regulation lasts throughout the whole tissue repair and it is accomplished by the proper 

coordination of cell regeneration, proliferation, and increase of the collagen production [1, 

5]. Due to the complexity and involvement of interactive processes managed by humoral 

messengers, the hierarchical and timely organization of these events bears critical 

importance for proper healing [6]. However, these processes are interrelated and not 

mutually exclusive, therefore, the characteristics of the wound is the determining factor in 

deciding to which extent a process is involved during the healing [5, 6].  

 

Time is a crucial variable in determining the type of the wound either as acute or chronic.  

Healing time curve, also known as dynamic healing trajectory is used to evaluate the healing 

time of the wounds (Figure 1.1). Ideally, wound healing phases are described as lag phase, 

logarithmic phase, and waning phase. Nonetheless, the involvement of many cell types and 

processes during the healing has led to various misconceptions [1]. For example, dynamic 

healing trajectories have guided scientists in the development of novel therapeutics, 

however, because they are based on the findings of different studies designed to evaluate 

different parameters there has been lack of consensus over the ideal targeting phase for 

optimal clinical outcome [7–12]. After careful considerations it has been stated by FDA 

that “With respect to outcome measurements, complete rather than partial closure of wounds 

provides the best objective evidence of clinical benefit and therefore is the preferred primary 
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endpoint.” [13].  However, they also included that as long as the therapeutic under evaluation 

results in patient’s benefit, certain indications of end points may as well be taken under 

consideration during clinical trials [14]. These trajectories provide scientists the whole 

continuum of the healing process rather than looking at a single point of the healing process 

of both chronic and acute wounds [4, 15].  

 

 
 

Figure 1.1. Healing curves of (a) acute and (b) chronic wounds  [4]. 

 

Wound healing involves at least 15 different cell types. Along with inflammatory and 

immune responses, most of the cellular and physiological mechanisms are originated from 

the same physiological trajectories [1]. 

1.1. PHASES OF WOUND HEALING 

As it is stated above, wound healing starts right after the wounding occurs involving many 

cell types, extracellular mediators, and matrices. Even though many of these factors take 

place in both acute and chronic wound healing, most differ in regards to timing and point of 

intervention during the repair process [3]. Acute wound occurs in an uninjured tissue after 

vicious damage and causes loss of function in the tissue. Contrary to the case with chronic 

wounds in which healing is incomplete and prolonged, acute wound healing is tightly 

regulated at cellular, molecular, and humoral level [4][16]. Their time of activation begins 

with the wounding and follows a certain pattern and time sequence throughout the whole 
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healing process. The sequence of dermal healing process is arbitrarily grouped into 

inflammation, granulation tissue formation, and remodeling phases. 

  

 
 

Figure 1.2. Respective time for various cell types to appear during wound repair [17]. 

1.1.1. Inflammation 

Inflammation phase represents the time required for recruiting many cellular elements as 

well as inflammatory infiltration. The phase starts immediately after the wounding occurs. 

Upon injury to the vascular network, blood vessels are disrupted which causes bleeding and 

the outbreak of blood constituents [3]. In order to prevent blood loss, homeostasis is 

triggered by fibrin clot formation and coagulation [18]. Coagulation and homeostasis are 

very crucial to prevent exsanguination in order to maintain the tissue integrity of other body 

parts. Meanwhile, neuroendocrine response mediates the eradication of the injured tissue 

from the insult site [4].  

Platelets that appear at the injury site, are stimulated by thrombin and exposed fibrillar 

collagens [19]. Collagens serve as a source of proline and hydroxyproline for platelet 

activation by rapidly adhering to the subendothelial components when the vascular integrity 
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is disrupted [20]. Once activated, many mediators including von Willebrand factor VIII, 

thrombospondin, fibronectin, and fibrinogen are released from platelet granules. While 

others act as ligands, platelet adhesion to fibrillar collagen is arbitrated by von Willebrand 

factor VIII  [21, 22]. Furthermore, release of both thrombin and adenosine diphosphate 

(ADP) from the existing platelets promotes further platelet recruitment [22]. In order to 

provide a stable environment for platelet binding, insoluble fibrin matrix is formed by 

soluble fibrinogen and -therefore- facilitates activated platelet anchorage to fibrin clot via 

the αIIbβ3 receptor [23].  All of these events promote platelet aggregation which eventually 

leads to platelet plug formation [24]. Meanwhile, matrix formed by the conversion of 

platelet-derived-fibrinogen to fibrin at the platelet aggregation site enhances an inflow of 

monocytes and fibroblasts acting as a scaffold for the recruitment of other cell types. These 

cell types may be endothelial cells, neutrophils, monocytes, or fibroblasts [25, 26]. The 

release of many growth factors and cytokines during wound healing are also controlled by 

platelets [27].  

 

Growth factors constitute an imperative part of wound repair because they have promoting 

role in cell migration, proliferation, and intercellular communication [28]. Transforming 

growth factor beta (TGF- β) epidermal growth factor (EGF), and Platelet-derived growth 

factor (PDGF) are secreted from platelet granules during clotting and they have a 

chemotactic and mitogenic impact on both fibroblasts and macrophages that are aggregating 

at the wound site [29–31]. PDGF is the first growth factor acting as a chemotactic promoting 

cell migration to the healing wound where its sustained presence for several days after 

wounding is extremely crucial for the consecutive migration of neutrophils and monocytes 

[32]. In addition, cellular receptors also execute important roles in responding to certain 

stimuli. PDGF is also known as an extremely strong chemoattractant for smooth muscle cells 

and fibroblasts. Nonetheless, chemotaxis of endothelial cells and leukocytes are not affected 

by PDGF [17]. TGF- β is another growth factor that appears early in the wounding area and 

it is responsible for triggering fast maturation of collagen and increasing its synthesis even 

in the initial stages of the wound [33, 34]. Overall, these studies demonstrated that growth 

factors have predominant roles in the process of the wound repair.  
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Interleukin-1 (IL)-1, platelet factor-4 (PF4), tumor necrosis factor (TNF)-α, and TGF- β 

draw in neutrophils to the wounded site [35, 36]. As a result, blood vessels dilate upon the 

secretion of vasoconstrictors such as prostaglandin 2-α and thromboxane A2 allowing 

increased cellular trafficking around the wound site. After the coagulation has emerged, 

capillary permeability increases and leads to matrix protein leakage [37]. Arriving 

neutrophils in the injury location start clearing the debris and the invading bacteria. 

Neutrophils succeed this by releasing proteolytic enzymes and reactive oxygen species 

(ROS) [38, 39]. Towards the end of the coagulation leukocytes produce a wide array of ROS 

species including nitric oxide (NO), , hydrogen peroxide (H2O2), superoxide (O2
-

)hypochlorous acid (HOCl), hydroxyl radical (OH-), thiyl radicals, and chloramine [40]. 

Neutrophils remain as the dominant cell type in the injured area until the wound site is 

cleared from any remaining invading microorganisms and/or debris [41]. Neutrophils 

produce a sticky, but dynamic surface matrix to be able to hold onto the wound area until 

their clearance task is complete [42]. After completing their tasks, abundance of neutrophils 

drastically decrease at the injury site as they are transferred to the wound surface to undergo 

apoptosis. Further tissue damage is prevented in due to sustained production of ROS [43, 

44].  

 

 
 

Figure 1.3. Effect of growth factors on fibroblast proliferation [17]. 
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Growth factors, including PDGF, TGF- β, and PF4 are important for attracting neutrophils 

in the earlier phases. Later on, they contribute to the attraction of circulating monocytes to 

the damaged site together with leukotriene B4, nerve growth factor (NGF), vascular 

endothelial growth factor (VEGF), monocyte chemoattractant protein (MCP)-1, 

inflammatory protein (MIP)-1α, and collagen [37, 45]. Around 48 or 96 hours post-injury, 

integrin receptors on monocytes help them attach to the fibrin clot. Thus monocytes will 

differentiate into macrophages. Activation of macrophages is extremely critical both for 

moving forward towards the proliferative phase and inducing angiogenesis, collagen 

synthesis, fibrosis, reepithelization, and synthesize inducible nitride oxide (iNOS) [46–48].  

 

Activated macrophages in wound healing produce nitric oxide, which is renowned for its 

antimicrobial activity. In addition to its antimicrobial activity, synthesized nitric oxide exerts 

several important effects for the healing process [49, 50]. Therefore, if needed other cells 

involved in tissue regeneration such as endothelial cells, fibroblasts, lymphocytes and 

monocytes may be turned on to generate nitric oxide [51–54]. Strikingly, significantly low 

levels or absence of nitric oxide have been reported in the impaired wounds suggesting that 

nitric oxide may contribute to wound healing via its properties other than antimicrobial ones 

[17, 55]. Activated macrophages also release many enzymes such as collagenases for 

clearing the wound and they also secrete cytokines such as TNF-α and ILs (IL-1, IL-6, IL-

12) to engage fibroblasts in collagen production as well as to promote further macrophage 

infiltration [56, 57]. At lower doses, TNF-α activate neutrophils and monocytes to induce 

antimicrobial activity. TNF-α also stimulates proinflammatory cytokines IL-1, and 

specialized cytokines such as IL-6 and IL-8. If found in excess concentrations, TNF-α 

activity increases the core temperature and hepatic acute phase protein production [58]. 

VEGF which is accountable for nearly half of the angiogenesis is also excessively secreted 

by macrophages [59]. Macrophage activation also triggers lymphocyte activation and in 

return they release interleukins and interferons (IFN) as a part of paracrine mechanism [58]. 

As the inflammatory phase starts to fade out, macrophages shift from pro-inflammatory to 

anti-inflammatory phenotype as they begin to express IL-10, IL-1 receptors to initiate the 

cell proliferation and granulation tissue formation phases, respectively [60].  
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1.1.2. Proliferative Phase 

Main purpose of this stage is to restore damaged or lost layers of the skin by contraction and 

fibroplasia. Although there are no strict criteria describing boundaries between the phases of 

the tissue regeneration process, it is made up of re-epithelization, angiogenesis (re-

vascularization), granulation, and contraction. This stage of the regeneration process is the 

major step for the closure of the lesion and establishing an epithelial barrier of the activated 

keratinocytes. The start of the proliferative phase is determined by both the decline of the 

inflammatory response and secretion of growth factors and cytokines by platelets which can 

typically take place at around 48 hours after the damage and may last up to 14 days [61].  

 

1.1.2.1. Re-epithelization   

In order to close the wound, new epithelium needs to be constructed. Re-epithelization phase 

includes both proliferation and migration of the keratinocytes to the lesion site. The re-

epithelization process varies between partial (only epidermal) and full-thickness (both 

dermal and epidermal) wounds.  

In partial thickness wounds, re-epithelization may be initiated in the hair follicles and other 

skin appendages. Epidermal cells generated by the hair follicles are descendants of the cells 

resident to the hair bulge which is the germinative portion of the hair. Although, their exact 

contribution throughout the entire process has not been demonstrated except for their 

contribution to the acute phase of re-epithelization, this pool of cells of the hair bulge are 

recognized for their stem cell properties of high proliferation and multipotent differentiation 

potential [62, 63]. During migration, the proliferative potential of the epidermal cells is 

inactivated. So far, it is believed that these cells migrate towards the injury site under the 

influence of “free edge” effect [18, 64]. According to a study conducted with organotypic 

wound healing model, basal cells were also present in the injury site in addition to 

retrovirally labeled keratinocytes. This situation is called “leapfrog” [65]. This effect is 

believed to be activated with the loss of cell-cell interaction which keeps them silent when 

the skin integrity is intact and keratinocytes are neatly attached to the basal lamina via their 

anchoring hemidesmosomes [64]. Although major migration and proliferation is initiated 
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from neighboring epidermal cells during wound healing, the contributory role of hair 

follicular cells need to be further investigated. 

 

Another explanation to why keratinocytes move toward the wounded area may be due to the 

fact that keratinocytes at the edge can -not only- differentiate, but also proliferate in response 

to atypical integrin expression in an intact skin [64, 66]. When the integrity is ruptured, 

hemidesmosome attachments via the anchoring α6β4 integrins of the keratinocytes to the 

basal lamina is dissolved, hence they start to express pro-migratory α5β1, αvβ6 

fibronectin/tenascin, αvβ5 vitronectin receptors, while relocating α2β1 collagen receptor to 

pursue migration towards the wounded area [67–70]. Furthermore, the migrating cells alter 

their expression profile and start expressing the cell surface marker CD 44 and others that 

are expressed by squamous cells [18]. Additional movements are accomplished through 

establishing actinomyosin filaments and adhesion complexes [71]. Both fibrin clot 

established during the initial stages of inflammation as an interface between the wound 

normal dermis are cleared by the matrix proteins secreted from migrating keratinocytes 

which at this time start to change their adhesive characteristics [72, 73]. Plasmin, a leading 

fibrinolytic enzyme, is derived from plasminogen inside the clot and is activated by either 

tissue-type plasminogen activator (tPA) or urokinase-type plasminogen activator (uPA). 

Migrating keratinocytes up-regulates these activators [64, 74]. Wound healing also involves 

various members of the matrix metalloproteinase (MMP) family of enzymes (MMP-1, -2, -

3, -10, -14, -19, and -28). MMP-9, which cleaves anchoring fibril collagen type VII and 

collagen type IV are also upregulated. MMP-9, which becomes highly upregulated in the 

migrating keratinocytes, plays a major role in freeing keratinocytes from basal lamina as the 

detachment the keratinocytes from the surface is crucial for proper healing to [75]. On the 

other hand, MMP-1 levels increase only in those keratinocytes migrating freely at the basal 

lamina and MMP-10 expression levels are found to be upregulated among impaired wounds 

[76]. Altogether, these findings suggest that cell-matrix interactions regulate the MMP 

expression levels, which need to be kept under a tight control to prevent the occurence of 

chronic wounds. Once the normal homeostasis of MMPs and tissue inhibitors of 

metalloproteinases (TIMPs) disrupted, wound fails to heal properly and may trigger 

development of chronic wounds [77]. Once the wound area is covered with keratinocyte 

monolayer, new stratified epidermis is built up starting from the wound margins, super basal 
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cells stop producing integrins and keratins and rather enter a differentiation program in the 

unwounded area [78].  

 

Once the migration ceases, growth factors such as TGF-α, EGF family members, heparin 

binding epidermal growth factor (HB-EGF), induce keratinocyte proliferation which 

eventually form an adequate cell supply to close the wound properly. Macrophages and 

epidermal keratinocytes at the injury site are responsible for the production of these growth 

factors [79]. Moreover, various studies demonstrated that exogenous application of these 

growth factors to burn wounds has shown enhanced healing and re-epithelization [80, 81]. 

The mechanism of action of the growth factors involved in cell motility among fibroblasts 

and epithelial cells take place via activating guanosine triphosphatase (GTPase) rac in 

vitro[82–84]. In addition to the EGF family, which has been considered as the key regulator 

for many years, both keratinocyte growth factor (KGF) and fibroblast growth factors (FGF) 

(especially -2, -7, -10, and -22) are claimed to play a critical roles during epithelization [85]. 

KGF (also known as FGF2) exerts its effects on keratinocytes through FGF2IIIb receptor 

and increases mitogenic and proliferative activity [86, 87]. Besides, upregulation of FGF-7 

and -10 is thought to assist the clearing the reactive oxygen species from the wound area to 

prevent ROS related apoptosis in the healing tissues [88].  Moreover, cytokines such as TNF-

α, , IL-1α, and IL-6 , induce the proliferation of keratinocytes through different mechanisms 

[89]. For example, while IL-1α promotes upregulation of FGF-7, IL-6 indirectly affects 

signal transducer and activator of transcription (STAT)-3 pathway promoting keratinocytes 

migration [90, 91].  

 

Among all of these growth factors, the role of TGF-β remains debatable. TGF-β, which 

consists of 3 different isoforms (TGF-β1, -2, -3), are differentially expressed by different 

cell groups resident to the skin at steady state levels [92]. Although it is known that the 

expression of TGF-β varies throughout the acute wound healing, there is no clear 

information on the expression levels of individual isoforms [93]. TGF-β released by 

keratinocytes is an important growth factor for fibronectin deposition in ECM. Additionally, 

increase in fibronectin levels may also promote epidermal migration. To the contrary, the 



 10 

enhanced expression of TGF-β levels results in inhibition of keratinocyte proliferation. This 

situation also downregulate the TGF-β release in fibroblasts [94–96].   

 

TGF-β also plays different roles in both partial and full thickness wounds. While it is shown 

to be effective in re-epithelization in partial wounds, surprisingly it displays exactly opposite 

effects in full thickness wounds where it is inhibiting re-epithelization [97]. In full thickness 

wounds basement membrane is destroyed, therefore both epidermis and dermis need to be 

restored. In order to achieve this goal, migration of the keratinocytes alone, which is 

sufficient to support wound healing in partial-thickness wounds, need to be supported by the 

epithelial cells located under the skin that -not only- proliferate, but also send out specific 

signals such as EGF and TGF-α to reconstruct basal membrane as a defensive barrier [98]. 

For the complete healing of the full thickness wounds, fibroblasts, endothelial cells, and 

keratinocytes move and divide, granulate and accompanied by proper vasculogenesis. In 

accordance with these data, role growth factors and that of TGF-β require an in-depth 

research to understand their role in healing precisely [99].  

 

The degree of keratinocyte proliferation differ for each wound, and depends on the cell 

differentiation, growth factor availability, and attachment of the cells to the basal lamina 

[100]. Regardless, the synergy between ECM, growth factors, cytokines, and integrins 

regulate the keratinocyte proliferation and migration throughout the course of re-

epithelization. How and why keratinocyte proliferation stops is still unclear, however, 

contact inhibition is one of the suggested possibilities. Another candidate that accounts for 

the cessation of keratinocyte proliferation can be adhesion and re-assembly of formed 

hemidesmosome to the basal lamina and abrogation of MMP expression. Once the activation 

of keratinocytes stops and they return to their inactivated forms and start to differentiate 

marking the beginning of the stratification phase.  

 

1.1.2.2. Granulation Tissue Formation 

Approximately 4 days after the wound insult, granulation tissue formation starts with new 

stroma invading the wound space, meanwhile the keratinocytes go back to their inactivated 
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phase and form a  safe barrier [3]. Epidermis migrates towards the wound from wound 

margins after type VII collagen fibrils and anchoring hemidesmosomes are formed [101]. 

Fibroblasts invading the wound site begin proliferating and synthesizing collagen along with 

another pool of fibroblasts so-called wound fibroblasts which are already present at the 

wound site. Wound fibroblasts have less proliferating capacity compared to that fibroblasts 

coming from peripheral tissues [39, 102, 103]. This situation is thought to be because of the 

lag time needed for fibroblasts to exit the quiescence state [104]. Collagen synthesis by the 

fibroblasts is induced by TGF-β1 secreted by macrophages and once the fibroblasts starts  

synthesizing collagen they -themselves- turn into myofibroblasts to facilitate the wound 

contraction [105, 106]. Furthermore, TGF-β activates K5 and K14 markers specific to the 

basal cells to reduce proliferation of keratinocytes to revert them into basal cell phenotype 

[107]. Deficiency in TGF-β levels is shown to suppress granulation tissue formation in vivo 

[108]. In fact, many growth factors at the injury site behave as chemotactants and as 

mitogens for wound fibroblasts [109]. Autocrine and paracrine signaling among fibroblasts 

is induced by PDGF and EGF which then trigger the synthesis of structural molecules for 

the provisional matrix acting as a scaffold for cell migration and attachment [32]. Building 

blocks of this matrix are collagen type III, fibrin, elastin, laminin, glycosaminoglycans, 

fibronectin, and hyaluronic acid (HA) [110, 111]. Amount of granulation tissue formation is 

limited by the available fibrin and fibronectin molecules because fibroblasts rely on 

fibronectin to migrate towards wound site [110]. Fibroblasts are responsible for synthesizing 

structural molecules of ECM, therefore they hold an important place in the deposition and 

remodeling the matrix. Consequently, fibroblasts, which generally reside in a collagen I rich 

matrix need to re-adjust their collagen receptors to upregulate integrin synthesis that bind 

vitronectin, fibrin, and fibronectin that are required for fibroblast migration [64]. While 

macrophages, and platelets continuously supply growth factors, countless new capillaries 

surrounding the new stroma provide oxygen and nutrients necessary for the cellular 

metabolism [3]. About a week after the wounding, myofibroblasts start expressing α-smooth 

muscle actin. Then they become capable of creating strong contractile forces for wound 

contraction [112].  
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1.1.2.3. Wound Angiogenesis 

Following the fibroblast activation, angiogenesis, formation of the new blood vessels from 

existing ones, takes place in order to deliver oxygen and nutrients to the wound area and 

remove waste. Angiogenesis is induced by growth factors released from macrophages such 

as FGF2 and by vascular endothelial growth factor (VEGF) released from endothelial cells. 

