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ABSTRACT 
 

Engineering therapeutic approaches to wound healing can be divided into two 

major categories of fibrous and non-fibrous approaches. There has been significant 

progress in designing artificial skin products to replace autografting. For patients with non-

healing/hard-to-heal wounds, there is an unmet clinical need for inexpensive skin 

substitutes to be transplanted. In skin regeneration area of research, electrospinning is a 

very commonly used method of production of grafts for wound healing applications, owing 

its popularity to the fibrous nature of the resultant product, which mimics the extracellular 

matrix of the native skin. Despite the high degree of porosity in conventional electrospun 

scaffolds, the small pore size effectively limits the penetration of cells into the scaffold. 

Transplantation of such scaffolds with poor cell infiltration abilities may lead to a range of 

negative consequences, from prolongation of the first/destructive phase of inflammation to 

rejection of the scaffolds. Several experimental approaches have been developed to 

generate interfibrillar space in the electrospun scaffolds, including but not limited to 

modifications of the electrospinning set-up and inclusion of sacrificial components. It has 

been reported that scaffolds with larger pore diameters in the range of ~ 40-100 μm can 

modulate, moderate and reduce acute inflammatory responses of the body, by influencing 

macrophages biological behavior, and direct the course of the wound healing process to 

the tissue remodeling phase. Macrophages are the major cell component of innate immune 

system and play critical roles in clearance of pathogens, resolution of inflammation and 

wound healing following an injury. Macrophages are characterized by their diversity and 

plasticity. In response to environmental stimuli, they acquire different functional 
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phenotypes of pro-inflammatory (M1) or anti-inflammatory (M2). In this thesis, we 

developed a novel unique gradient porous structure from a plant-based “green” soy protein 

isolate (SPI) with improved pore size for macrophages to infiltrate. We further showed the 

ability of the scaffold to modulate phenotype switch in macrophages in vitro and in vivo. 

The proposed scaffold, moreover, appeared to support transition of the inflammation 

process from the destructive to the constructive phase in vivo. Based on the promising 

results of this thesis, we propose our newly developed scaffold has the ability to be used as 

a new therapeutic modality for treatment of non-healing chronic wounds. 
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CHAPTER 1 

INTRODUCTION 
 

Skin 

Anatomy 

Skin is the largest organ in the body with the approximate weight of 10% of a 

person’s body weight. Skin covers a surface area of about 2 m2.[1] As seen in Figure 1 

skin is comprised of three main layers, first of which is an outermost stratified cellular layer 

of epidermis underneath which is the dermis layer consisting of extracellular matrix.[2] 

Beneath the epidermis is the third layer, called hypodermis, which is mainly composed of 

a subcutaneous fat layer along with a loose connective tissue with a layer of striated 

muscles separating the tissue from the rest of the body.[1, 2] The epidermis is a 0.05 to 0.1 

mm layer solely composed of cells including keratinocytes and dendritic cells.[1, 3] The 

epidermis can be divided into four distinct zones of the basal layer, the spinous layer, the 

granular layer and the cornified layer of stratum corneum with the outermost stratum 

corneum being the layer that is exposed to ultraviolet radiation and is first to slough off.[1, 

4] Furthermore, the major barrier function of skin against external chemical stimuli resides 

in the stratum corneum layer.  

The basal cell layer of epidermis is composed of a few layers of cuboid and 

columnar cells and is the proliferative layer of the epidermis. Interspersed between the 

basal cells are melanocytes. Melanocytes secrete the complex polymer of melanin, the 

pigment that is the major determinant of skin color in humans.[5]    
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The epidermis is constantly recycling and its appendages maintain skin 

homeostasis. [1, 2] In humans, this layer turns over almost every 12 to 14 days. This stream 

of recycling plays an essential role in restoration of epidermis specifically upon injury to 

the skin. This layer of skin is also home to resident stems cells that sit in specialized niches 

and will be recruited and migrate to the site of injury to replace necrotic cells. These stem 

cells reside in the basal cell layer of the interfollicular epidermis and bulge areas of hair 

follicles. Upon injury and through molecular signaling, the recruited stem cells migrate, 

proliferate and differentiate into specialized type of cells. [1] 

The dermis mechanically supports the epidermis. The extracellular matrix of the 

dermis is mainly composed of collagens, mainly type I and type III, and elastin.[6] The 

tensile strength as well as the thickness of the dermis offer an effective barrier against 

trauma and external mechanical stimuli. Within the dermis are all the skin appendages 

including sweat glands, sebaceous glands, apocrine glands and hair follicles. Blood vessels, 

nerves and lymphatics are some of the other functional components of the dermis. The 

primary cell types of the dermis are dermal fibroblast, which are responsible for the 

synthesis and degradation of connective tissue proteins. Fibroblasts play an important role 

in the wound healing process through secretion of remodeling enzymes such as 

collagenases. Dendritic cells and dermis-residing macrophages serve as biological barriers 

of skin. The dermal macrophages essentially patrol the dermis for potential invading 

pathogens. This type of cell also plays a critical role in innate immunity and helps to 

develop specific adaptive immunity.[7] 
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Function 

The key function of skin is to provide the body with a protective barrier against 

mechanical and chemical stimuli from the external environment. The outermost cornified 

layer of the skin, produced by the stratum corneum, restricts water loss from the body. 