Both of these angiogenic factors are of critical importance as the lack of FGF2  has been 

shown to obstruct angiogenesis and the lack of VEGF leads impaired healing in diabetic 

mice [113–115]. Although VEGF expression levels are quite low among intact skin cells, its 

expression peaks after the injury due to hypoxia caused from the injury [116]. VEGF is also 

expressed by macrophages and keratinocytes at the wound site upon stimuli coming from 

KGF and TGF-α [117, 118]. In order to form new capillaries endothelial cells must be 

activated for migration towards the wound site,  αvβ3 integrins at the tips of newly forming 

capillaries are up-regulated. Therefore, any kind of disturbance to integrin upregulation leads 

to impaired healing [119, 120]. Furthermore, VEGF receptor 1 (VEGFR2/F1t1) and VEGF 

receptor 2 (VEGFR2/F1k1) found on endothelial cells are responsible for VEGF activation 

upon stimuli [121]. Other growth factors such as TGF-β, IL-1, TNF-α, FGF-10, PF-4, and 

PDGF contribute to the endothelial cell activation [122]. Proliferating endothelial cells at the 

wound site forms tubular structures and supply blood flow to the area which causes the pink 

granular appearance [64]. Just like any other migratory movement, proteases are tightly 

regulated to degrade basal lamina in order to make a way for the newly formed capillaries, 

a process also known as sprouting [123]. As an ECM protein, laminin is essential for 

endothelial proliferation and tube formation [124]. 

 

1.1.2.4. Wound Contraction 

Approximately a 50 percent decrease in the wound size is the result of wound contraction. 

The contraction takes place when the wound edges start to be drawn to closer to each other 

[125]. In accordance  with this fact, cells organize to minimize the ECM that needs to be re-

established [126].  Myofibroblasts which are responsible for the majority of the contractile 

forces start synthesizing α-smooth muscle actin along with desmin and myosin [127]. Due 

to their similarities, myofibroblasts are proposed to be morphologically similar to smooth 

muscle cells and fibroblasts [128]. These actin-rich myofibroblasts constitute the prominent 
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part of the granulation tissue, thus they are the determining factor on accomplishing a 

successful wound healing. [18]. When compared to the other cells like endothelium or 

leukocytes, myofibroblasts strictly regulate their integrin receptor expression for a firmer 

grasp onto the ECM. Moreover, compared to other cell types they have the ability to align 

themselves according to wound contraction which allows them to contract just like a muscle 

[129]. Contractions stimulate collagen type I and III to be pulled towards the newly formed 

ECM [130]. While collagen type I is the dominant type found on the normal dermis, collagen 

type III, which is the major type found in the fetal dermis, is synthesized at high levels during 

healing [131]. Normally, fibronectin fibrils of fibroblasts keep them attached to the ECM via 

α2β1 collagen transmembrane proteins. These fibronectin fibrils carry the tension most of the 

time and elongate cordially with actin stress fibers [132]. After the wounding occurs and the 

fibroblasts start migrating, secreted TGF-β1 and PDGF induce a change in their phenotype 

transforming them into profibrotic type so that the new collagen-rich matrix can be formed 

[133]. Collagen is the driving force for pulling up and fixing the tissue during wound closure. 

Although growth factor stimulation is mandatory for contraction, IL-8 is found to be 

inhibitory for wound contraction. This situation may explain why prolonged inflammatory 

phase leads to impaired wound healing [134]. Over all, during wound contraction tissue 

matrix is organized in a manner to reduce the time required healing and minimizing the 

wound. 

1.1.3. Remodeling 

As the third phase of the healing process, remodeling starts approximately 2 weeks post 

injury and it lasts up to 2 years [135]. The purpose of this stage is to rearrange ECM 

components, that are synthesized indiscriminately, and to provide maximum strength to the 

healing tissue which only re-gains 20 percent of their pre-injury strength during the first 3 

weeks [3]. While granulation tissue is remodeled, less cellular and vascular scar tissue forms 

and ECM and cellular components of the wound continuously change throughout this step. 

Therefore, ECM components at the wound margin substantially differ from those at the 

wound center both quantitively and qualitatively at any given time. Distance from the wound 

margin and time passed since the injury are also determining factors for the composition of 

granulation tissue [6]. However, this stage heavily depends on the tight regulation of 

synthesis and degradation of collagen. Thus, synthesis of new collagen and the breakdown 
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of the existing collagens by collagenases are tightly controlled during the conversion of 

newly formed collagen type III to collagen type I. In normal tissues, collagen type I 

constitute up to 90 percent of the dermis while collagen type III is limited to 10 percent, 20 

percent at most [102, 136]. On the other hand, granulation tissue in healing injuries is 

composed of up to 30 percent of collagen type III, while collagen type IV has been reported 

in some studies [137, 138]. Replacement of collagen types is also facilitated with the 

appearance of fibronectin which assists the phagocytosis of collagen type III [25].  

 

Collagenases are released from different sources including keratinocytes, fibroblasts, 

endothelial cells, and inflammatory cells [139–141]. Among collagenases, MMPs released 

from fibroblasts, and endothelial cells in scar tissue help degrade hyaluronic acid and 

fibronectin in order to reduce granulation tissue to organize the skin tissue for the better. 

Although these collagenases catalyze cleaving of collagens, they all have different 

preferences. MMP-1, for example, acts on collagen type III, MMP-8 acts on collagen type 

I, and MMP-13 is able to cleave all collagen type-I, II, and -III [142]. Furthermore, there is 

a difference between in the time of releases for these MMPs. While some of them like MMP-

8 is preserved in the neutrophil granules and can be released right after injury, others for 

example MMP-1 needs to be expressed by switching on relevant gene expression [143, 144]. 

Collagenases are specific enzymes that can cut collagens at specific sites so that they can be 

more susceptible to further cleavage by other proteases. Hence, a tight regulation of MMPs 

and TIMPs is mandatory which is controlled by cytokines, ECM, and certain cytoskeleton 

components [145, 146]. Among cytokines TGF-β1 is responsible for tight regulation of the 

these collagenases by both inducing fibroblastic collagen production and restricting MMP 

activity [147].  

 

Later in this phase, just like myofibroblasts, other cells such as macrophages and neutrophils 

are not needed anymore. Although the exact mechanism of action is not deciphered yet,  they 

leave the wound site and/or some undergo apoptosis [148]. Revascularization in the scar 

tissue results in less capillary network among mature scars, therefore the wounds look less 

red over time [148]. Thrombospondin 1 as well as other antiangiogenic factors like Secreted 

Protein Acidic and Rich in Cysteine (SPARC) peptides is found to play a crucial role in the 
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revascularization [149, 150]. In the case of a major injury, epithelial stem cells, which are 

responsible for producing hair follicles and sweat glands, do not re-appear in the scar tissue 

unlike keratinocyte stem cells, which is able repopulate epithelial barrier indefinitely. In the 

literature, this phenomenon is described as needing a specific niche or microenvironment for 

stem cells to live on [151, 152]. 

 

All in all, remodeling phase constitute a greater part of the wound healing and many major 

events such as collagen storing as well as its production and bonding of formed collagens 

with intermolecular cross-links explains why this phase lasts so long [153]. Regardless, 

wounds are only able to re-gain at most 70 percent of original mechanical strength that they 

used to have before the injury [154]. As it was made clear so far, normal response to the 

injuries are controlled in a timely manner and they are organized neatly throughout the whole 

process. Despite the unmatched healing capacity of the skin, some injuries especially full 

thickness wounds end up with scars.  

 
 

Figure 1.4. Wound matrix components and their deposition throughout the healing time 

period [17]. 
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1.2. SCARRING 

Some adult human wounds may heal with scarring due to dysfunctions in the remodeling 

phase in order to protect body from infections and dehydrations [148]. These 

dysfunctionalities generally appear in the two different compartments of the skin, which are 

epithelial epidermis and the dermis. Excessive synthesis of collagen leads them to be 

crosslinked anomalously [155].  Two different types of scars known as keloids and 

hypertrophic scars may be caused from extravagant presence of ECM proteins, 

myofibroblasts, growth of the scar tissue by activated connective tissue cells or dermis 

inflammations [112]. Both scar types is pathologically different and possess structurally and 

molecularly distinct properties. Hypertrophic scars, which are seen after wounding, do not 

past beyond the wound sites since the excess collagen is reduced over time. However, 

keloids move beyond the original wound site and they are generally larger [156]. Regardless, 

the degree of scar formation is unpredictable and depends on the various factors such as race, 

genetics, sex, age, site of the injury as well as the greatness of the insult [157]. Hypertrophic 

scars are seen more often than keloids on 4 mm above the skin surface and they develop 

approximately 6 weeks following the insult and may last up tos 6 months [158]. At first, they 

appear red but may become pale with age. Loosely arrayed collagen fibers in hypertrophic 

scars present a wavy but parallel pattern to the epidermis [159]. Contrarily to hypertrophic 

scars, keloids take up to 3 months to develop and they do not regress spontaneously over 

time but rather grow like a benign tumor [160]. Although the exact pathological mechanism 

of keloids are not very well understood, inflammation is prevalent and collagen fibers are 

randomly scattered and much thicker than hypertrophic scars [161]. Regardless, what these 

both scar types have in common is the uncoordinated state of cytokine secretion. In order to 

develop better healing agents, it is important to better comprehend the healing mechanisms 

of the fetus that provides a unique environment for scarless wound healing [162, 163].  

1.2.1. Wound Healing Deficiences Causing Scarring 

Functionality of the dermis along with vascular and nervous system in the epidermis are 

disrupted in scar tissue. Collagen accumulation and their abnormal linkage causes weaker 

skin. Stimulated by growth factors such as PDGF,TGF-β, and Insulin-like growth facor 
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(IGF), myofibroblasts and fibroblasts synthesize ECM components and collagen which in 

the end speeds the scar formation [164]. The balance between synthesis and degradation of 

collagen is altered in scars resulting in keloids to have 20 fold higher collagen synthesis 

while hypertrophic scars synthesize up to 7 fold more collagen than that of normal skin cells 

[165]. Normally, the ratio of collagen type III and collagen type I among skin cells is 1:5 

however, this ratio shift to 1:6 in hypertrophic scars and to 1:17 in keloids [161]. Small 

leucine rich proteoglycan (SLRP) decorin controls the collagen fibrillogenesis by regulating 

both collagen formation and degradation upon stimulation by TGF-β signalling during 

wound healing [166]. Decorin binds to TGF-β via the core protein which leads to 

downregulation of TGF-β production hence less fibrosis in hypertrophic scars [167, 168]. 

During scarring, decorin levels are downregulated and pro-fibrotic actions of TGF-β 

signaling pathway persists [169].  As it has been mentioned earlier, TGF-β isoforms show 

different functions in scar formation. In wound fluid, the major isoform found is TGF-β1, 

but other two isoforms also contribute the wound healing [170, 171]. TGF-β induces many 

different pathways during wound healing including but not limited to those related to 

chemotaxis, remodeling of ECM, and angiogenesis [29]. TGF-β1 is shown to be the most 

substantial isoform in the scar formation. Fetal mice expressing less TGF-β1 shows scarless 

healing of the wounds similar to the case in rats which were injected with TGF-β1 and TGF-

β2 neutralizing antibodies [172, 173]. In scarless fetal wounds, TGF-β3 expression is 

upregulated, while TGF-β1 levels remain unhanged. In contrasts, during scar formations, 

TGF-β1 expression increases while TGF-β3 expression is downregulated [174]. 

Furthermore, exogenous treatment with TGF-β3 leads to less scar formation. These results 

suggest that the determining factor for scar formation lies in the relative proportion of TGF-

β isoforms [157]. 

 

Moreover, to what extent the scar formation will occur is also affected by variety of other 

specific molecular pathways and factors. For example, ECM components like fibrin-

fibronectin levels, tenascin and hyaluronic acid found in ECM components are increased in 

scars, thus fibronectin production is halted and in return fibroblast migration is delayed [175, 

176]. As a major ECM glycoprotein tenascin C is able to both stimulate and inhibit the cell 

proliferation. Its interaction with fibronectin promotes adhesion of fibroblasts, endothelial 

cells and many more in order to promote cell migration and contraction to promote scarless 
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healing [177, 178]. Tenascin C expression is not observed in the scar tissue once the wound 

contraction is completed [179]. However, during inflammation, fibrosis and 

neovascularization among excessive scars, its expression is highly upregulated and may 

prolong fibrosis [180]. Wound contraction occurs when collagen type I is being synthesized 

and one of the key modulators of this phase is the ubiquitously found seven transmembrane 

G protein coupled CXCR3 receptors. The receptor stops fibroblast and endothelium 

migration to the injury site and promotes keratinocyte migration, thus faster re-epithelization 

[155]. Growth factor induced fibroblastic and endothelial cell migration is stopped by 

suppressing m-calpain. It has been shown in animal studies that in the absence of this 

receptor, the wound experiences the regenerative phase over and over again and even 

undergo through inflammation phase repeatedly leading to the hypercellularity and 

hypertrophic scarring [181]. Although CXCR3 receptor is expressed by variety of cell types 

such as fibroblasts, keratinocytes, and endothelial cells, its ligands CXCL10/IP-10 and 

CXCL11/IP-9 are expressed by different cells in a timely manner. CXCL10/IP-10 is 

expressed by neovascular and endothelial cells that appear deep in the dermis while 

CXCL11/IP-9 is expressed by re-differentiating keratinocytes [182].  When CXCR3 

signalling is absent, fibroplasia creates a relatively immature matrix, allowing more 

inflammatory cells to invade the wound area, thus wounds mature more slowly with 

immature and weakened dermis [183].  

 

Overall, timely penetration of relevant cell types into the wounds is a critical step for 

regenerative healing with minimal scar formation. Although pro-scarring and anti-scarring 

mechanisms have been studied intensively in an attempt to achieve minimal scarring, the 

focus has been shifted to understanding of the molecular and cellular mechanisms of fetal 

healing that has the ability to heal wounds without any scars. 

1.2.2. Fetal Wound Healing 

Regarded as an example for scarless healing, fetal wound healing can heal bone and skin 

wounds in a regenerative manner until gestational week 24. Wound healing process widely 

differs between adults and gestation stage fetuses which have numerous advantages like 

amniotic fluid or aseptic environment that may contribute the scarless healing. Regardless, 
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the most impressive characteristics of fetal healing is the speed at which scarless 

regeneration takes place and its tissue-specificity [162]. Fetal wound healing diverges from 

adult healing both quantitatively and qualitatively during the inflammatory and regenerative 

phases. Molecular processes regarding the ECM components account for these differences. 

However, following the 24 weeks of gestation, fetal skin repair becomes the same as that of 

adult [184].   

 

The most striking difference between adult and fetal wound healing processes is acute 

inflammation. Fetal wounds take place in a sterile, warm amniotic environment rich of 

growth factors, however this alone is not sufficient for scarless healing since among the late 

stage fetuses scarring still occurs [134]. Fetuses have relatively lesser platelet degranulation 

and aggregation to the wound site for minimal acute inflammatory response that consists of 

mainly macrophages and lesser extent lymphocyets and leukocytes. Reduced inflammatory 

response results in reduced phagocytic activity hence a small amount of neutrophils invades 

the wound site. Additionally, fetal platelets reduces the amount of TGF-β1 and fibrogenic 

PDGF production which in the end contribute to scarless healing [185]. Additionally, TGF-

β1/TGF-β3 ratio is less in fetal wounds. Regardless the different isoforms, they all bind to 

the same receptors TGF-βRI and TGF-βRII. Among fetal wounds, TGF-β3 is expressed in 

greater amount while TGF-β1 and TGF-β2 expressions are downregulated. Up-regulated 

TGF-β3 expression suppresses the inflow of the macrophages and monocytes to the injury 

site while increasing the expression of fibronectin and collagen. Regardless, increased levels 

of TGF-β1 leads to scar formation even in fetuses.[186]. Moreover, pro-inflammatory 

chemokines such as IL-6 and IL-8 are reduced while anti-inflammatory cytokines such as Il-

10 are highly expressed in fetal wounds [187, 188]. Availibility of stem-like cells are another 

aspect of scarless fetal wound healing. 

 

Fetal ECM events, on the other hand, constitute a big part of scarless wound healing, 

including cell adhesion, differentiation, and proliferation. One of the noteworthy differences 

is the proliferation rate of fetal fibroblasts which proliferate faster and migrate upon both 

intrinsic and extrinsic signals [189]. As fibroblasts migrate to the insulted area and lay down 

ECM components like collagen type III, fetal fibroblasts possess a more secretory 
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phenotype, therefore they perform better in coordination compared to the adult fibroblasts 

[190]. Collagen synthesis as well as its deposition and crosslinking patterns also differ 

between adults and fetuses. The ratio of collagen type III over collagen type I in the healed 

fetus wounds is 3:1 however, this ratio is 1:3 in adults [191]. Fetal wounds deposit collagen 

type III in a fine reticular network that is identical to the pattern found in the uninjured skin. 

Increased collagen type I in adult wounds provide strength to the wound however this 

hinders cell migration [192]. Moreover, the high ratio of MMP over TIMP favors remodeling 

and ECM degradation over ECM deposition in the wound site [193]. Additionally, fetal 

fibroblasts also express more glycosaminoglycans such as HA which stays in the wound site 

for longer periods of time and makes the fetal wounds softer. High level of HA is important 

for scarless healing as it enables a higher rate of growth factor and cytokine binding in the 

ECM [194, 195]. Softness of the ECM leads to a mesenchymal pheotype which increases 

the survival rate of the cells and drive a scarless healing . Although proteoglycan levels such 

as that of SLRP decorin increase upon injury  among fetal wounds, their concentration is 

still less than that found in adults [195, 196]. Along with decorin, fibromodulin which is 

another modulator of collagen fibrillogenesis, possesses antiscarring properties by 

suppressing TGF-β activity [197]. Earlier deposition of tenascin C also contributes to the 

rapid re-epithelization hence reducing inflammatory cell appearance. While cell movement 

is facilitated by tenascin, fibronectin which appears approximately 4 hours post-injury in 

fetuses, facilitates anchoring. On the other hand, fibronectin appearance is not seen until 12 

hours after the wound occur in adults  [198]. Prostoglandins, which control various aspects 

of inflammation, are mediated by cyclooxygenase-2 (COX-2). Low levels of COX-2 and 

prostaglandin-2 (PGE2) is observed at relatively low levels [199]. 

1.3. CHRONIC WOUNDS 

In chronic wounds, cytokines, growth factors, proteins, and several types of cells responsible 

in healing are not organized as in the case of acute wounds. Compared to acute wounds, less 

amount of growth factors are secreted in chronic wounds in a prolonged inflammatory phase 

[200]. Chronic wounds have poor functional and anatomic outcomes and they are mostly 

recurrent in 70 percent of the patients. Chronic wounds approximately last up to 13 months 

and decrease the quality of life [201]. Majority of chronic wounds are associated with venous 

stasis ulcers, , diabetic ulcers resulting from diabetes mellitus, pressure necrosis, and 
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vascular insufficiency [16]. Diabetic ulcers, for example, arise in diabetic patients who are 

unable to sense and relieve their cutaneous pressure. Diabetic patients usually have 

significantly high blood glucose and are severely immunocompromised [135]. Moreover, 

ischemia seen with this disease reduces the oxygen and nutrients provided to tissues, and 

predisposes to infections due to impaired chemotaxis [202].  

 

Since MMPs are pivotal in cleavage of collagen and elastin, altered MMP expression levels 

is frequently encountered to contribute  chronic wound development and many other 

vascular diseases [203]. Enhanced MMP activation also degrades PDGF and other vital 

growth factors. Moreover, chronic wounds have reduced TIMP levels which inhibit MMPs 

[204]. the prolonged inflammatory phase that causes increased inflow of macrophages and 

neutrophils to the wound site is one of the implications of the chronic wounds [205]. These 

pro-inflammatory cells promote hyper-induction of pro-inflammatory cytokines such as 

TNF-α, IL-1, and IL-6. Degradation of newly formed ECM is also facilitated by ROS which 

are being produced in high numbers by immune cells [206]. High levels of proteases, 

degradation of ECM, reduced growth factor levels in the wound area, and prolonged 

inflammatory response are major causes of the chronic wounds thus, its treatment includes 

modalities such as applying ECM, growth factors, , skin engraftment, and negative pressure 

wound therapy (NPWT) [207]. However, all of these novel therapies are highly costly. 

Therefore, factors contributing to the chronic wound development need to be better 

understood in order to obtain complete healing. 

1.4. FACTORS AFFECTING WOUND HEALING 

Since wound healing process consists of many integrated phases, many systemic and local 

factors may interfere with this process. While local problems are directly related to the 

wound itself, systematic problems are related to the overall  health status of the individual 

[208]. Regardless, systematic factors that are contributing to the pathology of the chronic 

wounds act through the local factors. 
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1.4.1. Local Factors That Influence Wound Healing 

Local factors, which may delay the normal wound healing process, can be divided into 

oxygenation, foreign body, infection, and venous sufficiency.  

 

1.4.1.1. Oxygenation 

Cell metabolism during wound healing as well as the energy production by ATP is highly 

depended on oxygenation. Moreover, tissue oxygenation is needed to prevent the 

inflammation via increasing superoxide production which is a requirement to kill the 

pathogens. Therefore, efficient elimination of pathogens is heavily depended on available 

oxygen [209]. In addition, oxygenation promotes neo-vasculogenesis, activates the cells 

needed for healing, and ensures required cell migration to the wound [210].  

 

Since vascular system is damaged during injury, hypoxia is inevitable in wounds at a time 

when neighbouring metabolically active cells require high amounts of oxygen. In addition, 

several systemic conditions such as advanced age or presence of a diabetic condition may 

lead to improper oxygen inflow due to damaged vascular integrity. Therefore, it is not a 

surprising fact that chronic wounds also develop during highly hypoxic conditions [211]. 

Hypoxic wounds creates an oxygen gradient between the wound and the nearby undamaged 

tissues. This gradient promotes the oxygen diffusion to the hypoxic tissue [209]. Oxygen 

gradient starts from the wound centre where hypoxia is found most densely and gradually 

decreases towards the edge of the wound [212]. Although temporary hypoxia induces wound 

healing, prolonged hypoxia caused by systemic conditions leads to delays in wound healing. 

Production of cytokines and growth factors by the macrophages are also induced by hypoxia. 

In response to hypoxia, PDGF, VEGF, TNF-α, and TGF-β are produced and they stimulate 

cell proliferation, migration, and chemotaxis. Cytokine production as well as other metabolic 

fuctions also depend on the availability of ATP produced by glycolysis. However, in the 

subsequent stages of the healing process, cells switch to oxidative phosphorylation for ATP 

production. Additionally, ROS production in the form of hydrogen peroxide (H2O2) or 
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superoxide (O2) increases during both hypoxic and hyperoxic conditions and it stimulates 

cell motility and angiogenesis [213]. 

 

Oxygen availability is crucial for sustaining the healing, however, hypoxia occurs naturally 

in all wounds. Besides, hypoxia controls cytokine and growth factor release as well as initial 

ROS production. Hyperbaric oxygen therapy (HBOT) is one of the theraupeutic options to 

overcome hypoxia, however, its availiability is limited and its effectiveness require further 

study [208]. Optial levels of oxygen for an effective wound healing need to be determined 

in future clinical studies.   

 

1.4.1.2. Infection  

Underlying skin compartments become susceptible to microorganisms once the skin 

integrity is disrupted. Although inflammation phase of the wound healing eliminates any 

remaining invaders from the wound site, sometimes this phase fails and microorganisms may 

proliferate inside the wound and cause infection. The infection may spread to the other 

uncontaminated tissues during invasive infections [214]. Contamination refers to the 

situation when the microorganisms in the wound site do not replicate during sustained 

colonization resulting in a limited number of microorganisms producing biofilm. Local 

infection occurs when the microorganisms infect the granulation tissue only [215]. Bacterial 

invasion and endotoxins lead to a prolonged inflammation phase and -hence- prolonged 

manifestation of interleukin-1 and TNF-α (pro-inflammatory cytokines). In the continuous 

presence of these cytokines, the wound becomes chronic and cannot heal. As the 

inflammation step lasts longer, MMP levels also increase and they start to degrade the ECM 

while levels of TIMPs decrease. In this mayhem, growth factors degrade [216].  

 

Host response is usually the determining factor for the outcome of microbial infections as 

all of the inflammatory cell activity, pathogenicity, virulence, and number of 

microorganisms at the wound site depends on it. Higher than 105 CFU/gr tissue in an intact 

skin generally signals microbial infection. Some bacterial species such as β-hemolytic may 

cause infections even under 105 CFU/gr tissue since they have a high virulence factor [217].  
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Some biofilms form more protected microenvironments, therefore raise the antibiotic 

resistance. Due to increased resistance and protection provided by firmer biofilms, the 

bacteria from the phagocytic activity exacerbate the development of chronic wound [218]. 

Pseudomonas spp. and Staphylcoccus spp. are both found in acute and chronic wounds. 

Specifically Pseudomonas spp. form biofilm layer containing polysaccharides, nucleic acids, 

and proteins [219].  

 

It is crucial to prevent chronic wound formation that result from infections and prolonged 

inflammatory response. Therefore, microbial contamination needs to be removed from the 

wound site either by using antibiotics or other therapeutic interventions such as use of silver 

containing byproducts. Major side effects of these treatments such as antibiotic resistance or 

silver toxicity are burdens that need to be dealt with in order to revert microbial infection 

[220]. Aside from bacterial infection other foreign body formations caused from fungal 

infections are also present in burn wounds. Mortality rate of the fungus infection is rather 

high. On the other hand, the number of available antifungal agents is limited [221]. 

Therefore, there is an immediate need for novel antimicrobial and antifungal agents. 

1.4.2. Systemic Factors Influencing Wound Healing 

personal factors such as age, nutritional habits, sex, and the presence of comorbidities of the 

individual are directly related to systemic factors which are related neither to the wound 

itself nor its location. 

 

1.4.2.1. Age 

According to the World Health Organization (WHO) elderly population, a term that is used 

to describe people of age of 60 or over, is growing fast than any other age group due to 

improved medical conditions. Increased age is a major risk for impaired wound healing as 

age related changes at the cellular level cause delays in wound healing. However, these 

delays are time-dependent only, therefore, they do not affect the quality of the healing [222]. 

Inflammatory response is considered as the major retarding factor because it results in 
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subdued T-cell infiltration into the wound area, reduced macrophage activity, and altered 

chemokine production with the increased age [223]. According to a study, where old and 

young mice with no other systemic differences were compared in their wound capabilities, 

old mice suffered from poor skin tensile strength, poor growth factor release, decreased cell 

proliferation rate, and delayed cell activation compared to younger animals. Increased age 

also impedes collagen synthesis, angiogenesis, and re-epithelization [224]. Although each 

phase of the wound healing characteristically changes with the increased age, conflicting 

results have been reported for the inflammation phase. Alpha granule release including TGF-

β, TNF-α, and PDGF increases with age while nitric oxide release and vasoactive mediator 

amounts decrease. Both platelet adherence to the endothelium and -hence- their aggregation 

is enhanced with age. Even though leukocytes secrete more inflammatory mediators with 

the increased age, leukocyte proliferation decreases with the same parameter [225, 226]. On 

the other hand, in the proliferative phase, endothelial cells, keratinocytes, and fibroblasts 

have rather decreased proliferation rate in aged animals [227]. Collagen synthesis and 

turnover, angiogenesis, wound strength, and re-epithelization rates are either reduced or 

delayed with the increasing age [224].  

 

1.4.2.2. Chronic Diseases 

Chronic diseases such as cancer, coronary artery disease, diabetes mellitus, peripheral 

vascular disease compromises wound healing. Diabetic patients suffer from impairments in 

acute wound healing and nearly 15 percent of these patients are prone to developing chronic 

diabetic foot ulcers (DFUs) [208]. Several extrinsic factors such as infection, callus 

formation, neuropathy, pressure, vasculopathy, and trauma contribute to formation of DFUs. 

Moreover hyperglycemia and resulting ROS production from hypoxic conditions also 

contribute to extensive cellular and tissue damage. Impaired wound healing during diabetic 

conditions are also linked to the formation of advanced glycation end-products (AGEs) and 

their receptors (RAGE), especially under hyperglycemic conditions [228]. AGEs produced 

under hyperglycemic conditions lead to improper ECM formation which as a result prevent 

the docking of the immune cells, cell migration, and collagen formation. Tissue destruction 

in DFUs is usually aggravated by the skyrocketed MMP levels which are usually 60 times 

higher than that of normal acute wounds [229]. Further tissue damage occurs via production 

of excessive Protein Kinase C that promotes DFU formation by fuelling further ROS 
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production via nicotinamide dinucleotide phosphate oxidase (NADPH) [230]. Abnormalities 

in the immune system also contribute the formation of DFUs such as degenerated chemotaxis 

of leukocytes, dysfunctionalities in fibroblasts and epidermal cells. Abnormalities in these 

mechanisms make the wound susceptible to bacterial invasion and delayed healing among 

diabetic patients [231, 232]. Among diabetic patients and in vivo animal models, chronic 

inflammation, decreased levels of growth factors, dysfunctionalities in angiogenesis, 

inadequate granulation tissue, and collagen formation are common. In contrast to acute 

wounds, diabetic ulcer fibroblasts have little proliferative and migratory properties [233]. 

VEGF secretion, levels of PDGF, IL-8, IL-10, IGF-1, iNOS in keratinocytes and endothelial 

cells are downregulated in DFUs [234, 235].  All of these factors discussed above contribute 

to impairment of wound healing among diabetic patients.  

 

Apart from diabetes mellitus, venous insufficiency is an important systemic factor leading 

to impaired wound healing. Chronic venous insufficiency is the leading factor contributing 

to the lower ulcers [236]. Defects in blood flow direction and pressure diminish the 

effectiveness of the valves which in the end results the accumulation of blood in the lower 

leg since the blood can no longer circulate away from the site. Overloaded blood in deep 

veins harasses the muscles in the area and the resulting chronic hypertension, which is a 

gateway to the venous ulcer formation, occurs [237]. Hypertension widens the capillary 

pores allowing the fibrinogens leak through and form an outer layer that prevents nutrient 

and gas exchange. In the end necrosis, ischemia, and ultimately ulcer develop. Accumulated 

leukocytes, on the other hand, produce high amounts of proteases and inflammatory 

cytokines such as TNF-α that increases inflammatory response.  

 

Obesity has been an exponentially growing health issue over the past three decades. Risk of 

having co-morbidities such as heart failures, diabetes, cancer, stroke, sleep apnea and 

hypertension increases with obesity [208]. Obese patients face many complications such as 

infections, hematoma seroma, and ulcers. With increased weight, skin starts to fold over on 

itself and the moisture between these folds provide an ideal habitat for microbial growth and 

damages the tissue. Prevalence of infections in obese patients is rather high due to cytokines 

released from adipose tissue [238]. There are high numbers of pressure related  ulcer and 
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injuries in obese individuals due to hypo-vascularity and ischemia. Oxygen supply is usually 

not efficient therefore anoxygenic conditions may be observed under subcutaneous adipose 

tissue due to poor vascularity which also prevents the delivery of sufficient nutrient supply 

[239, 240].  

1.5. PRESENT WOUND HEALING TECHNIQUES AND POTENTIAL CARE 

Skin forms a protective barrier for the tissues and organs underneath from the exterior 

damage. When the skin integrity is disrupted, wound healing mechanisms take place in order 

to restore the integrity. Acute wounds that heal normally does not require intensive medical 

care. However, cases of non-healing wounds caused by chronic diseases that impose an 

enormous burden to the healthcare systems and the economy, is now an epidemic since the 

number of these patients are increasing more than ever [241]. In the light of findings from 

recent studies, better perceival of the molecular and cellular details of the healing cascades 

offers new promises for the development of novel therapeutics. Current treatment methods 

include administration of cytokines, growth factors, stem cells, and other small molecules 

with the assistance of the light sensor technology that provides a high-resolution detection 

of the wound environment.  

1.5.1. Standard Wound Healing Procedures 

Current wound healing methods are generally used for the treatment of chronic wounds and 

they are generally used in combination with conventional healing modalities. Current 

methods involve skin autografts, wound dressings, and tissue engineering.  

 

1.5.1.1. Skin Autografts  

As a gold standard, split-thickness autograft entails harvesting full thickness tissue from a 

donor. According to the studies conducted on this very subject, healing time lasted over a 6-

week-period, excluding the 4 weeks required for preparation of the split-thickness autograft 

[242]. Although the benefits of this method for the healing of chronic wounds are far better 

than those offered by others, this method comes with several downsides such as the obvious 
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scarring and frequent contraction of the wound area which are inversely related to the amount 

of dermis delivered to the area [243]. Besides, complications such as pain and infection as 

well as limited amount of available donor skins especially in cases where greater than 20 

percent total body surface area is required for the treatment make this treatment option 

deficient [244, 245]. Another complication with the skin substitutes arise when the donor 

skin is mismatched with the patient’s age and proliferation rate of the cells [246]. In order to 

eliminate problems caused from split skin autografts, cultured autologous grafts have been 

developed. For this purpose, keratinocytes are of great advantage as they both respond and 

secrete their own growth factors and other modulators for signalling and growing [247]. 

Studies showed that cell proliferation is high in patients aged between 22-27 years old 

compared to that of adults who are 60-82 years old. Moreover, fetal foreskin keratinocytes 

are able to grow and proliferate in response to growth factors secreted by other new-born 

cells [246, 248]. Contrarily, proliferation of adult keratinocytes were proven to be limited 

when they were incubated in a new-born conditioned medium and similarly new-born 

keratinocytes were not stimulated to proliferate in an adult cell conditioned medium [246]. 

These studies prove that responsiveness of the cells and aging are strictly related to one 

another and this relation between the two affect the healing time [249]. As a treatment 

method for the chronic wounds, autografts consisting of cultured autologous keratinocytes 

were first used clinically in 1981. In this method, cells were harvested via biopsy, and grown 

in vitro in a 3T3-fibroblast-cell-conditioned medium supplemented with other growth factors 

[250][251]. Healing time of the wounds estimated to last for about 3 to 4 weeks and these 

cultured autologous grafts can be used for both acute and chronic wound treatment with no 

further complications such as rejection [252, 253]. Regardless, the success of the grafts rely 

on the attachment of the exogenous keratinocytes to the basement membrane since non-

attached grafts cannot proliferate and differentiate [254]. Although infection was commonly 

seen among 40 percent of the patients, nearly 30 percent of the leg ulcer patients benefited 

from this treatment [255]. However the side effects of this treatments such as infection rate 

should not be underrated [256]. 

 

1.5.1.2. Wound Dressings 

As a common practice, several methods such as cotton, synthetic bandages, gauzes have 

been used in the treatment of wounds. Major objective of these applications are to prevent 
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infection and keep the wound area moisten. With the help of advancement in the technology, 

new dressing methods provide optimal conditions for oxygen circulation, antimicrobial 

surface, and moisture for the wound environment [257]. Scaffolds have gained more of an 

interest recently, because they have great compatibility with the skin cells. There are several 

biocompatible types of scaffold systems. Currently, chitosan, hyaluronic acid, collagen, and 

silicon-based dressings are available in the market and other potential biomaterials such as 

gelatine, cellulose, and hydrocolloid dressings are being studied for potential usage [258, 

259]. Problems encountered during skin engraftment have given rise to developments in 

wound dressings as they are used as carrier mediums and they also ease the wound 

contraction, ulceration, and blistering at the wound site. As mentioned before, hyaluronic 

acid (HA) is found in the ECM and made up of disaccharide units. Although HA is used for 

drug delivery method for various therapeutic approaches, biodegradation and 

biocompatibility of the hyaluronic acid support cell growth and proliferation [260, 261]. 

Studies showed that in order to promote cell growth and proliferation, HA must be broken 

down, because the biodegradation by-products of HA promote to epithelial cell proliferation 

[262, 263]. When in intact, HA facilitates cell movement and cell migration during wound 

healing. Another thing to consider when using HA as a wound dressing is its molecular 

weight. While low molecular HA was shown to be pro-inflammatory, high molecular weight 

HA also prevent the nourishment of the regenerating wound area. Medium molecular weight 

HA is considered beneficial for wound treatment because it upregulates adhesion molecules 

during the treatment [264, 265]. Although HA treatment is highly beneficial for nearly 79 

percent of the DFU patients, its usage is limited among high risk patients [266].  

 

Collagen is also used for wound dressing as biobrane dressings for burn patients. The nature 

of this dressing allows blood clot formation and sera around the injury in order to increase 

re-epithelization [267]. Despite numerous advantages including the decrease in the healing 

time for up to 5 days, utilization biobrane dressing clinically is limited since it fails to 

decrease inflammation. Additional studies showed that in addition the its high prices, 

biobrane is also associated with increased infection rates [268, 269]. 
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Hydrogels, as an important dressing type, are made up of water and swellable polymers. 

They can also stimulate various part of wound healing process and are sustainable on 

wounds. A dressing should also be able to provide water permeability and moisture to retain 

the wound fluid so that microbial infection can be prevented. Different kinds of wound 

dressings have been introduced lately and they are shown to have healing capacities for acute 

and chronic wounds [270]. Novel formulations for chemicals and substances are constantly 

being improved as the dressing materials currently used in the clinic is only providing a 

suitable environment and removing the waste from the wound area.  

1.5.2. Potential Wound Treatment 

All of the healing precautions mentioned beforehand require repeated processes not to 

mention exposing cells to the high concentrations of the active molecules. Although 

enhanced therapeutics allow a controlled release while sustaining these active molecules, the 

problem is not fully solved. Therefore, use of growth factors, cytokines, and other active 

ingredients have been incorporated into scaffolds and dressings.  

 

1.5.2.1. Growth Factors and Delivery of Other Molecules 

Macrophage and neutrophil recruitment to the wound location are managed by platelets and 

their growth factor secretion. When they bind to ECM, they are transformed into 

macrophages and start to secrete interleukins, TNF-α, FGF-2, IGF-1, TGF-β, PDGF, and 

VEGF [256]. For the treatment of DFU, gels containing up to 3 dosages of the PDGF has 

been approved by the FDA [271]. Despite its controversial results, utilization of PDGF gel 

have spurred an interest in growth factor enriched dressing/scaffolds. There are numerous 

different growth factors involved in wound healing. FGF family, for example, has 23 

different members and among this family, only FGF-1, -2, -7, -10, and -22 are associated in 

the healing process through activation of Ras/MAPK, PI3K/Akt pathways [3]. FGF loaded 

collagen sponge enhanced healing time 24 percent for chronic traumatic ulcers and the 

sponge also enhanced the wound closure rate by 68 percent within 21 days [272]. In a similar 

study, FGF-2 has been integrated into chitosan film and found to be effective in wound 

contraction, granulation tissue formation, and re-epithelization [273]. TGF-β family, on the 
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other hand, have more than 30 members but only TGF-β1, TGF-β2, and TGF-β3 are proved 

to be involved in the healing and display opposing results in regards to scarring. Regardless,  

wound contraction and re-epithelization in acute wounds in rabbits was improved by TGF-

β integrated collagen scaffold application [274].  

 

In addition to growth factors, inflammatory mediators are also targeted in chronic wounds. 

In contrast to growth factor delivery, gene delivery is more stable and lasts longer. Gene 

delivery is a more effective option since growth factor delivery may fail due to their 

degradation and metabolic inhibition. Gene delivery is performed either in vivo or ex vivo 

conditions via transient expression with episomal vectors (non-viral vectors) or integrating 

the target gene to the host chromosome which is more stable [275]. Gene delivery when 

performed with viral vectors has some risks, including promoting carcinogenesis, 

mutagenesis, and boosting immune responses [276]. However, viral vectors have more 

efficiency and infectivity rates in contrast to non-viral vectors which are generally used 

during clinical trials.  Inhibition of inflammatory mediators can be accomplished via small 

interfering ribonucleic acid (siRNA) sequence specific gene delivery systems [277]. For 

example, tumor suppression gene (p53) and pro-inflammatory genes (SMAD3) can be 

silenced around the wound site to assist healing [278, 279].   Moreover, microRNA-based 

targeting is being studied as a potential therapeutic. microRNAs are small non-coding RNA 

molecules that regulate gene expression post-transcriptionally. They can bind to messenger 

RNAs (mRNAs) and control their translation, alternatively they can also target mRNAs for 

degradation [280, 281]. Even though gene therapy offers many advantages, including 

controlling the location of gene delivery, this system still requires many optimizations and 

safety to be used in clinically. 

 

1.5.2.2. Stem Cells in Wound Repair 

Stem cells described as self-renewed, proliferating cells and are capable of differentiating 

into different cell types. Stem cells derived from bone marrow, umbilical cord blood (UCB), 

foreskin cells, and peripheral blood are good candidates for treating acute and chronic 

wounds as they are able to replace lost or damaged tissue. Stem cells also contribute to the 

cellular functions through paracrine signalling in chronic wounds. In addition, mesenchymal 
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stem cells (MSCs) were demonstrated to improve healing, promote angiogenesis, and 

granular tissue formation [282, 283]. Due to difficulties in harvesting bone marrow stem 

cells, researchers shifted their focus on other types of stem cells such as induced pluripotent 

stem cells (iPSCs) and embryonic stem cells (ESCs). These type of cells are shown to be 

effective for skin regeneration. Embryonic stem cells, however, exhibit high incidence of 

pluripotent activity that last through several passages in vitro. Due to their high pluripotency, 

ESCs were hypothesized to promote healing by the proven means of paracrine signalling 

and differentiation into the lineage  found in both epidermis and dermis to reconstitute a 

complete skin [284, 285]. However, there are several ethical and legal controversies about 

the clinical use of ESCs, therefore they cannot be used for clinical studies. Instead of ESCs, 

iPSC has been introduced in order to eliminate issues that arise from clinical use of ESCs. 

Nonetheless, the reprogramming capacity of iPSCs is not as efficient and they may cause 

carcinogenesis in patients [286]. Therefore, regarding the ethical guidelines MSCs from 

adult tissues are the safest option for skin regeneration. Among mesenchymal stem cells, 

adipose derived stem cells (ADSCs) are very popular  due to the convenience in their 

isolation and high abundance [287]. Seeded on a cell-derived matrix, ADSCs induced wound 

healing, vasculogenesis, and angiogenesis among full thickness cutaneous wound models in 

murines and they also show reduced scarring [288, 289]. Umbilical cord blood (UCB) 

derived stem cells appear as an alternative source. These stem cells were tested on dermal 

cells and they were shown to differentiate into keratinocytes effectively [290]. Several 

studies performed with different types of stem cells proved that while some stem cells like 

ESCs are superior for wound treatment, other types like UCB stem cells are much more 

effective in chronic wound treatment [291].  

 

Encouraging findings with stem cells have led scientists to incorporate them in the 

formulations of dressings and scaffolds to promote adhesion, migration, and proliferation. 

Further investigations are being carried out to isolate, characterize, and deliver stem cells to 

the wound area. Whether pluripotent or multipotent, stem cells may solve the major problem 

of impaired healing and scarring of wounds. Even though MSCs have much to offer in this 

regard, their safety and ethical utilization must be kept in mind like it is the case of iPSCs 

and ESCs in terms of the judicial concerns regarding their use in the clinic. Thus, there is an 
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increasing demand for cost effective, novel, safe, user friendly, and accessible wound 

healing agents.  

1.6. EXTRACELLULAR VESICLES 

Nearly all cell types secrete lipid-bilayered extracellular vesicles (EVs). Main purpose of 

EVs is to deliver specific cellular cargo by acting as cellular messengers. The cargo that EVs 

carry vary based on the conditions of the cells. Therefore EVs have the potential to alter 

characteristics of other cells as well [292]. Extracellular vesicles that perform cellular 

communication are divided into exosomes, small vesicles, apoptotic bodies, large 

oncosomes, and exomeras. These EVs are found in large quantities among body fluids, such 

as saliva, blood, breast milk, and they are defined by various overlapping definitions based 

on their biogenesis [293]. Among all the extracellular vesicles exosomes is the class that has 

been most intensively studied.   

1.6.1. Exosomes 

Exosomes carry lipids, mRNAs, proteins, and have a membrane made of lipids. Although 

when first discovered 3 decades ego, exosomes were thought to be garbage bins which are 

removing redundant proteins of the cells are now thought to be new promising therapeutic 

agents [294]. The importance of the exosomes were first recognized with the discovery that 

their content may be taken up by other cells. Later on it was discovered that the cell-to-cell 

communication executed by exosomes were to play a major part in pathology of several 

diseases such as neurodegenerative disorders, diabetes, liver disease, and many more [295, 

296]. Recently the relationship between cancer metastasis and exosome relation has been 

discovered. 

1.6.2. Exosome Biogenesis & Exosomal Content 

Underlying mechanisms of exosome biogenesis is not completely defined, however, several 

pathways related to its biogenesis has been discovered. 
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Due to their morphological resemblance, exosomes are generally and interchangeably 

referred as multivesicles bodies (MVBs) in various research papers. However, vesicles with 

the size of 30-150 nm are defined as exosomes while vesicles between 100-1000 nm are 

considered as MVBs. Regardless, exosome biogenesis start with inward budding of 

membranous endosomes and then they are released into plasma membrane which is now 

they turn into early endosomes. Early endosomes later on turn into multivesicular bodies by 

the accumulation of intraluminal vesicles (ILV) which contain , nucleic acids, proteins and 

membrane associated molecules. These ILVs are rich in tetraspanins like CD9 and CD63 

and these ILVs are controlled by endosomal sorting complex required for transport 

(ESCRT). Cargo sorting of the exosomes requires the presence of ESCRT. After maturation, 

MVB are either transferred to membrane for fusion and exosome release or they are sent to 

lysosome for lysosomal degradation [297]. 

 

Exosomal content differ for each cell type. ExoCarta database contain the most recent 

version for exosomes coming from different background and origins. According to this 

database, exosomes contain 9769 different proteins, 3408 mRNA, and 1116 different lipid 

content [298]. Although specific protein content vary for each individual cell, some proteins 

like fusion proteins (tetraspanin, integrins), membrane trafficking proteins (Rab proteins, 

GTPases), MVB formation related proteins (ALIX, TSG101), chaperones (Heat shock 

proteins HSP-60, -70, -90) are augmented in exosomes [299]. Even though exosomes are 

indirectly generated from the plasma membrane, their protein content is determined 

according to their cell of origin where they are secreted from. For instance, antigen 

presenting proteins are found in greater extent in antigen presenting cell derived exosomes 

and molecules while tumor derived exosomes are rich in tumor promoting proteins.  
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Figure 1.5. Cellular perspective of exosome biogenesis and release [294]. 

 

In addition to proteins, exosomes are also rich in lipids in the form of cholesterol, 

diglycerides, glycerophospholipids or glycosylceramides and therefore they are excellent 

lipid carriers [300]. There are reports suggesting that lipid content of exosomes like 

docosahexaenoic acid and lysophosphatidylcholine promote antigenic capacity of dendritic 

cells. In contrast, if exosomes are high in prostaglandin PGE2 levels, they are found to 

contribute tumor evasion and promotion [301]. 

 

Just like lipids and proteins, functional RNA content of exosomes are also important for their 

functionality. These RNA molecules can be mRNAs, miRNAs, and lncRNAs [302]. It has 

been shown that functionality of miRNA are especially preserved in recipient cells. 

Functionality of miRNA are especially important since some exosomal pathways may 

therefore eliminate tumor-suppressor miRNAs that block the development of tumor 

metastasis [303]. 
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Figure 1.6. Molecular composition of exosome [294]. 
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1.6.3. Mechanisms of Uptake of Exosomes 

Exosome biogenesis is poorly understood; therefore exosomal uptake is still open for debate. 

Whether it is cell type-specific or involves membrane fusion in the form of endocytosis 

needs further investigation. So far many theories have been suggested including but not 

limited to antigen recognition, juxtacrine signalling, fusion, phagocytosis, and 

micropinocytosis. Among all, antigen specificity has been shown for antigens and MHC 

class I & II proteins and presence of MHC proteins on exosomes solely depend on the protein 

expression in the parent cell. Juxtaposition of ligands and receptors found both on exosomes 

and recipient cells are required for juxtacrine signalling and exosomal uptake. In the fusion 

process, exosomal membrane fuses with that of recipient cells and exosomal content is 

directly released into the cytoplasm of the recipient cell. On the other hand, since 

phagocytosis is directly related to actin-mediators, it requires either specific opsonin 

receptors or scavenger receptors. Macropinocytosis is also driven by actin filaments to shape 

invagination to take in the vesicle [304]. 
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Figure 1.7. Biogenesis and internalization of exosomes [304]. 

1.6.4. Extracullular Vesicles from Plants 

When first discovered in mammalian cells, the exosomal research area has exploded. 

Unfortunately, exosome research on plant area had lacked an interest for many years. The 

active research on plant exosomes has started after researchers in Indiana University worked 

on deciphering the mechanisms how plant cells die in 2012. From their studies on 

Arabidopsis thaliana they discovered persistent presence of round structures between their 

cell wall and plasma membrane. Surprisingly, older studies dating back to 1960s has also 

pointed the presence of such structures inside the plants [305]. What is more striking than 

the presence of these membrane bound vesicles that Innes and colleagues have captured 

these membrane bound vesicles fusing with plasma membrane and release their cargo 

between cell wall and its membrane [306]. Since mammalian exosomes are discharged when 

MVBs fuse with plasma membrane, the similarity between mammalian exosomes and  these 
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membrane bound plant vesicles has started an interest on the presence of plant exosomes. 

When compared to plant exosomes, mammalian exosomes have comparatively studied in 

much detail, therefore there are many reports for their isolation and usage. Despite the great 

acknowledgement of the importance of exosomes in mammalian cellular communication, 

nothing was known about the significance of plant EVs except their existence by old 

microscopic images. However, plant exosomes are now known to have a role in immune 

response which have eventually caused the investigation of EV isolation methods from plant 

cells [307]. Studies on plant exosomes mainly depend on the utilization of transmission 

electron microscopy. These researches suggest that, EVs in plant tissue start proliferating 

upon fungal/pathogen attack and accumulate around the attack site [308, 309]. Potential role 

of plant EVs are especially intriguing due to the prevalence of EVs during infection [310].  
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Figure 1.8. Crosstalk between plant cell and fungal invasion [311].  

 

The need for developing green, biocompatible and sustainable products are ever increasing 

in the past few years. Extracellular vesicles from plants and mammalian cells are relatively 
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attracting attention recently. In the light of these circumstances, medicinal plants play a 

leading role for their regenerative roles. Among medicinal plants, A. comosus has long been 

used for its digestive aid and remedy for skin disorders by native cultures [312]. The active 

compound of A. comosus is bromelain which is derived from its stems and fruits. In the 

literature, bromelain has been suggested for its various therapeutic benefits such as anti-

edematous analgesic and anti-inflammatory [313, 314]. Mainly, the proteolytic component 

of bromelain is suggested to be responsible for its therapeutic effects such as reduced levels 

of PGE, inflammation and pain [315–317]. Due to the ever increasing interest in both 

medicinal plants and the existence of plant exosomes, the role of exosomes of these 

medicinal plants are now being studied in much greater interest for their possible role for 

complementary medicine. 

1.7. THE AIM OF THE STUDY 

Exosomes are the main components of the cellular communication. So far, it has been 

established that various cell types secrete exosomes that vary in their cellular content. Even 

though medicinal uses of plants is nothing new, plant exosomes are freshly discovered area 

that needs further investigations and research. As always, there is an unprecedented interest 

in the use of medicinal plant.  

 

For that purpose, this study will be aimed to; (a) isolating and characterizing A. comosus 

exosomes; (b) evaluate the effect of exosomes in vitro on dermal cell line for proliferative, 

migrative and angiogenetic capabilities; (c) investigate changes in gene and protein levels 

and figure out if these exosomes possess any anti-scar properties. 
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2. MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. Chemicals 

DMEM high glucose (Gibco 41966, Thermo Fisher Scientific, USA), DMEM low glucose 

(Gibco 31885, Thermo Fisher Scientific, USA), Heat inactivated Fetal Bovine Serum (FBS) 

(Gibco 10500-056, Thermo Fisher Scientific, USA), Penicillin-Streptomycin (PS) (Gibco 

15140-122, Thermo Fisher Scientific, USA), Dimethyl Sulphoxide (DMSO) (Santa Cruz 

Biotechnology sc-202581, USA), Phosphate Buffered Saline (PBS) (Lonza BE17-517Q, 

Switzerland), Trypsin-EDTA (Gibco 25200056, Thermo Fisher Scientific, USA), 4 6, 6-

diamidino-2-fenilindol DAPI (DS1306, ThermoFischer Scientific, USA), PKH26 

(PKH26GL, Sigma-Aldrich, USA), PKH67 (PKH67GL, Sigma-Aldrich, USA), The Muse® 

Cell Cycle Kit (MCH100106, Merck Millipore, USA), Human Pro-Collagen I alpha 1 

ELISA Kit (ab210966, abcam, USA), RayBio® Human TGF-beta 1 ELISA Kit (#ELH-

TGFb1, RayBiotech, USA), The Human Matrix MetalloProteinase 3 (Hu MMP3) ELISA kit 

(BMS2014-3, ThermoFisher Scientific, USA), Human MMP-1 ELISA Kit (EHMMP1, 

ThermoFisher Scientific, USA), Human VEGF ELISA Kit (KHG0111, Invitrogen, USA), 

Polyethylene glycol (#81310, Sigma-Aldrich, USA), Dextran (#9004-54-0, Sigma-Aldrich, 

USA), TRIzolTM Reagent (15596-018, ThermoFisher Scientific, USA), Anti-CD9 antibody 

(ab2215, Abcam, USA), Anti-CD63 antibody (ab8219, Abcam, USA), Anti-Hsp70 antibody 

(ab61907, Abcam, USA), Aldehyde/Sulfate Latex Beads,4 percent w/v, 4 μm (A37304, 

ThermoFisher Scientific, USA), RIPA Lysis and Extraction Buffer (#89900, ThermoFisher 

Scientific, USA), 4-20 percent Mini-PROTEAN TGX Protein Precast Gel (#4561094DC, 

Biorad, USA), Page Ruler Protein Ladder (26619, ThermoFisher, USA), QuantiTect SYBR 

Green PCR Kit (204145, Qiagen, USA), iScriptTM cDNA synthesis kit (#1708890, BioRad, 

USA), CellTiter96 AqueousOne Solution (#G3582,; Promega, Southampton, UK), 

CytoSelectTM 24-Well Cell Migration and Invasion Assay (8 μm, Colorimetric Format) 

(CBA-100-C, Cell BioLabs), Bovine Serum Albumin (BSA) ($0332-100G, VWR 

LifeScience), Mounting media (F4680-25, Sigma, USA), Anti-Collagen I antibody 

(ab34710, Abcam, USA), Anti-Fibronectin antibody (ab2413, Abcam, USA), ERK1/2 
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antibody (16443-1-AP, Proteintech, USA), SMAD3 antibody (25494-1-AP, Proteintech, 

USA), Goat anti-rabbit IgGH&L (Alexa Fluor® 647) (ab150079, Abcam, USA), Phospho-

p38 MAPK (Thr180/Tyr182) (D3F9) XP® Rabbit mAb(#4511S, Cell Signaling, USA), 

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody (#9101S, Cell Signaling, 

USA), AKT Antibody (#9272, Cell Signaling, USA), Anti-beta-actin antibody (STJ97714, 

St John’s Laboratory, USA), Goat Anti-Rabbit IgG H&L (HRP) (ab6721, abcam, USA). 

2.1.2. Consumables 

Cell culture flasks T25, T75, T150, (#90025, #90075, #90150, TPP, Switzerland), 

Serological Pipettes 5,10,25,50 mL (SP-5-C,SP-10-C SP-25-C,SP-50-C, CAPP, Germany), 

Microcentrifuge tubes 1.5, 2 mL (078.03.002, 078.03.003, Isolab, Germany), Micropipette 

tips 10,200,1000 µL (301-03-051, Axygen, USA) Falcon tubes 15,50 mL 

(LB.IS.078.02.003, Isolab, Germany), 2 mL Cryotubes (091.11.102, Isolab, Germany), 

Micropipette 2.5,10,20,200,1000 µL (2231300002, Eppendorf, Germany), Countess Cell 

Counting Chamber Slides (#C102288, Thermo Fisher, USA), Multipipette 100 µL 

(Eppendorf Research, Germany), Graduated Cylinder 100, and 1000 mL (Isolab, Germany), 

Whatman Paper (Isolab, Germany), Nitrocellulose Membrane (GE Healthcare, USA), 8-well 

Chamber Slide (PEZGS0816, Millicell EZ Slide, USA), Pipette pump (#156403, Integra, 

Japan). 

2.1.3. Instruments 

Laminar Flow Cabin (Heal Force Class II Biosafety Cabinet A2, China), CO2 incubator (In-

Vitro Cell ES NU-5800, NuAire, USA), Inverted Microscope (Nikon Eclipse, TS100, 

Netherlands), Low-Speed Centrifuge (Gyrozen 416, Korea), -80°C freezer (New Brunswick, 

U410, Germany), Microplate reader (Bio-tek ELx800, USA), Mini Trans-Blot Cell Blotting 

System (Bio-Rad, USA), High-Speed Centrifuge (Sigma Aldrich 3-18KS, Germany), 

Shaking Water Bath (Stuart SBS40, UK), Nano-Drop 2000 (Thermo Fisher Scientific, 

USA), Thermal Cycler (Biorad Mycycler 1709703, USA), CFX96 Real-Time PCR (Bio-

Rad, C1000 Touch, USA), Liquid Nitrogen Tank (Air Liquide Arpege 140, UK), pH Meter 

(Milwaukee Mi151, USA), Vortex (Dragon Lab, MX-F, China), Heating Block 
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(WiseTherm, HB-R, Switzerland), Incubator Shaker (New Brunswick Innova 4330, USA), 

Magnetic Stirrer (Heidolph MR3004, Germany), Mini-PROTEAN Tetra Cell 

Electrophoresis System (Bio-Rad 165-8001, USA), Fluorescence Microscope Axio Vert. A1 

(Zeiss, Germany), Confocal Laser Scanning Microscope (Zeiss LSM 700, Germany), 

Weighing Machine (Shimadzu, AUW220D, Japan), FACS Calibur (BD Biosciences, USA), 

ChemiDOC XRS+Gel Imaging System (Bio-Rad Universal Hood 2, USA), Guava easyCyte 

Flow Cytometers (Merck Milipore, Germany), Muse® Cell Analyzer (Merck Millipore, 

USA), ELISA plate reader (Biotek, USA), FACS Calibur (BD Biosciences, USA). 

2.1.4. Cell Lines 

• Primary neonatal human dermal fibroblasts (HDF) were isolated from human 

foreskin according to the protocol described in the literature [318]. 

• Human umbilical vein endothelial cells (HUVEC), ATCC-CRL 1730. 

• Human keratinocyte (HaCaT), CLS 300493, DKFZ, Heidelberg. 

2.2. METHODS 

2.2.1. Exosome Isolation from Pineapples 

Pineapples were purchased from a local store in Turkey and the crusts were skinned. 

Pineapple was sliced into small slices and then grounded in a laboratory blender. In order to 

obtain the juice, plant debris is pelleted with centrifuge at 1000 g for 30 minutes. Exosome 

isolation was carried out according to the aqueous two-phase system (ATPS) procedure 

described in the literature [319]. In brief, ATPS isolation solution was prepared with 

Dextrean (DEX) (Sigma 31392) and Poly(ethylene glycol) (PEG) (Sigma, 81310) and mixed 

in distilled water. Then, 20 ml of plant lysate is mixed with 20 ml of ATPS isolation solution 

and centrifuged at 1000 g for 10 minutes to separate phases. After the centrifugation 80 

percent of the volume is discarded and the same amount of the ATPS isolation solution was 

added and then centrifuged at the same speed. Once the centrifugation steps are over, upper 

phase of the system was discarded and the exosome containing bottom phase is filtered 

through 0.22 µm filters.  
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2.2.2. Exosome Characterization and Quantification 

Exosome characterization was carried out in via nanoparticle tracking analysis (NTA), flow 

cytometry and exosome quantification was carried out via Lowry protein analysis. By using 

NTA system, exosome quantification and size distribution were determined with 488 nm 

laser. Samples were diluted accordingly to the suggested concentration range 1:40 with 

distilled water as instructed in the instrument manual. Nanoparticles were captured to the 

video with 60 second intervals for at least 5 takes and the analysis was performed via NTA 

software version 3.3.301. Capture and analysis settings can be observed in the figure 2.1 

below; 

 

 
 

Figure 2.1. Settings for capture and analysis of nanoparticle tracking analysis 

Surface antigens of the exosomes were also analysed with flow cytometry. After the particle 

number of the exosomes in one ml was calculated with NTA, 5 µg of exosomes were 

attached to the 5 µl of latex beads (4 percent w/V, 4 µm) made of aldehyde/sulfate 

(ThermoFisher, A37304) and incubated at room temperature for 15 minutes on a shaker. 

Then, exosomes were incubated for 2 hours with 2 percent BSA prepared in PBS to prevent 

non-specific antibody binding. Following incubation, glycine was added to the mixture for 



 46 

a final concentration of 100mM. Then this mixture was incubated on a shaker for 30 minutes. 

After the incubation,  cold PBS was added to the mixture which was then centrifuged at 2700 

g for 3 minutes. Exosomes then resuspended in PBS and aliquoted into different tubes with 

respective antibodies CD9 (Biolegend 124808), CD 63 (Biolegend 143904) and HSP70 

(Biolegend 648004) and were kept with conjugated antibodies overnight. Following day, 

exosomes were centrifugation at 2700 g for 3 minutes to pellet then. They were resuspended 

with 1:100 diluted Alexa Fluor 488 (Abcam, ab150077) antibody and read via Flow 

Cytometry. Exosome quantification was evaluated via Lowry protein assay kit as it is a 

generally accepted method for EV quantification and results were based on BSA assays. 4 

µl of exosomes were combined with 16 µl distilled water and 5 µl of the mixture was 

dispersed in 3 different wells of 96-well plates in 5 µl. Each well was filled with 25 µl of 

Reagent A solution and 220 µl of Lowry B solution and incubated for 30 minutes. The plate 

was read at 750 nanometer Multiscan Spectrophotometer (Biotek, USA) and based on known 

absorbance values of BSA standards concentrations of unknown samples were calculated. 

2.2.3. Cell Culture 

Primary neonatal human dermal fibroblasts, human umbilical vein endothelial cells 

(HUVEC, ATCC-CRL 1730), and human keratinocyte (HaCaT) (CLS 300493, DKFZ, 

Heidelberg) were cultured in complete Dulbecco’s Modified Eagle Medium (DMEM) with 

10 percent (v/v) Fatal Bovine Serum (FBS) and 100 units/ml Penicillin / Streptomycin / 

Amphotericin (1 percent) antibiotics. T25, T75, T125 flask were gradually used to grow and 

incubate cells in Nuaire NU5510/E/G incubator at 37oC in a highly humidified atmosphere 

(RH 80 percent) with 5 percent CO2 and 95 percent (v/v) air. Cells were observed daily and 

passaged once they reached 70 to 80 percent confluency. 

2.2.4. Cell Passaging 

ESCO Labculture Class II Biohazard Safety Laminar Flow cabinet was used for cell passage. 

Cells were detached from flask by 0.05 percent (w/v) trypsin by incubating for 4 minutes at 

37oC. Once the cells were collected from the flask, activity of trypsin was halted with by 

adding complete medium. Sterile flask was used to collect the cells into and they were 
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precipitated by centrifuging at 300xg for 5 minutes. Fresh growth media was used to 

resuspend the cell pellet. Following the passage, 10 µl of the re-suspended cells was placed 

in a hemocytometer and the number of the cells were counted under inverted light 

microscope.  

2.2.5. Cell Viability 

 The viability of primary neonatal human dermal fibroblasts (HDF) isolated from human 

foreskin cells in Molecular Diagnostics Laboratory (Yeditepe University, Turkey), human 

umbilical vein endothelial cells (HUVEC), and human keratinocyte (HaCaT) skin cells were 

investigated via MTS assay (3-(-4,5-dimethyl-thiazol-2-yl) – 5 - (3-carboxymethoxy-

phenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium(. 5 different concentrations of pineapple 

exosomes starting from 25 µg/ml to 150 µg/ml (25-, 50-, 75-, 100- and 150 µg/ml) were 

prepared in DMEM with 10 percent fetal bovine serum (FBS) (#10500-064, Invitrogen, UK) 

and 1 percent of penicillin, streptomycin and amphotericin B (PSA) (#15240-062, 

Invitrogen, UK). Cells were counted and 5x103 cells/well seeded on 96-well plates 

(#CLS6509, Corning Plasticware, Corning, NY) and incubated 24 hours at beforementioned 

conditions in section 2.2.3. After 24 hours, the cells were attached to the well plate and their 

medium was changed with prepared concentrations of DMEM medium starting from 25 

µg/ml up to 150 µg/ml. Viability of the cells after exosome treatment were detected at the 

same time for the following 3 days (respective 24-, 48- and 72 hours) via MTS assay. PBS-

glucose solution was mixed with MTS solution to make a final concentration of 10 per cent. 

Prepared with MTS, PBS-glucose solution was given to the cells. Cells were incubated with 

PBS-glucose solution for 1 hour at 37oC in a highly humidified atmosphere (RH 80 percent) 

with 5 percent CO2 and 95 percent (v/v) air. Absorbance of the wells were measured in 

ELISA plate reader (Biotek, USA) at 490nm. 

2.2.6. Cell Cycle Analysis 

In order to detect the implications of exosomes on cell cycle, cell cycle analysis was executed 

by Muse Cell Analyzer according to manufacturer’s instructions. In brief, 2 x 105 cells/well 

were seeded on 6 well plates. After 24 hour and they were attached to the flask surface, they 
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were treated with 100 µg/ml exosomes for respected 12th, 24th and 48th hours. Cells removed 

by trypsinization were collected into falcon tube including their treatment medium and then 

for 5 minutes they were centrifuged at 300 x g. Following the centrifugation cells were 

washed with PBS and pelleted again to be fixed with 70 percent ethanol. After 1 week, cells 

pelleted and then incubated for 30 minutes in 200 µl Muse cell cycle kit (MCH100106, 

Merck Millipore) solution. Following the incubation, 10000 cells were read and analysed 

via Muse Cell Analyzer and all of the time interval experiment was replicated at least 5 

times. 

2.2.7. Exosome Uptake Analysis 

Exosome taken inside by the cells was visualized with exosome uptake analyses. At first, 

cell nucleus was dyed with Hoechst dye (#62249, Thermo-Fischer Scientific, Massachusetts, 

USA) with a final concentration of 1µg/ml as suggested in the manufacturer’s protocol. 

Then, attached cells were dyed with CellTrackerTM Red CMPTX Dye (#C34552, Thermo-

Fischer Scientific, Massachusetts, USA) in accordance with manufacturer’s protocol. In 

brief, lyophilized  CMPTX dye was prepared in DMSO with a final concentration of 10 mM 

as a stock solution. To prepare working solution, stock solution is diluted to 25 µM in a 

serum free medium. Prepared in medium, the dye was then given to the attached cells and 

they were incubated at 37oC with 5 percent CO2 and 95 percent (v/v in a highly humidified 

atmosphere (RH 80 percent)) air for 30 minutes. In the meantime, exosomes are dyed with 

Paul Karl Horan (PKH) 67 Green Fluorescent Cell Linker Kit for overall labelling of the cell 

membrane (#PKH67GL, Merck, Darmstadt, Germany) as per manufacturer’s guidance. In 

short, 1 ml of Diluent C from the PKH67 kit mixed with 4 µl of the PKH67 dye then it is 

mixed with 1 ml of exosome (1:1 ratio is kept in all circumstances) solution, mixed 

thoroughly for 30 seconds. After that exosomes and the dye were kept at room temperature 

for 5 minutes. Once the exosomes are thoroughly dyed, the remaining dye is removed via 

exosome spin columns (MW 3000) (#4484449, Thermo-Fischer Scientific, Massachusetts, 

USA) by centrifuging exosomes at 750 g for 2 minutes. After remaining dye is removed, 

exosomes were given to the cells dyed red with CMPTX dye in a complete medium. Pictures 

of HUVEC and HaCaT cells were taken with Fluorescence Microscope at respective 30 

minutes, 1-, 2-, 3-, 4-, 6-, 12-, 24- and 48th hours and those of fibroblast were taken at 12th 

and 24th hours. 
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2.2.8. Scratch Assay 

Scratch assay was conducted with the object of detecting the effects of pineapple exosomes 

on cell migration and wound closure. 2x105 cells were seeded on 6 well plates and incubated 

at 37oC in conditions mentioned in section 2.2.3. After cells were attached to the wells, they 

were scratched by 1000 µl sterile micropipette tip and observed under microscope. Then the 

cells were washed with PBS twice immediately after. The medium of the cells was changed 

with either exosome including treatment medium or control medium without exosomes. 

Cells, then, incubated at 37oC in conditioned mentioned in section 2.2.3. Scratch 

photographs were taken at the beginning and at the 16th hour via inverted microscope (Carl 

Zeiss Microscopy, LLS, Thornwood, NY, USA). Wound closure rate analysis were 

measured by using Image analysis Software (ImageJ, NIH, Bethesda, MD) program based 

on the initial edges (Ai) subtracted by final distance (Af) between the wound edges divided 

by the initial distance and the total result was multiplied with 100. The overall equation used 

is;  

 per	cent	wound	closure	=	[(Ai-Af)/Ai]	x	100 (2.1) 

 

2.2.9. Transmembrane Cell Migration Assay 

Migration plates were kept in 2-8oC until use and they were warmed up at room temperature 

under sterile conditions. HaCaT and HUVEC cells were prepared in 5 x 105 cells/ml in 

suspension. 500 µl of complete medium and 500 µl of complete medium with 100 µg/ml 

pineapple exosomes were supplied to the lower well of the migration plate to be used as 

control and treatment respectively. 300 µl of the cell suspension solution was transferred to 

the top side of the migration inserts. Migration inserts were then incubated in incubator for 

24 hours. After 24 hours, cell media was aspirated and the interior part of the insert was 

swabbed with cotton-tipped swabs. Then the inserts were taken to the clear wells and dyed 

with 400 µl of Cell Stain Solution and kept at room temperature for 10 minutes. In order to 

remove any remaining dye from the inserts, they were washed with distilled water 

thoroughly. After the dye remnants were cleared, the inserts were then air-dried. After that, 
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inserts were placed under inverted light microscope and picture of the migrated cells were 

taken from 5 different areas.  

2.2.10. Transmembrane Cell Invasion Assay 

Invasion plates were kept in 2-8oC until use and they were warmed up at RT. Membrane 

layer of the invasion inserts were rehydrated with the annexing of 300 µl of warm serum-

free medium inside the inner compartment. For 1 hour, the insert was incubated with the 

medium. HaCaT and HUVEC cells were prepared in 5 x 105 cells/ml in suspension. After 

incubation, rehydration buffer was discarded. 500 µl of complete medium and 500 µl of 

complete medium with 100 µg/ml pineapple exosomes were transferred to the bottom side 

of the invasion plate to be used as control and treatment respectively. 300 µl of the cell 

suspension solution was transferred to the top side of the migration inserts. Migration inserts 

were then incubated at 37oC in an incubator with relative humidity at 80 per cent, 5 percent 

CO2 and 95 percent (v/v) air for 24 hours. After 24 hours, cell media was aspirated and the 

interior part of the insert was swabbed with cotton-tipped swabs. Then the inserts were taken 

to the clear wells and dyed with 400 µl of Cell Stain Solution and kept at RT for 10 minutes. 

In order to take off any remaining dye from the inserts, they were washed with distilled water 

thoroughly. Inserts then were placed under inverted light microscope and picture of the 

migrated cells were taken from 5 different areas. 

2.2.11. Cellular Reactive Oxygen Species Detection 

1 x 105 cells were seeded on 6 well plates and incubated at 37oC overnight according to the 

conditions mentioned in section 2.2.3. 24 hours later cells were either given 50- or 100-

µg/ml exosome, control cells were treated with growth medium. Following day, they were 

harvested including their corresponding media and treated with 1 µM and 10 µM of 2’,7’–

dichlorofluorescin diacetate (DCFDA) dye in PBS for 30 minutes. Following incubation, 

cells were treated 50 µM of tert-Butyl Hydroperoxide (tBHP) to stimulate oxidative stress 

on cells. Cells were treated with tBHP for 4 hours. The amount of ROS produced within 

cells were detected by FACS Calibur Flow Cytometry (BD Biosciences, USA). 
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2.2.12. Angiogenesis Assay 

HUVEC cells were cultured on Matrigel (#354234, Corning, USA) in order to evaluate 

pineapple exosomes effect on tube formation. Tube formation assay was conducted in 

accordance with the manufacturer’s instructions. 24-well plates and micropipette tips were 

pre-chilled and Matrigel matrix is thawed at 4oC overnight. While keeping 24-well plate on 

ice, 10 mg/ml chilled Corning Matrigel matrix was added to each well. In order to remove 

any air bubbles that may be present in wells, the plate was centrifuged at 300 g at pre-cooled 

centrifuge at 4oC for 10 minutes. After centrifugation, the plate is incubated at 37oC 

incubator for 30 minutes to allow polymerization of the corning Matrigel matrix. After the 

matrix polymerized, 4x104 HUVEC cells per well were seeded onto the matrix with control 

medium and also with medium including 100 µg/ml pineapple exosomes. Cells then 

incubated at 37oC in conditions mentioned in section 2.2.3. Tube-like formation of the cells 

become visible around 7 hours. Tube formation photos from randomly selected five different 

areas were taken at 7th and 20th hour with an inverted microscope (Nikon Eclipse TS100, 

Nikon, Tokyo, Japan). The analysis of the tube formation was conducted with WimTube 

Angiogenesis Analysis (Wimasis, Germany). 

2.2.13. RNA Isolation for Gene Analysis 

2 x 105 cells/well were seeded on 6 wells and then incubated at 37oC in a highly humidified 

atmosphere (RH 80 percent) with 5 percent CO2 and 95 percent (v/v) air overnight and then 

treated with either growth medium or 100 µg/ml of A. comosus exosomes. 24 hours later, 

cells were harvested and total RNA from each cell line isolated by using TrizolTM reagent 

(#15596026, Thermo-Fischer Scientific, Massachusetts, USA) consistent with the 

manufacturer’s instructions. First, 400 µl of Trizol was mixed with the cell pellets and 

incubated for 5 minutes. 100 µl of chloroform was mixed thoroughly with the each sample 

and incubated for 3 minutes. In order to separate the sample into 3 distinct phases, they were 

centrifuged at 12,000 x g for 15 minutes. Following, upper colourless phase was carefully 

taken into a new tube and then 200 µl isopropanol was added, mixed and then incubated for 

10 minutes. Samples were centrifuged again at 12,000 x g for 10 minutes. Then, RNA 

samples were collected as white gel-like form at the bottom of the tube. Contrarily, 
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supernatant that does not contain RNA was discarded. 400 µl of 75 percent of ethanol was 

mixed/vortexed thoroughly. The sample was then centrifuged for 5 minutes at 7500 x g. 

Following the centrifugation, the pellet was airdried for approximately 5 minutes. 30 µl of 

RNase/DNase free water was used to dissolve RNA samples. Concentrations of the samples 

were measured with Nanodrop. 

2.2.14. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) Assay 

Primer-BLAST online software of the National Center for Biotechnology (NCBI, Bethesda, 

MD) was used to design target primers that are synthesized by Sentegen Biotech (Ankara, 

Turkey). As a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

gene was employed to normalize the gene expressions. Complementary DNA (cDNA) from 

total RNAs was synthesized by BioRad iScriptTM cDNA Synthesis kit (#1708891, BioRad, 

USA) in accordance with the manufacturer’s suggestions (Table 2.1). 

 

In order to prepare master mix for RT-PCR, QuantiTect SYBR Green PCR Kit (#204145, 

Qiagen, Hilden, Germany), dH2O, and 10 pmol of each primer (sequences of the primers 

were given in Table 2.4) was mixed and distributed to respective wells for RT-PCR. 800 ng 

of cDNAs was also added to accomplish a final volume of 10 µl. The RT-PCR experiments 

were run via iCycler RT_PCR system (Bio-Rad, Hercules, CA). Data normalization of the 

gene expressions was normalized against their respective GAPDH values to represent as fold 

changes. 

 

Table 2.1. BioRad iScriptTM cDNA synthesis kit reaction establishment 

 

iScript Kit Components Volume per Reaction (µl) 

5X iScript Reaction Mix 4 

iScript Reverse Transcriptase 1 
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Nuclease-free water Variable 

RNA template Variable 

Total Volume 20 

 

 

Table 2.2. BioRad iScriptTM cDNA synthesis kit reaction protocol 

 

Priming 5 minutes at 25 oC 

Reverse Transcription 20 minutes at 46 oC 

RT inactivation 1 minute at 95 oC 

Hold 4 oC 

 

 

Table 2.3. RT-PCR settings  

 

 

 

 

 

 

 

 

 

 

Cycle Repeat Step Duration Temperature 

Initial 

Denaturation 

1 1 5 minutes 93 oC 

Denaturation  

40 

1 60 seconds 93 oC 

Annealing 2 60 seconds 55 oC 

Extension 3 60 seconds 72 oC 

Final Extension 1 1 10 minutes 72 oC 

Melt Curve 110 1 12 seconds -0.5 oC/cycle 

Hold 1 1 - 4oC 
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Table 2.4. Primers used in RT-PCR assays 

 

Gene Species Orientation Sequence 

AKT Human Forward  5’-GGGACCTGAAGCTGGAGAA-3’  

Reverse 5’-CCTGGTTGTAGAAGGGCAGG-3’ 

Laminin Human Forward 5’-CACATGTCCGTCACAGTGGA-3’ 

Reverse 5’-TAGAGGCTGACCACCTCCTC-3’ 

MMP2 Human 
Forward 5’-AGCGAGTGGATGCCGCCTTTAA-3’ 

Reverse 5’-CATTCCAGGCATCTGCGATGAG-3’ 

MMP9 Human 
Forward 5’-GCCACTACTGTGCCTTTGAGTC-3’ 

Reverse 5’-CCCTCAGAGAATCGCCAGTACT-3’ 

Vimentin Human 
Forward 5'-TGCAGGAGGCAGAAGAATGGTACA-3' 

Reverse 5'-TTCCATTTCACGCATCTGGCGTTC-3' 

α-smooth Human 
Forward 5'-AGACATCAGGGGGTGATGGT-3' 

Reverse 5'-ATCTTTTCCATGTCGTCCCAGTTG-3' 

TGF-β1 Human 
Forward 5’-TACCTGAACCCGTGTTGCTCTC-3’ 

Reverse 5’-GTTGCTGAGGTATCGCCAGGAA-3’ 

TGF-β3 Human 
Forward 5’-TGGCTGTTGAGAAGAGAGTCC-3’ 

Reverse 5’-TCATCCTCATTGTCCACGCC-3’ 

Col1A1 Human 
Forward 5’-CCACGCATGAGCGGACCCTAA-3’ 

Reverse 5’-ATTGGTGGGATGTCTTCGTCTTGG-3’ 

Col3A1 Human 
Forward 5’-TGGTCTGCAAGGAATGCCTGGA-3’ 

Reverse 5-‘TCTTTCCCTGGGACACCATCAG-3’ 

Fibromodulin Human 
Forward 5’-AGGATCAATGAGTTCTCCATCAGC-3’ 

Reverse 5’-TTGATCTCGTTCCCGTCCAG-3’ 
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GAPDH Human 
Forward 5'-TTCGACAGTCAGCCGCATCTTCTT-3' 

Reverse 5'-ACCAAATCCGTTGACTCCGACCTT-3' 

 

2.2.15. Enzyme-Linked Immunosorbent Assays 

2.2.15.1. Human MMP1 ELISA 

2 x 105 cells/well were grown in 6-well plates and incubated at 37oC in a highly humidified 

atmosphere with conditions mentioned in section 2.2.3. Following the incubation, cells were 

treated with 100 µg/ml pineapple exosomes and control cells were given fresh medium. 

Then, the medium of the cells was collected and centrifuged respectively for 5 minutes at 

300 x g to get rid of any cell remnants. The supernatants that will be used within 24 hours 

were stored at 2-8oC and for long term storage, they were aliquoted and stored at -80oC. 

Human MMP1 ELISA kit is composed of lyophilized recombinant Human MMP-1 

Standard, anti-Human MMP-1 Precoated 96 well Strip Plate, Biotinylated Antibody 

Reagent,, 20X Wash Buffer, TMB Substrate, Streptevidin-HRP Reagent, Stop Solution, 5X 

Assay Diluent, and plate sealer. In order to start the ELISA procedure all the reagents were 

warmed to RT (18 – 25oC) before use. To prepare 0.1 µg/ml standard solution lyophilized 

standard sample that comes with the kit was centrifuged and dissolved with 1X Assay 

Diluent. Then the standard solution was diluted according to manufacturer’s instructions. 

100 µl of standards duplicates along with triplicates of the samples were added appropriate 

wells of the anti-Human MMP-1 precoated 96-well Strip Plate and incubated with gentle 

shaking for 2 and a half hour at RT. Following the incubation, wells were cleaned with 300 

µl of 1X Wash Buffer at least 4 times for 5 minutes. Once the wells were washed, each well 

was treated with 100µl of 1X biotinylated antibody and for 1 hour, they were incubated at 

RT with gentle shaking. Then, wells were washed with 300 µl of 1X Wash Buffer at least 4 

times for 5 minutes once again. 100 µl of Streptavidin-HRP solution was transferred into 

appropriate wells. For 45 minutes samples were incubated in this solution at RT. Following, 

wells were cleaned with 300 µl of 1X Wash Buffer at least 4 times for 5 minutes once again. 

Each well was then treated with 100 µl of TMB Substrate and then incubated in dark for 30 
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minutes at RT. In order to stop the reaction, stop solution of 50 µl was combined and the 

absorbance values of the wells were evaluated with an ELISA plate reader both at 450 nm 

and 550 nm. The values obtained from 550 nm reading was subtracted for correcting the 

imperfections in the microplate. The results of the respective wells were computed from the 

standard curve generated by standard values.  

2.2.15.2. Human MMP-3 ELISA 

2 x 105 cells/well were grown in 6-well plates and incubated at 37oC in a highly humidified 

atmosphere with conditions mentioned in section 2.2.3. Following the incubation, cells were 

treated with 100 µg/ml pineapple exosomes and control cells were given fresh medium. 

Then, the medium of the cells was collected and centrifuged respectively for 5 minutes at 

300 x g to get rid of any cell remnants. The supernatants that will be used within 24 hours 

were stored at 2-8oC and for long term storage, they were aliquoted and stored at -80oC. 

Human MMP3 ELISA kit is composed of lyophilized recombinant TMB Substrate, Human 

MMP-3 Standard, 20X Wash Buffer, anti-Human MMP-3 Precoated 96 well Strip Plate, 

Stop Solution, Biotinylated Antibody Reagent, Streptevidin-HRP Reagent, 5X Assay 

Diluent, and plate sealer. In order to start the ELISA procedure all the reagents were warmed 

to RT (18 – 25oC) before use. To prepare 8 ng/ml standard solution, lyophilized standard 

sample that comes with the kit was centrifuged and dissolved in distilled water. Then, the 

standard solution was diluted according to assay kit. To start the assay, wells were treated 

with 400 µl Wash Buffer twice. After that, while 100 µl of 1X Assay Buffer was transferred 

to blank wells, 90 µl of 1X Assay Buffer was transferred to the sample wells. 10 µl of the 

samples were then transferred to their appropriate wells and then 50 µ of Biotin-Conjugate 

was transferred into each well. For 2 hours, samples were incubated with gentle shaking at 

RT. After the incubation, wells were washed with 1X Wash Buffer 6 times. After the wash, 

the wells were treated with 100 µl of previously prepared Streptavidin-HRP and then they 

were incubated for 1 hour at RT with gentle shaking. Then, wells were washed with 1X 

Wash Buffer 6 times. 100 µl of TMB Substrate Solution was transferred into each well. After 

the addition of this substrate, samples were incubated in dark for 30 minutes. Once a dark 

colour has been developed by the highest sample of standard solution, 100 µl of Stop 

Solution was combined in the mix. The absorbance values of the wells were evaluated with 

an ELISA plate reader at 450 nm with 620 nm as a reference wave length. The results of the 

respective wells were computed from the standard curve generated by standard values. 
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2.2.15.3. Human VEGF ELISA 

2 x 105 cells/well were grown in 6-well plates and incubated at 37oC in a highly humidified 

atmosphere with conditions mentioned in section 2.2.3. Following the incubation, cells were 

treated with 100 µg/ml pineapple exosomes and control cells were given fresh medium. 

Then, the medium of the cells was collected and centrifuged respectively for 5 minutes at 

300 x g to get rid of any cell remnants. The supernatants that will be used within 24 hours 

were stored at 2-8oC and for long term storage, they were aliquoted and stored at -80oC. 

Human VEGF ELISA kit is composed of lyophilized Hu VEGF standard, Standard Diluent 

Buffer, Incubation Buffer, Anti-VEGF antibody coated plate, Hu VEGF Biotin Conjugate, 

100X Streptavidin-HRP, 25X Wash Buffer, Streptavidin-HRP diluent, stop solution, 

Stabilized chromogen tetramethylbenzidine (TMB) and plate covers. In order to start the 

ELISA procedure all the reagents were warmed to RT (18 – 25oC) before use. To prepare 

10,000 pg/ml standard solution, lyophilized standard sample that comes with the kit was 

centrifuged and dissolved in standard diluent buffer. Then the standard solution was diluted 

in accordance with the manufacturer’s suggestions. In order to begin the assay, 50 µl of the 

Incubation Buffer was transferred to wells and then 100 µl of standard sample was 

transferred to their corresponding wells. Sample wells were added both 50 µl of sample and 

50 µl of Standard diluent buffer. Samples were incubated at RT for 2 hours. Then protein 

remnants were removed from the wells by washing them 4 times with 1X wash buffer. 

Following, 100 µl of Hu VEGF Biotin Conjugate solution was transferred to the wells and 

then for 1 hour they were incubated at RT on gentle shaker. Wells were washed 4 times with 

1X wash buffer and 100 µl of Streptavidin-HRP solution was transferred to wells. For 30 

minutes, wells were incubated at RT. Again, wells were washed 4 times with 1X wash buffer. 

Following, well were treated with 100 µl of Stabilized Chromogen for 30 minutes of 

incubation in dark. In order to stop the substrate reaction, wells were treated with 100 µl of 

stop solution. ELISA plate reader at 450 nm was used to evaluate the absorbance values of 

the wells. The results of the respective wells were computed from the standard curve 

generated by standard values. 
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2.2.15.4. Human TGF-beta 1 ELISA 

2 x 105 cells/well were grown in 6-well and incubated at 37oC in a highly humidified 

atmosphere with conditions mentioned in section 2.2.3. Following the incubation, cells were 

treated with 100 µg/ml pineapple exosomes and control cells were given fresh medium. 

Then, the medium of the cells was collected and centrifuged respectively for 5 minutes at 

300 x g to get rid of any cell remnants. The supernatants that will be used within 24 hours 

were stored at 2-8oC and for long term storage, they were aliquoted and stored at -80oC. 

Human TGF-beta 1 ELISA kit is composed of TGF-beta 1 microplate, HRP-streptavidin 

concentrate, standard protein, 20X wash buffer concentrate, stop solution, TGF-beta 

detection antibody, TMB one-step substrate reagent, assay diluent and plate cover. In order 

to start the ELISA procedure all the reagents were warmed to RT (18 – 25oC) before use. to 

prepare 4,000 pg/ml standard solution, lyophilized standard sample that comes with the kit 

was centrifuged and dissolved in 1X assay diluent. Then the standard solution was diluted 

according to the assay kit. Standard solutions and the samples were added as 100 µl of each 

to their respective wells in duplicates. Samples were incubated for 2.5 hours at RT on gentle 

shaker. Wells were cleaned with 300 µl of 1X wash buffer 4 times. Each well was treated 

with 100 µl of 1X biotinylated antibody for 1 hour at RT. Following, wells were washed 

with 1X wash solution for 4 times. Then wells were incubated in 100 µl of Streptavidin for 

45 minutes. After that, wells were cleaned with 1X wash buffer for 4 times. 100 µl of TMB 

one-step substrate was transferred to the wells. The wells were incubated in dark with this 

substrate for 30 minutes at RT with gentle shaking. In order to halt the substrate reaction, 50 

µl of stop solution was transferred to the wells. ELISA plate reader at 450 nm was used to 

evaluate the absorbance values of the wells. The results of the respective wells were 

computed from the standard curve generated by standard values. 

 

2.2.15.5. Human Pro-Collagen I alpha 1 ELISA 

2 x 105 cells/well were grown in 6-well plates and incubated at 37oC in a highly humidified 

atmosphere with conditions mentioned in section 2.2.3. Following the incubation, cells were 

treated with 100 µg/ml pineapple exosomes and control cells were given fresh medium. 

Then, the medium of the cells was collected and centrifuged respectively for 5 minutes at 

300 x g to get rid of any cell remnants. The supernatants that will be used within 24 hours 
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were stored at 2-8oC and for long term storage, they were aliquoted and stored at -80oC. 

Human Pro-Collagen I alpha 1 kit is composed of 10X Wash Buffer PT, 50X Cell Extraction 

Enhancer Solution, 10X Human Pro-Collagen I alpha 1 Capture Antibody, TMB 

Development Solution, 10X Human Pro-Collagen I alpha 1 Detector Antibody, 5X Cell 

Extraction Buffer PTR, Antibody Diluent CPI - HAMA Blocker, sample diluent, Pre-Coated 

96-Well Microplate, Human Pro-Collagen I alpha 1 Lyophilized Recombinant Protein, stop 

solution, and plate seals. In order to start the ELISA procedure all the reagents were warmed 

to RT (18 – 25oC) before use in order to prepare 31,250 pg/ml standard solution, lyophilized 

standard sample that comes with the kit was centrifuged and dissolved in sample diluent NS. 

Then the standard solution was diluted according to the assay kit. In order to start the assay, 

both standards and samples were added to their appropriate wells for 50 µl each. 50 µl of 

antibody cocktail was also combined into each well. Samples were and incubated at RT with 

gentle shaking for 1 hour. Following, cells were cleaned with 1X wash buffer thrice and 100 

µl of TMB development solution was transferred to the wells. The solution was incubated 

in the dark for 10 minutes. To halt the substrate reaction, 100 µl of stop solution was added. 

ELISA plate reader at 450 nm was used to evaluate the absorbance values of the wells. The 

results of the respective wells were computed from the standard curve generated by standard 

values. 

2.2.16. Immunocytochemistry Analysis 

Hacat and HUVEC cells were seeded in 8-well chambers with a density of 3 x 103 cells/well 

and incubated at 37oC in a highly humidified atmosphere (RH 80 percent) with 5 percent 

CO2 and 95 percent (v/v) air overnight for cell attachment. After the cells were attached to 

the surface, control groups were treated with complete DMEM medium and treatment group 

was treated with 100 µg/ml pineapple exosomes. Cells were then incubated for another 24 

hour. Following the 24 hour incubation with exosomes and normal complete medium, 

medium of the cells were discarded. For 20 minutes at 4oC, cells were fixated with 4  percent 

(w/v) paraformaldehyde (PFA). Following that, permeabilization of the cells were supplied 

with the addition of pre-prepared 0.1 percent (v/v) Triton X-100 in PBS. Cells were 

incubated with Triton X-100 for 10 minutes at RT. Then cells were washed with 1X PBS in 

0.1 percent (w/v) Tween® 20 Detergent (PBS-T) for 5 minutes thrice. Non-specific binding 

of primary antibodies was inhibited by incubating cells in a blocking solution of 5 percent 
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(v/v) BSA (VWR Life Science) for 30 minutes at 4oC with gentle shaking. Again fixated 

cells were washed with PBS-T for 5 minutes thrice. Then they were incubated with primary 

antibodies of Anti-Collagen I antibody (ab34710, Abcam, USA), Anti-Fibronectin antibody 

(ab2413, Abcam, USA), ERK1/2 antibody (16443-1-AP, Proteintech, USA), SMAD3 

antibody (25494-1-AP, Proteintech, USA) according to their respective dilutions as shown 

in table 2.5 overnight. The very next day antibodies were collected for further use and they 

were stored at -20oC. Meanwhile, cells were washed with PBS-T for 5 minutes thrice to 

remove any primary antibody remnants. Goat anti-rabbit IgGH&L (Alexa Fluor® 647) was 

used on cells as secondary antibody. For 1 hour, cells were incubated in dark with secondary 

antibody at 4oC with gentle shaking. To remove any secondary antibody remnants, cells were 

washed with PBS-T for 5 minutes thrice again. Again in dark, nucleus dye DAPI 

(ThermoFischer Scientific, USA) was given to the cells for 15 minutes at 4oC. Following the 

nucleus dye, cells were again washed with PBS-T for 5 minutes, twice. Then, any liquid 

from the surface was airdried and slides were closed with mounting medium (Sigma, USA) 

and cells were observed under Confocal Laser Scanning Microscope (Zeiss LSM 700, 

Germany). 

Table 2.5. Antibody dilutions for immunocytochemistry analysis 

 

Antibody Used Dilution 

Anti-Collagen I antibody (ab34710) 1:200 

Anti-Fibronectin antibody (ab2413) 1:200 

ERK1/2 antibody (16443-1-AP) 1:25 

SMAD3 antibody (25494-1-AP) 1:25 

goat anti-rabbit IgGH&L 

(ab150079) 

1:500 
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2.2.17. Total Protein Isolation from Whole Cell Pellets 

2 x 105 cells/well were grown seeded on 6-well plates and incubated at 37oC in conditions 

mentioned in section 2.2.3. After overnight incubation, cells were given 100µg/ml pineapple 

exosomes in complete medium. Following day, cells were trypsinized including the 

treatment medium as well and centrifuged at 350 x g for 5 minutes. After washing the pellet 

with PBS, cells were pelleted and taken on ice. The cell pellet taken on ice treated with RIPA 

lysis buffer containing 1 percent (v/v) protease inhibitor cocktail, 1 mM PMSF and 1mM 

Na3VO4 for protein isolation. After 30 minutes incubation on ice, samples  were centrifuged 

at 14,000 x g for 15 minutes in a precooled centrifuge. Supernatants were transferred into 

sterile Eppendorf tubes. Lowry Method was used to determine the concentrations of isolated 

proteins. Lowry method was performed according to the instructions mentioned in Section 

2.1.2. Once the protein concentrations were acquired, 15 µg of proteins were aliquoted into 

Eppendorf tubes to prevent them from continuous freeze thaw cycles each time and stored 

at -80oC. 

2.2.18. Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis (Sds-Page) 

SDS-PAGE was used to separate isolated proteins according to their molecular weight. 2x 

Laemmli buffer was mixed with 20 µg of protein at 95oC for 7 minutes and then spinned. 

Ready-to-use 4-20 percent Mini-PROTEAN TGX Protein Precast Gel (BioRad, USA) and 

they were placed into mini-PROTEAN Tetra cell Electrophoresis apparatus in a tank. The 

tank was filled with 1 x running buffer containing 192 mM glycine, 25 mM Tris pH 8.5 and 

0.1 percent (w/v) SDS. Protein marker and the samples run at 90V at first and then at 120V 

for separation until the bromophenol blue dye reaches to the end.  

2.2.19. Immunoblotting 

After the proteins were separated on SDS-PAGE gel, they were transferred to the 

nitrocellulose membrane (0.22 µm) via wet blot transfer system. In order to use wet blot 

transfer, mini Trans-Blot Cell Blotting System was used. At first, sponge pads, whatman 

papers and the membrane were soaked into 1X transfer buffer composed of 192 mM glycine, 
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25 mM Tris-Base pH 8.3 and 20  percent(v/v) methanol. The sandwich model was 

established onto the black side following the order of sponge pad, whatman paper, gel, 

membrane, whatman paper and sponge pad. The sandwich is pressed together in the blotting 

cassette and placed into the blotting apparatus. The tank including an ice block was filled 

with 1X transfer buffer. The conditions for transfer are 350 mA for 1 hour. Immediately after 

the transfer ended, the membrane was blocked with 5 percent BSA in 1X Tris-Buffered 

Saline, 0.1 percent (w/v) Tween® 20 Detergent (TBS-T) buffer (1 M Tris-HCl pH 7.4, 9 per 

cent NaCl, and 0.5 percent Tween 20). After the blocking, appropriate antibodies were given 

in 5 percent BSA according to the dilutions given on table 2.6. Samples on primary 

antibodies were incubated overnight at 4oC. For further use, antibodies were collected and 

stored at -20oC. Membranes were washed with 1x TBS-T buffer for 5 minutes thrice.  

Appropriate secondary antibodies (anti-rabbit IgG or anti-mouse IgG) were prepared in 5 

percent BSA in TBS-T. Membranes were then treated with secondary antibody for 1 hour. 

Membranes were taken into 1x PBS after the secondary antibody incubation and treated with 

ECL Substrate for 3 minutes at RT to be visualized via ChemiDoc XRS+Gel Imaging 

System (Bio-Rad Universal Hood 2, USA). 

 

Table 2.6. Antibody dilutions for western blot analysis 

 

Antibody Used Dilution 

AKT antibody (#9272) 1:1000 

p-p38 antibody (#4511S) 1:1000 

p-p44/42 antibody (#9101S) 1:1000 

Anti-beta-actin antibody (STJ97714) 1:1000 

Goat Anti-Rabbit IgG H&L (HRP) 

(ab6721) 

1:2000 
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2.3. STATISTICAL ANALYSIS 

All data presented in the results part (Section 3) were given in either means ± standard 

deviation (SD) or means ± standard error of the mean (SEM). Standard deviation of the 

experiments were calculated from three to ten independent experiments. Parametric statistics 

between 2 data set were compared using two-tailed multiple t-test. One-way analysis of 

variance (ANOVA) followed by Geisser-Greenhouse correction was used for more than 2 

different conditions by using GraphPad Prism 6 (GraphPad Software, USA) and differences 

were considered statistically different where *P ≤ 0.05, **P ≤ 0.01. Tube formation and tube 

length analysis was conducted by Wimasis Image analysis. 
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3. RESULTS 

3.1. EXOSOME CHARACTERIZATION BY SURFACE ANTIGEN DETECTION 

VIA FLOW CYTOMETRY 

Exosome characterization was performed according to the surface proteins found on their 

membranes. These surface markers are tetraspanin proteins of CD9, CD63, and HSP70 

which are found in high amounts on the exosome membrane. Presence of these markers were 

detected by using magnetic beads that were coated with their appropriate antibodies against 

these proteins (Figure 3.1). Negative control was used as beads with no exosomes and other 

beads of CD9, CD63, nad HSP70 was tested positive for exosomes at 94 percent, 97 percent 

and 85 percent respectively. 

 

 
 

Figure 3.1. Characterization of A. comosus exosomes via flow cytometry. (a) 

Representative flow cytometry of negative control, 0.8± 0.91 percent (b) Representative 

flow cytometry of CD9 protein found on the exosomes, 94±0.1 percent, (c) Representative 

flow cytometry of CD63 protein found on the exosomes, 97± 2.61 percent, (d) 

Representative flow cytometry of HSP70 protein found on the exosomes, 85± 3.14 percent. 
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3.2. EXOSOME SIZE AND PARTICLE NUMBER DETECTION VIA NTA 

NTA was used to detect the variety of the exosome size and particle concentration while 

observing the Brownian motion of exosome. According to graph 3.2 size of the exosomes 

are averaged with a mean of 149.6±9.3 nm and mode at 163.6±12.7. On the other hand, 

exosome concentration were determined as 4.59 x 108±9.41 x 107 particles/ml and particle 

number by frame was 2.9 ± 0.7 particles/frame (Figure 3.2).  

 

 
 

Figure 3.2. Nanoparticle tracking analysis results showing averaged finite track length 

adjustment concentration / size. 
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3.3. TIME DEPENDENT CELLULAR UPTAKE OF EXOSOMES  

Functionality of the A. comosus derived exosomes were determined by time dependent 

cellular uptake to see if these exosomes may be taken by dermal cells as a sign of cross-

kingdom communication. Isolated exosomes were dyed with PKH67 dye and given to 

keratinocytes, endothelial cells and fibroblasts. Internalization of exosomes was observed at 

various time points with fluorescence microscopy. The results displayed that exosome 

internalization has started about an hour past the treatment and the intensity of exosomes 

gradually increases at 2nd,, 3rd, 4th, 6th, 12th and 24th hours in keratinocytes and endothelial 

cells (Figure 3.3, Figure 3.4). Fibroblasts exhibit strong Exosomal uptake at both 12th and 

24th hours after treatment (Figure 3.5). However, both exosome intensity and number start 

to fade during 48th hour among HaCaT and HUVEC cells. 
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Figure 3.3. Time dependent exosome uptake of HaCaT cells. (40X magnification, scale bar 

at 20µm. 
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Figure 3.4. Time dependent exosome uptake of HUVEC cells. (40X magnification, scale 

bar at 20µm 
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Figure 3.5. Time dependent exosome uptake of fibroblast cells. (40X magnification, scale 

bar at 20µm 

3.4. CELL PROLIFERATION 

Upon characterization, the effect of the exosomes on dermal cells (HaCaT, HUVEC, and 

Fibroblast) were determined with MTS assay, which depends on the mitochondrial activity. 

Results revealed that increasing doses of the exosomes significantly increase the cell 

proliferation and viability.  
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Figure 3.6. The effects of A. comosus exosomes on HaCaT cell proliferation. Control is 

negative control performed with complete growth medium, *P<0.05, control was accepted 

100 percent for each day respectively. 

 

Although low doses of exosomes up to 75 µg/ml did not cause a significant increase in the 

cell number within 24 hour, both 100 µg/ml and 150 µg/ml exosome application cause up to 

30 percent significant increase in the cell number within the first day. A significant increase 

in the cell number is apparent for concentrations between 25 and 150 µg/ml exosomes during 

the 48 hour time period with respect to their growth medium treated controls (P<0.05). 

However, up to 70 percent of increase in the cell number among HaCaT cells is particularly 

evident for specific 100 and 150 µg/ml exosome treatments. While exosome treatment 

caused a significant differences for the most part of the treatments, the only statistical 

difference between experimental groups was that of between 24 hour and 72 hour (Figure 

3.6) (P<0.05). 
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Figure 3.7. The effects of A. comosus exosomes on HUVEC proliferation. Control is 

negative control performed with complete growth medium, *P<0.05, control was accepted 

100 percent for each day respectively. 

 

On the first day of the treatment, HUVEC cells did not demonstrate a significant increase in 

the cell number for lower doses (25 to 75 µg/ml), however higher doses (100 and 150 µg/ml) 

of the exosome treatment cause a significant proliferation rate among cells starting from 24th 

hour. Although 50 µg/ml exosome treatment causes up to 10 percent significant increase on 

the 72nd hours, application of 100 µg/ml exosome led to approximately 35 percent of cell 

number increase among endothelial cells at 48th hour (P<0.05). Conversly, 150 µg/ml 

exosome application significantly increased the cell number for the first 2 days however, it 

did not cause any significant increase on day 3 (Figure 3.7). Contrarily to HaCaT cells, there 

was no significant difference between any day (P<0.05). 
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Figure 3.8. The effects of A. comosus exosomes on fibroblast cell proliferation. Control is 

negative control performed with complete growth medium, *P<0.05, control was accepted 

100 percent for each day respectively. 

 

Just like HaCaT and HUVEC cells, proliferation of human fibroblasts did not significantly 

changed with the application of lower doses (25 µg/ml and 50 µg/ml) of exosome treatment 

during 24 and 48th hours. However, fibroblast cell number significantly increased with 50 

µg/ml exosome treatment on day 3. Regardless, 100 µg/ml exosome treatment caused a 

significant increase for each day and nearly 45 percent more cell proliferation was observed 

on the 48th hour of the treatment (Figure 3.8) (P<0.05).  

3.5. CELL CYCLE ANALYSIS 

To evaluate how A. comosus exosomes affect  dermal cell  proliferation, cell cycle analysis 

was carried out. Cell cycle analysis of HaCaT, HUVEC and fibroblasts were determined at 
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12th, 24th and 48th hours after exosome treatment with a growth medium treated control. 

According to the results, application of exosomes did not change significantly any phases of 

the cell division for the first 12th hour. However, during the 24th hour, number of cells in the 

M phase increased by 21 percent significantly with respect to control cells which were 

treated with growth medium. When the cells reach to 48th hour, no significant difference 

between the phases was observed. However cell number that was in G0-G1 phase was higher 

among exosome treated cells (Figure 3.9). 

 

HUVEC cells, on the contrary, responded to 100 µg/ml exosome treatment straight away. 

The number of cells in the G2-M phase were significantly rose by 13 percent while that of 

in the S phase significantly decreased by 16 percent. Moreover, at 24th hour, number of cells 

in phases significantly increases by 4 and 6  percent respectively. Interestingly no significant 

change was observed at 48th hour between treated and control cells (Figure 3.10).  
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Figure 3.9. Cell cycle analysis of HaCaT cells upon exosome treatment. (a) Cell cycle 

results of HaCaT cells at 12th hour. (b) Cell cycle distribution of HaCaT cells at 24th hour.       

(c) Cell cycle distribution of HaCaT cells at 48th hour. Data are shown with ± SEM, n=4, 

*P<0.05 
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Figure 3.10. Cell cycle analysis of HUVECs upon exosome treatment. (a) Cell cycle 

distribution of HUVECs at hour 12th. (b) Cell cycle distribution of HUVECs at hour 48th. 

(c) Cell cycle distribution of Fibroblasts at 48th hour. Data are shown with ± SEM, n=4, 

*P<0.05 

 

Upon treatment with 100 µg/ml of exosomes, fibroblasts immediately transitioned to S phase 

from G0-G1 phase. Cell number that are in the S phase rose by 29 percent. Later on, 

percentage of cells found at both S and G2-M phases significantly increased by 18 percent 

and 3 percent at 24th hour. Similarly to other 2 cell lines, no significant change between 

control and treated cell cycles at 48th hour was seen (Figure 3.11). 



 76 

 
 

Figure 3.11. Cell cycle analysis of fibroblasts upon exosome treatment. (a) Cell cycle 

results of Fibroblasts at 12th hour. (b) Cell cycle results of Fibroblasts at 24th hour. (c) Cell 

cycle results of Fibroblasts at 48th hour. Data are shown with ± SEM, n=4, *P<0.05 

3.6. SCRATCH ASSAY 

Scratch assay was conducted with the object of detecting the effects of pineapple exosomes 

on cell migration and wound closure. For that purpose, both 50- and 100 µg/ml of exosomes 

which were shown by MTS analysis results to have proliferative effects on dermal cells were 

used.  
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Figure 3.12. Scratch assay analysis of HaCaT cells. (a) Representative images of A. 

comosus treated HaCaT cells at 0- and 16-hour. (b) Wound closure rates of HaCaT cells 

treated with exosomes. Data are shown with ± SD, n=10, **P<0.01. 

 

Results displayed that 50 and 100 µg/ml of exosome treatment on HaCaT cells resulted in 

82.78±1.315 percent and 96.18 ± 1.045 percent closure rates of the wound while growth 

medium treated control cells only showed 43.67±3.747 percent wound closure rate within 

16 hour. Migration rate of the 100 µg/ml exosome treatment was significantly higher than 

that of 50 µg/ml treatment in addition to significant difference between control and both 

treatments (Figure 3.12).  
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Figure 3.13. Scratch assay analysis of HUVEC cells. (a) Representative images of A. 

comosus treated HUVEC cells at 0- and 16-hour. (b) Wound closure rates of HUVEC cells 

treated with exosomes. Data are shown with ± SD, n=10, *P<0.05, **P<0.01, ns: non-

significant. 

 

Results revealed that 50 and 100 µg/ml of exosome treated HUVEC cells showed 

71.74±2.799  percent and 81.06 ± 1.458  percent closure rate of the wound while growth 

medium treated control cells only showed 59.87 ± 2.240  percent wound closure rate within 

16 hour. Although closure rates of 50 µg/ml and 100 µg/ml treatments did not significantly 

differ, both treatments caused a significantly higher closure rates than that of growth medium 

treated control (Figure 3.13). 
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Figure 3.14. Scratch assay analysis of fibroblast cells. (a) Representative images of A. 

comosus treated fibroblasts at 0- and 16-hour. (b) Wound closure rates of Fibroblasts 

treated with exosomes. Data are shown with ± SD, n=10, **P<0.01. 

 

Results revealed that 50 and 100 µg/ml of exosome treated fibroblast cells showed 

73.12±2.828  percent and 96.92 ± 0.7735  percent closure rate of the wound while growth 

medium treated control cells only showed 42.35 ± 3.054  percent wound closure rate within 

16 hour. Migration rate of the 100 µg/ml exosome treatment was significantly higher than 

that of 50 µg/ml treatment in addition to significant difference between control and both 

treatments (Figure 3.14). 
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3.7. TRANSMEMBRANE CELL INVASION ASSAY 

Trans membrane cell invasion assay was done to detect the chemoattractant properties of the 

A. comosus exosomes to evaluate whether they induce cell motility among dermal cells. 

Results showed that, upon 100 µg/ml exosome treatment, invaded Hacat cell number rose 

from approximately 13 cell/view to 436 cells/view (Figure 3.15). 

 

 
 

Figure 3.15. Transmembrane cell invasion assay of HaCaT cells. (a) Representative 

transmembrane invasion images of HaCat cells. (b) Invaded cell per view of HaCaT cells. 

Data are shown with ± SD, n=5, **P<0.0001 

 

Number of HUVEC cells invaded to the exosome containing medium from control treated 

medium rose from approximately 147 cells/view to 578 cell/view (Figure 3.16). 
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Figure 3.16. Transmembrane cell invasion assay of HUVEC cells. (a) Representative 

transmembrane invasion images of HUVEC cells. (b) Invaded cell per view of HUVEC 

cells. Data are shown with ± SD, n=5, **P<0.0001 

 

3.8. TRANSMEMBRANE CELL MIGRATION ASSAY 

The effects of A. comosus exosomes on cell migration was detected by transmembrane 

migration assay was also performed. Results revealed that while nearly 1080 HaCaT cells 

migrate to the to the control medium present well, nearly 4600 cells migrate to exosome 

present medium within 24 hours (Figure 3.17). 

 

In line with migration results of HaCaT cells, HUVEC cells are also affected with the 

exosome treatment and nearly doubles its migration rates from 486 cell/view to 881 

cells/view (Figure 3.18). 
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Figure 3.17. Transmembrane cell migration assay of HaCaT cells. (a) Representative 

transmembrane migration images of HaCaT cells. (b) Migrated cell per view of HaCaT 

cells. Data are shown with ± SD, n=3, **P<0.005 

 

 
 

Figure 3.18. Transmembrane cell migration assay of HUVEC cells. (a) Representative 

transmembrane migration images of HUVEC cells. (b) Migrated cell per view of HUVEC 

cells. Data are shown with ± SD, n=6, **P<0.005 

 

3.9. CELLULAR REACTIVE OXYGEN SPECIES (ROS) DETECTION 

ROS detection was performed upon exosome treatment and detected by conversion of  2’,7’ 

–dichlorofluorescin diacetate (DCFDA) to a fluorescence dye 2’, 7’ –dichlorofluorescein 

(DCF) with two different concentrations of DCFDA (1- and 10 µM). When HaCaT cells 

treated with 1 µM of DCFDA without no exosome treatment, florescence intensity of 

positive control cells was at 34.30 percent while ROS production of 50 µg/ml and 100 µg/ml 
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exosome treatment reduced the fluorescence intensity to 28.07 percent and 5.88 percent 

respectively. On the other hand, when HaCaT cells were processed with 10 µM of DCFDA, 

positive control cells were 94.54 percent positive. Upon exosome treatment positive cells 

were 95.07 percent and 68.85 percent respectively (Figure 3.19).  

 

 
 

Figure 3.19. Detected ROS measured within HaCaT cells. Abbreviations: PC: Positive 

Control, NC: Negative Control, DCFDA: 2’,7’ –dichlorofluorescin diacetate. 

 

HUVEC cells, on the other hand, were 46.82 percent positive when treated with 1 µM 

DCFDA. Cell percentage was evaluated at 46.65 percent and 96.44 percent upon 50 µg/ml 

and 100 µg/ml exosome treatment respectively when 1 µM DCFDA applied. When 10 µM 

DCFDA was applied to HUVEC cells, 98.98 percent of cells were positive as a control. 
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Upon 50- and 100 µg/ml exosome treatment, percentage of the cells were detected at 98.90 

percent and 30.11 percent respectively (Figure 3.20). 

 

 
 

Figure 3.20. Detected ROS measured within HUVEC cells. Abbreviations: PC: Positive 

Control, NC: Negative Control, DCFDA: 2’,7’–dichlorofluorescin diacetate. 

 

3.10. ANGIOGENESIS ASSAY 

Seeded on Matrigel, HUVEC cells were either given growth medium as a control or 100 

µg/ml of A. comosus exosome and their tube formation ability as well as length of the tubes 

were determined at 7th and 20th hours. Although length of the tubes significantly increases 

from 39589 ± 112,5 to 41826,5 ± 154,5 during 7th hour, no significant difference was 
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observed at 20th hour. Moreover, tube number was significantly higher upon exosome 

treatment at 7th hour where control group has 225,5 ± 10,6066 while treated group has 270,5 

± 21,92031 tube number. On the other hand, at 20th hour there was no statistical changes in 

tube numbers (Figure 3.21).  

 

 
 

Figure 3.21. Effect of 100 µg/ml A. comosus exosome on tube formation ability of 

HUVEC cells at 7th and 20th hours. Results were analysed by two-tailed multiple t tests. 

Data are shown with ± SD, n=5, *P<0.05. 

 

3.11. RT-PCR ANALYSIS 

To comprehend the molecular mechanisms that A. comosus exosomes affect, dermal cells 

(HaCaT and Fibroblast) were subjected to 100 µg/ml of exosomes for 16 hours and then 

wound healing associated genes along with those related in scar formation was assessed with 

RT-PCR. Results indicate that upon treatment with 100 µg/ml of exosomes, col1A1, MMP2 

and TGF-β1 levels did not significantly changed however, COL3A1, MMP9 and TGF-β3 
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levels rose by 3-,4- and 2 folds respectively. With that, ratio of COL3A1 to col1a1 rose 3.33 

fold and that of  TGF-β3 to TGF-β1 rose by 5 folds. Nevertheless, as another important 

regulator in scar formation fibromodulin remains unaffected upon treatment. On the other 

hand, wound healing related genes such as AKT, vimentin and laminin gene expression 

levels increased by 6-, 4- and 3 folds respectively while α-SMA mRNA expression levels 

significantly decrease by 4 folds upon exosome treatment (Figure 3.22). 

 

 
 

Figure 3.22. mRNA expression levels of HaCaT cells upon 100 µg/ml exosome treatment. 

Abbreviations: MMP2: Matrix metalloproteinase-2, MMP9: Matrixmetalloproteinase-9, 

TGF-β1: Transforming Growth Factor beta 1, TGF-β3: Transforming Growth Factor beta 

3, FMOD: fibromodulin, AKT: Protein kinase B. Results were analysed by two-tailed 

multiple t tests. Data are shown with ± SEM, n=6, *P<0.05. 

 

HUVEC cells when treated with 100 μg/ml of exosomes, MMP2 levels did not significantly 

change while MMP9 expression levels upregulated by 5 folds upon 24 hours of exosome 

treatment in addition to 5 folds of increase in fibromodulin expression levels. mRNA 

expression of AKT did not significantly change besides to apparent 4 fold increase (Figure 

3.23). 
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Figure 3.23. mRNA expression levels of HUVEC cells upon 100 μg/ml exosome 

treatment. Abbreviations: MMP2: Matrix metalloproteinase-2, MMP9: 

Matrixmetalloproteinase-9, FMOD: fibromodulin, AKT: Protein kinase B. Results were 

analysed by two-tailed multiple t tests. Data are shown with ± SEM, n=6, *P<0.05. 

 

Fibroblasts when treated with 100 µg/ml of exosomes showed a significant downregulation 

in scar formation related genes of COL1A1 and TGF-β1 mRNA expressions by 6- and 8 

folds. On the other hand, COL3A1 and TGF-β3 mRNA expressions upregulated by 4 folds 

each. Moreover, MMP2 mRNA expression downregulated by 4 fold while MMP9 and AKT 

mRNA expression levels are upregulated by 5 folds upon exosome treatment. Fibromodulin 

and Vimentin mRNA expression levels also increased by 4- and 2 folds. Interestingly, 

mRNA expression levels of Laminin decreases 6 fold in addition to 4 fold downregulation 

of α-SMA mRNA expression level (Figure 3.24). 
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Figure 3.24. mRNA expression levels of fibroblast cells upon 100 µg/ml exosome 

treatment. Abbreviations: COL1A1: Collagen type I alpha 1, COL3A1: Collagen type III 

alpha 1, MMP2: Matrix metalloproteinase-2, MMP9: Matrixmetalloproteinase-9, TGF-β1: 

Transforming Growth Factor beta 1, TGF-β3: Transforming Growth Factor beta 3, FMOD: 

fibromodulin, AKT: Protein kinase B, α-SMA: alpha smooth muscle actin. Results were 

analysed by two-tailed multiple t tests. Data are shown with ± SEM, n=6, *P<0.05. 

 

3.12. ENZYME-LINKED IMMUNOSORBENT ASSAYS 

3.12.1. Human MMP1 Elisa 

Human MMP1 ELISA was performed to evaluate MMP1 levels on dermal cells upon 

exosome application. According to the results derived from the assay, MMP1 expression 

level significantly upregulated to 4411.133 ± 455.341 pg/ml from 750.333 ± 32.416 pg/ml 

when treated with 100 µg/ml of A. comosus exosomes. Moreover, MMP1 expression level 
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of fibroblasts also upregulated to 3394.667 ± 150.512 pg/ml from 2853.033 ± 180.525 pg/ml. 

(Figure 3.25). 

 

 
 

Figure 3.25. MMP1 expression levels of HaCaT and fibroblast cells. Control was treated 

with growth medium. Results were analysed by two-tailed multiple t tests. Data are shown 

with ± SEM, n=3, *P<0.05, **P<0.01 

3.12.2. Human MMP3 Elisa 

Human MMP3 ELISA was performed to evaluate MMP3 levels on dermal cells upon 

exosome application. According to the results derived from the assay, MMP3 expression 

levels significantly upregulated in both HaCaT and fibroblast cells. In HaCaT cells, MMP3 

expression upregulated from 268.492 ± 11.665 pg/ml to 341.953 ± 13.161 pg/ml and in 

fibroblasts, the expression rose from 139.017 ± 6.342 pg/ml to 193.837 ± 11.826 pg/ml when 

treated with 100 µg/ml of A. comosus exosomes (Figure 3.26).  
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Figure 3.26. MMP3 expression levels of HaCaT and fibroblast cells. Control was treated 

with growth medium. Results were analysed by two-tailed multiple t tests. Data are shown 

with ± SEM, n=3, *P<0.05. 

3.12.3. Human VEGF Elisa 

Human VEGF ELISA was performed to evaluate VEGF levels on dermal cells upon 

exosome application. According to the results derived from the assay, VEGF expression of 

HaCaT cells was not significantly affected with the exosome treatment. However, that of 

HUVEC and fibroblasts were significantly upregulated. In HUVEC cells, VEGF expression 

was observed at 617.137 ± 59.082 pg/ml for growth medium treated control and it rose to 

822.497 ± 32.113 pg/ml upon exosome treatment. In fibroblasts, VEGF expression was 

rather less than that of HUVEC cells, as expected. VEGF expression in fibroblasts was 

observed at 35.0 ± 2.309 pg/ml in growth medium treated controls and it rose to 48.667 ± 

2.603 pg/ml upon exosome treatment (Figure 3.27). 
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Figure 3.27. VEGF expression levels of HaCaT, HUVEC and fibroblast cells. Control was 

treated with growth medium. Results were analysed by two-tailed multiple t tests. Data are 

shown with ± SEM, n=3, *P<0.05. 

3.12.4. Human TGF-Beta 1 Elisa 

Human TGF-β1 ELISA was performed to evaluate TGF-β1 levels on dermal cells upon 

exosome application. According to the results derived from the assay, TGF-β1 expression 

levels significantly downregulated in each cell line. In HaCaT cells, TGF-β1 expression 

downregulated from 53.857 ± 7.789 pg/ml to 38.768 ± 7.082 pg/ml. In fibroblasts, TGF-β1 

expression was evaluated at 436.028 ± 66.307 pg/ml for growth medium treated control cells 

and it decreased to 104.361 ± 3.639  pg/ml upon exosome treatment (Figure 3.28). 
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Figure 3.28. TGF-β1 expression levels of HaCaT and fibroblast cells. Control was treated 

with growth medium. Results were analysed by two-tailed multiple t tests. Data are shown 

with ± SEM, n=3, *P<0.05, **P<0.01 

3.12.5. Human Pro-Collagen I Alpha 1 Elisa 

Human COL1A1 ELISA was performed to evaluate collagen 1 levels on fibroblast cells 

upon exosome application. However protein expression levels did not significantly change 

(Figure 3.29). 
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Figure 3.29. COL1A1 expression levels of fibroblast cells. Control was treated with 

growth medium. Results were analysed by two-tailed multiple t tests. Data are shown with 

± SEM, n=3. 

 

3.13. WESTERN BLOT 

AKT, p-p44/42 MAPK and p-p38 MAPK protein expression levels were evaluated by 

immunoblotting technique. According to the results, protein expression levels of AKT, p-

p44/42 MAPK and p-p38 MAPK increased 1.52-, 1.27- and 1.76 fold among HaCaT cells 

upon 100 µg/ml exosome treatment (Figure 3.30).  
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Figure 3.30. Western blot analysis of total AKT, p-p44/42 MAPK and p-p38 MAPK 

protein levels of HaCaT cells. 

 

On the other hand, while AKT protein expression levels of HUVEC cells remain still, that 

of p-p44/42 MAPK and p-p38 MAPK were upregulated by3.36- and 2.06 fold among 

exosome treated group in contrast to growth medium treated group (Figure 3.31). 

 

Among fibroblasts AKT and p-p44/42 MAPK protein expression levels did not dramatically 

change among all, p-p38 MAPK expression level increased by 1.18 fold upon exosome 

treatment (Figure 3.32).  
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Figure 3.31. Western blot analysis of total AKT, p-p44/42 MAPK and p-p38 MAPK 

protein levels of HUVEC cells. 

 

 
 

Figure 3.32. Western blot analysis of total AKT, p-p44/42 MAPK and p-p38 MAPK 

protein levels of fibroblast cells. 
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3.14. IMMUNOCYTOCHEMISTRY ANALYSIS 

Immunocytochemistry analysis was performed to project and quantify protein expression 

levels on cells. According to the ICC images, ERK1/2 and fibronectin protein expression 

levels cells significantly increased while SMAD3 expression was significantly 

downregulated among HaCaT cells after treatment (Figure 3.33, Figure 3.34 and Figure 

3.35). On the other hand, ERK1/2 expression levels of HUVEC cells were also significantly 

upregulated after treatment (Figure 3.36). 

 

 
 

Figure 3.33. Immunocytochemistry location and quantification of ERK1/2 protein 

expression of HaCaT cells by confocal microscopy. Results were analysed by two-tailed 

multiple t tests. Data are shown with ± SD, n=3. 
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Figure 3.34. Immunocytochemistry location and quantification of fibronectin protein 

expression of HaCaT cells by confocal microscopy. Results were analysed by two-tailed 

multiple t tests. Data are shown with ± SD, n=3. 

 

 
 

Figure 3.35. Immunocytochemistry location and quantification of SMAD3 protein 

expression of HaCaT cells by confocal microscopy. Results were analysed by two-tailed 

multiple t tests. Data are shown with ± SD, n=3. 
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Figure 3.36. Immunocytochemistry location and quantification of ERK1/2 protein 

expression of HUVEC cells by confocal microscopy. Results were analysed by two-tailed 

multiple t tests. Data are shown with ± SD, n=3. 
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4. DISCUSSION 

 

The interaction of different cells types and their interplay makes wound healing a very 

composite process. In depth studies about the wound healing mechanism is continuously 

being undertaken by scientists for a better comprehension of the process. Wound healing 

field and used technologies are constantly changing with the development of more 

accessible, effective and cheaper healing agents. Ever since the revelation of scarless healing 

of foetuses, the research in this area has broadened and shifted to overcome scar formation 

while developing an effective wound healing agent at the same time. 

 

Exosomes, on the other hand, are nanosized secreted vesicles that play a fundamental role 

in cellular interaction even though when first discovered they were thought to be the garbage 

bins of the cells [292]. Increased numbers of publications about extracellular vesicles (EV) 

proved that they are also vital for aging, cancer development, infectious diseases, and many 

more [320]. However, rapidly increasing number of publications with poor or insufficient 

information about extracellular content has raised the question of developing a guide 

(Minimal Information for Studies of Extracellular Vesicles – MISEV) for all EV studies to 

underline differences exosomes, microvesicles and apoptotic bodies [293]. These 

extracellular vesicles vary according to their size and biogenesis pathways [321]. According 

to guideline of MISEV, exosomes should be quantified, at least 3 positive exosome protein 

markers should be present and they should be visualized by either electron microscopy or 

NTA [293, 322]. Moreover, the guideline strongly suggests the observation of cellular 

uptake of the exosomes inside the target cells. In this thesis, exosomes were derived from A. 

comosus and were characterized according to these guidelines. Presence of tetraspanin 

proteins of CD9, CD63 and HSP70 which are widely known biomarkers to be present on 

exosomal membrane were determined via flow cytometry [323]. Nanoparticle tracking 

analysis was performed to quantify and to acquire size distribution of the exosomes. 

According to the literature, size distribution may vary between 40-160 nm and the mean 

exosome size determined by NTA is within the limits for exosome size. However, the size 

differences are predicted for the exosome content since the source of the exosomes is a plant 

rather than a biological fluid. Brownian motion of the exosomes were also observed during 
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the analysis, a property unique to exosomes. Although particle number was determined by 

NTA, rest of the experiments were carried out according to protein content of the exosomes 

due to variances in size distribution. Therefore exosome quantification was performed by 

Lowry protein assay and this method was carried out throughout the whole study [319]. 

Studying towards perfecting the purity of exosomes is one of the future prospects of this 

study. In addition, uptake analysis proved the cross-kingdom communication between 

exosomes and the dermal cells as they become more and more visible inside the cells at and 

after 2 hour upon application. Even after 12th hour their application, their presence inside the 

cells are apparent.  

 

Skin integrity is crucial for keeping the internal organs intact and undamaged. However, 

whenever the skin integrity is insulted, tissues as well as organs become susceptible to 

outside pathogens [324]. Regardless, bacterial contamination is seen in all types of wounds 

however the extent of keeping the contamination from turning into infection solely depends 

on the immune system of the patient [325]. As mentioned earlier, after the homeostasis 

phase, inflammatory phase takes control in the wound area to eliminate pathogens from the 

surrounding area. The time required for inflammatory phase varies for each wound however 

it is especially delayed in chronic wounds therefore it is especially important to test 

antimicrobial properties of healing agents for chronic wounds. Infection control also 

partially depends on the production of reactive oxygen species (ROS) and maintaining their 

levels inside the cells [326]. Radical derivatives of oxygen act as secondary messenger by 

signalling to many non-lymphoid cells and immunocytes, recruiting lymphoid cells around 

the wound and regulating angiogenesis [327]. It has been proven that various concentrations 

of ROS have various consequences. While cell cycle arrest is induced by extremely low 

levels of ROS, its presence maintain normal homeostasis and cell functions. On the other 

hand, extreme levels of ROS promote cell death and necrosis [328]. Main purpose during 

the wound healing is to reduce amount of oxidative stress caused by ROS production so that 

normal wound healing may take place. It has been proved that A. comosus exosomes help 

reduce ROS production among keratinocytes and endothelial cells with a few exceptions. 

However, low levels of ROS is also not a good option since these chemical species help in 

obliterating the microbial invaders, therefore it is important to have a balance between the 

two.  
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In acute wounds, proliferative phase takes place following the inflammatory phase. This 

phase includes both the migration and proliferation of cells to close the gap. This phase is 

crucial for proper healing and are considered as rate limiting factor for healing. It has been 

established with MTS assays that A. comosus exosome application to each of these cell lines 

causes a significant increase in the rates of cell proliferation as the exosome concentration 

increases. 3 different time points were investigated for cell proliferation rates, however, for 

investigating the changes in cell cycle distributions different time points were studied since 

it has been established that exosomes are taken up by cells rapidly. Hourly exosome uptake 

analysis showed that exosomes become visible inside the cells around after 2 hour. 

Therefore, we assume a change in cell cycle distributions in earlier time points. As expected, 

exosome application caused significant changes in cell cycle distributions of each cell line 

with an increasing proliferation rate. Cell cycle distribution of HaCaT cells significantly 

change after 24 hours of exosome treatment as more cells are in the G2-M phase than the 

control cells as a consequence of increased proliferation. On the other hand, HUVEC cells 

change their cell cycle distribution right after 12th hour of exosome application. As a result, 

more cells leave G0-G1 phase in which cells are not dividing in this phase. These cells enter 

either S phase in which they prepare to synthesize DNA or G2-M phase where they are 

dividing during the first 12th hour and this phenomenon lasts through the 24th hour. Unlike 

keratinocytes and endothelial cells, fibroblasts generally reside in G0-G1 phase if there is no 

stimulus for them to divide. However, just like HUVEC cells, fibroblasts are also directly 

affected from exosome application right after 12th hour of the treatment and fibroblast cells 

prepare to divide by entering S phase. After 24 hours of exosome application, number of 

cells preparing to divide in S phase or that of dividing in G2-M phase are significantly higher 

than control cells. Nonetheless, among all cell lines, none of them show a significant change 

in their cell cycle distributions. 

 

As an another rate limiting factor in healing, migration is crucial to the living cells for normal 

development, prevention of inflammation, disease, and immune response [329]. Scratch 

assay and migration & invasion assays are two common practices to evaluate wound closure. 

Therefore as a first method, scratch assay was conducted with 2 separate concentrations of 

A. comosus exosomes to evaluate their effects on migration of dermal cells. Within 16 hours 
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of exosome application, both keratinocytes and fibroblasts showed magnificent migration 

rates and completely closed the gap in scratch assays. Additionally endothelial cells also 

showed significant increase in their migration rate and closed nearly 80 percent of the gap 

within 16 hour of exosome application. Aside from scratch assay, transmembrane cell 

migration and invasion assays were conducted. Even though cell migration assay determines 

almost the same properties of cell motility as a scratch assay, an invasion assay gauges the 

potential of cells to move through an ECM by breaching through it. These assays are also 

used to detect the cell response to a certain chemo-attractants, in our case A. comosus 

exosomes. It has been made clear with the studies that exosome application causes a great 

difference in migration and invasion rates of the dermal cells which suggest that these 

exosomes may strongly attract dermal cells to the wound site upon application. 

 

The main factor inducing the dermal cell migration is the interaction between cell surface 

proteins with ECM proteins like laminin, vimentin, collagen, and fibronectin [165, 330]. In 

addition, actin and microtubules specifically cooperate with vimentin for elongation of cells 

for invasion [331]. These ECM proteins directly or indirectly regulate the cellular behaviour 

and are the key factors for normal wound healing. For example, laminin and collagen 

turnover is specifically related to the keratinocyte and fibroblast proliferation and migration. 

Upregulation of vimentin and laminin among HaCaT cells may be the primary reason of 

their increased cell proliferation. On the other hand, while vimentin levels increased in 

fibroblasts, that of laminin significantly decreased which is an important protein separating 

epidermis from dermis [332]. Fibronectin is also another vital ECM protein involved in 

cellular behaviour such as attachment, migration, and proliferation [333]. In that regard, 

upregulation of fibronectin protein expression upon exosome treatment also contribute to the 

increase in cellular proliferation and migration. Another reason for increased cell 

proliferation and migration rates may be due to increased AKT mRNA expression levels as 

well as protein expression levels. AKT is one of the core mediators of PI3K pathway that 

regulates cellular proliferation, migration, invasion, and angiogenesis via MMPs and VEGF 

[334]. In line with increased mRNA expression AKT protein levels in HaCaT cells also 

increased but that of fibroblasts and HUVEC cells was not completely different from their 

controls. However, in order to further investigate if A. comosus derived exosomes induce a 

change in PI3K pathway, downstream signalling proteins of the pathway such as expression 
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levels of pAKT should be studied. In addition, since PI3K pathway play a role in 

angiogenesis, pro-angiogenic properties of the exosomes were also studied. Increasing the 

angiogenesis level is a standard way to successfully heal a wound, however it is also crucial 

during the healing of chronic wounds where venous insufficiency commonly occurs [335]. 

In order to address angiogenic properties, HUVEC cells were seeded on Matrigel with or 

without A. comosus exosomes. It has been shown that exosome treatment significantly 

increased tube formation rate as well as tube length at 7th hour, however, no significant 

change was observed at neither of these properties at 20th hour. Regardless, just like any 

other endothelial cells, angiogenetic potential of HUVECs are also regulated by several 

cytokines and growth factors. Increased mRNA expression of MMP-2 and MMP-9 

gelatinases may have caused HUVECs to increase their angiogenic potentials, as well [336, 

337]. Moreover, HUVEC cells secreted more VEGF upon exosome treatment. Regardless, 

it is important to maintain capillary tube-like structures of micro- and macro-vascular 

endothelial cells, therefore anti apoptotic mechanism of these exosomes should also be 

studied. VEGF is crucial for endothelial cell chemotaxis and mitogenesis. Therefore VEGF 

is also produced by other cells like keratinocytes and fibroblasts [338]. Although VEGF 

levels in HaCaT cells did not significantly change, VEGF protein expression and its 

secretion by fibroblasts significantly increased upon exosome application. All in all, 

increased VEGF expression levels induce wound closure, re-epithelization and increased 

repair quality. 

 

In addition to PI3K pathway, it has been shown with this study that A. comosus derived 

exosomes affect p38 MAPK and ERK1/2 pathways as well. Both pathways are extensively 

involved in cellular proliferation and migration [339]. Matrix metalloproteinases are also 

important regulators of ERK/MAPK pathway which are activated during proliferation, 

differentiation and development. One of the activators of ERK/MAPK pathway is skin 

injury. Previous studies showed that ERK/MAPK pathway is directly related to cellular 

migration [340]. In this study, western blot studies showed that A. comosus exosome 

application upregulated the levels of phosphorylated p44/42 (ERK1/2) in HaCaT and 

HUVEC cells while fibroblasts cells were not affected. In addition, ICC images also proved 

a significant upregulation of ERK1/2 protein concentration in both keratinocytes and 

endothelial cells. As an another signal in MAPK pathway, phosphorylation of p38 was also 
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increased in keratinocytes and endothelial cells even though that of fibroblast did not 

increase as much [341]. Altogether according to these findings, exosome treatment had an 

effect on various pathways such as MAPK, ERK, PI3K/AKT signals. Activation of these 

signals upon exosome treatment can be attributed to increased cellular proliferation, 

migration, and angiogenesis rates of the dermal cells. 

 

Evidences have so far proved that A. comosus derived exosomes are beneficial for dermal 

wound healing. Further analysis was performed to see if these exosomes help mitigate scar 

formation. Although scar formation is a result of normal wound repair process, it is a 

compelling health issue that arise once the wounds have healed [161]. Excessive collagen 

accumulation contributes to hypertrophic scar formation. Besides, MMPs play a vital role in 

preventing collagen aggregation since they include gelatinases (MMP-2,-9), collagenases 

(MMP-1,-8-13), stromelysins (MMP-3,10) and many more [342]. Matrix metalloproteinases 

are especially important for the re-epithelization step and ECM degradation and deposition 

[343]. If found in excess amounts, MMPs lead to chronic wound formation, however their 

timely activation is crucial for neat and scarless healing [344]. Among all, MMP-2 and 

MMP-9 have a very broad substrate spectrum where MMP-2 utilizes gelatin, collagen-I,-

IV,-VII,-X, fibronectin and laminin as substrate it accelerates cell migration by the wound 

margin. In addition, MMP-9 (also expressed by keratinocytes at the wound margin) also 

utilizes  gelatin, collagen-I,-III,-V, and elastin and it serves as the same purpose as MMP-2 

[345]. Although MMP-2 levels did not significantly change in HaCaT cells, it was 

significantly decreased in fibroblasts. Nonetheless, increased migratory responses may stem 

from increased levels of MMP-9 in both HaCaT cells and fibroblasts. Levels of MMP-1 

together with MMP-3 and MMP-9 are important in the chemokine (family of small 

cytokines) regulation [346]. MMP-1 is also highly expressed by fibroblasts to remodel the 

ECM [347].  In addition, while MMP-1 promotes keratinocytes to migrate on fibrillar 

collagen, MMP-3 affects wound contraction and they are both synthesized by keratinocytes 

at the wound edge. Therefore, increased levels of MMP-1 in both HaCaT and fibroblasts 

might also be triggered by the migratory activity of these cells. It is a good practice to keep 

in mind that although MMP-1 peaks at day 1 among keratinocytes, its sustained 

overexpression delays the re-epithelization phase. Aside from MMP-1, MMP-3 has wider 

range of substrates from the ECM such as fibronectin, gelatin, E-cadherin, collagen-IV, -V, 
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-IX, and –X. MMP-3 is also capable of activating other pro-metalloprotease and 

ERK/MAPK pathway which contributes to the high MMP3/TIMP1 ratio. Although TIMP-

1 levels was not measured, high ratio of MMP-3 over TIMP-1 is beneficial for scarless 

regeneration in addition to remodelling of the ECM. 

 

The ratio of collagen III over collagen I and that of TGF-β3 over TGF-β1 are highly 

important in scarless healing [348]. Scarless tissue formation especially requires less cross 

linkage between fine reticular collagens [349]. Collagen accumulation results from any 

imbalance that may occur in collagen synthesis and degradation, hence this situation further 

feeds scar formation. While sufficient collagen type III formation prevents scar formation, 

excess collagen I secretion results in a disorganized structure [350]. Therefore switching 

from collagen I to collagen III is necessary for a scarless healing since fetal ECM contains 

more collagen III over collagen I. As a strong effector of scar formation, dermal fibroblasts 

are the main regulators of ECM and collagen. RT-PCR results revealed a significant decrease 

in COL1A1 levels while COL3A1 levels significantly increased in fibroblasts. These results 

propose that increased ratio of COL3A1/COL1A1 upon the exosome treatment favors 

scarless healing. Contrarily, COL1A1 ELISA results showed a nonsignificant increase in 

COL1A1 expression levels in fibroblasts. Further in vivo studies are needed to visualize 

collagen arrangement of the tissues in order to better observe structural changes in collagen. 

In addition, ratio of TGF-β family isoforms were also evaluated to understand the effect of 

A. comosus exosomes on scarless healing. Although TGF-β family is involved in a lot of 

steps of the wound repair process, there are lots of controversial reports about its function in 

wound heling. Regardless, it has been established that TGF-β exerts its effects through type-

I and -II receptors and SMAD pathway [351]. Although some reports suggest that both TGF-

β1 and TGF-β3 have pro-migratory and proliferative properties, latest studies showed that 

scarless healing seen among the fetuses is due to elevated levels of TGF-β3. On the other 

hand, elevated levels of TGF-β1 is associated with hypertrophic scar formation. For 

example, addition of TGF-β1 to fetal wounds result in scar formation where these wound 

normally heal without scars [173]. In this study, TGF-β3/TGF-β1 significantly increased 

upon addition of A. comosus exosomes in both HaCaT cells and fibroblasts even though 

TGF-β1 mRNA expression of HaCaT cells did not change significantly. Regardless, 

secretion of TGF-β1 protein in both keratinocytes and fibroblasts significantly decreased. 
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Moreover, since most of the profibrotic properties of TGF-β mediates through SMAD 

pathway, its expression in HaCaT cells were also studied. ICC images showed that, SMAD3 

protein expression levels significantly decrease upon exosome treatment in keratinocytes. 

 

As a potent regulator of TGF-β family, fibromodulin may bind to TGF-β receptors and 

inhibit their action especially during scarring with a specific affinity for the TGF-β1 receptor 

[197]. Although fibromodulin levels elevate after the injury occurs, adult wound healing 

does not generally include fibromodulin whereas fetal injuries contain high doses of 

fibromodulin contributing to scarless healing. Opposite to fetal wounds, adult wounds are 

deficient in fibromodulin expression, however its expression may start increasing later in the 

healing process. In this study, although fibromodulin expression levels of keratinocytes did 

not change significantly, that of fibroblasts significantly increased which ultimately promote 

scarless healing. Fibromodulin also regulate fibril formation of collagens and the tensile 

strength by binding fibrillar collagens and ultimately delaying the fibrillogenesis. 

Consequently, early upregulation of fibromodulin expression may promote scarless healing 

in the adult skin by contributing antifibrotic effect on collagens.  

 

Another contribution to scar formation is the elevated levels of alpha smooth muscle actin 

(α-SMA) expression by fibroblasts. This protein usually found on the vessel walls and affects 

scar contraction and increases fibrosis just like collagen type I [352]. Differentiation of 

fibroblasts to myofibroblasts is associated with an increase in α-SMA which is generally 

found in nodular structures in hypertrophic scars. RT-PCR studies revealed that exosome 

application significantly reduced α-SMA mRNA expression in fibroblasts which correlates 

with decreased levels of TGF-β1 expression in line with the earlier finding that TGF-β1 

promotes α-SMA expression [353]. 

 

On the whole, exploring the molecular mechanisms of scar formation in the field of tissue 

regeneration is continuing to expand beyond majority of the previous studies that had 

initially focused on wound phenotype and healing mechanisms. In order to reduce scar tissue 

which results from replacing damaged tissue by a pathological connective tissue [354], the 
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focus has shifted to fetal healing where the only example of impeccable tissue regeneration 

takes place in human lifespan. Although underlying mechanisms of the scarless wound 

healing are yet to be discovered, findings in this study has lightened that A. comosus derived 

exosomes promote wound healing, ECM remodeling, and have anti-scar properties. 
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5. CONCLUSIONS 

 

In conclusion, A. comosus derived exosomes enhance wound repair via multiple 

mechanisms. In particular, these exosomes activate proliferative and migrative properties of 

dermal cells via ERK/MAPK and PI3K/AKT mechanisms, increase angiogenic properties 

of endothelial cells via transient upregulation of MMPs and VEGF. Elevated levels of 

migrative properties of keratinocytes and fibroblasts can also be attributed to increased levels 

of ECM proteins upon exosome treatment. Although antimicrobial activity of the exosomes 

were not studied in this work, certain exosome concentrations reduced ROS levels. Provided 

the data, A. comosus derived exosomes increase dermal cell proliferation, accelerate wound 

repair, enhance angiogenesis and have anti-scar properties. These results indicate that A. 

comosus exosomes are promising agents in cutaneous wound healing and reducing scars. 

Further studies are, however, needed in order to elucidate the effect of A. comosus exosomes 

on wound healing both in vitro and in vivo. 
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