Tissue-resident immune system components of the skin, i.e. dendrocytes and macrophages 

offer innate immunity against external pathogens. Both dermis and epidermis actively play 

roles in the healing process of a wound and restoration of the skin integrity. The role of the 

epidermis in the healing process is to restore the protecting surface and to isolate the rest 

of the body from potential foreign pathogens. Prompt reestablishment of lost dermis is also 

essential as prolonged lack of this tissue leads to infection, tissue failure and circulatory 

deficiency.[8] Thermoregulation is another important function of skin. Regulation of 

Figure 1. Various components of human skin.[206] 
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temperature is achieved through sweat secretion from eccrine sweat glands as well as 

vasodilation (widening) or vasoconstriction (narrowing) of blood vessels.  

Moreover, subcutaneous fat in skin offers two important function. First, it serves as 

an insulator hence restricts heat loss and second, it provides a cushion layer to dampen 

mechanical impacts.[1] 

 

Types of Wound 

Acute Wounds 

Wound healing is a complex, overlapping sequence of events. It involves 

simultaneous interplay of molecular mediators, extracellular matrix proteins, blood cells 

and parenchymal cells. There are no rigorous and well-defined time boundaries between 

the stages of the wound healing process. However, for ease of explanation the process of 

wound healing  can be divided into four stages: hemostasis, inflammation, proliferation 

and remodeling (Figure 2).[9] The main cellular components involved in these three 

phases are immune cells, fibroblasts and keratinocytes.[10, 11] 

By definition, injury refers to any instance in which the integrity of the skin is 

compromised. Injuries could happen as a result of infection, trauma or pathological 

conditions.[12] Immediately upon disruption of the continuity of skin, the process of 

healing initiates. Hemostasis is a physiological phenomenon, which happens in response e 

to the contact of white blood cells (specifically) platelets with the subendothelial basement 

membrane/matrix and cells in the vessel wall (smooth muscle cells/fibroblast). The process 

begins with thee activation of platelets and formation of a fibrin clot in which platelets and 

other blood elements are entrapped, leading to a blood clot.  
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The purpose of blood clot formation is to restrict and eventually prevent blood 

loss.[13] The formation of a fibrin plug paves the way for the subsequent stages of 

inflammation and remodeling. Cellular constituents of wounded tissue secrete growth 

factors and pro-inflammatory cytokines, such as tumor necrosis factor (TNF), interleukin-

8 (IL-8) and platelet-derived growth factor (PDGF), and promote the inflammation phase 

of the healing process. TNFα along with other leukotrienes leads to vasodilation of the 

blood vessels in adjacent tissue and facilitates transfer of the inflammatory cells from the 

blood stream to the site of injury.[14] A normal inflammatory phase is characterized by 

temporal changes in the dominant population of leukocytes involved. In non-healing 

wounds however, this pattern of cellular sequence is disrupted. Polymorphonuclear 

Figure 2. The wound healing process consists of four stages:  A) hemostasis, B) 

inflammation, C) proliferation and D) remodeling. Each phase is characterized by certain 

events of soluble mediators and cellular components. In each section, major molecular and 

cellular components are presented. [207] 
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leukocytes (PMNs) are the first line of cells to be deployed to the site of injury. PMNs’ 

secretion of soluble chemotactic agents leads to recruitment of both specific and 

nonspecific inflammatory cells to the wounded site. PMNs phagocyte foreign materials, 

necrotic cells and damaged tissue, and set the stage for initiating the inflammatory process. 

[13, 15] Moreover, PMNs’ secretion of pro-inflammatory cytokines, such as IL-6, IL-1α, 

and IL-1β, conditions the wound site and guides recruits circulating monocytes to the site 

of injury. PMNs’ activity terminates within the first 24 to 48 hours of injury, when the cells 

undergo apoptotic cell death and are replaced by monocytes, which in turn mature and are 

transformed into activated macrophages. Similar to PMNs, macrophages also participate 

in debridement of the wounded area and clear the site of bacteria and foreign elements. At 

this stage, macrophages become the dominant type of immune cells present in a wound and 

are involved in complex sequence of inflammation processes, which could last from days 

to weeks. Over the time of their activity, macrophages secrete a sequential array of 

inflammatory, angiogenic cytokines, and other growth factors, which contribute to 

inflammation, healing, and remodeling of the healing tissue. The inflammation phase of 

wound healing is marked by macrophages secretion of IL-6, IL-1α, IL-1β, and TNFα. 

Stimulated by macrophage-derived factors, such as fibroblast growth factor-2 (FGF-2), 

tumor growth factor-β (TGF-β), and insulin-like growth factor (IGF), fibroblasts proliferate 

and migrate to the wound bed and secrete ECM proteins. Fibroblast-secreted ECM proteins 

include, but are not limited to, fibronectin and hyaluronan at earlier stages, followed by 

type I and III collagens at later stages of healing. Moreover, during the inflammatory stage, 

the macrophage-derived secretome promotes differentiation of fibroblasts into 

fibromyocytes, which cause physical contraction of the wound site and aid in wound 
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closure (and scar formation) .[13] Eventually with attenuation of the inflammation phase, 

the proliferative phase takes in which the healing process leads to the  formation of new 

blood vessels and remodeling of the healing tissue. [15, 16] The remodeling phase is the 

very last phase in the healing process and may last even months after the closure of the 

wound in an attempt to restore the skin’s original function and look.[13] During remodeling 

phase, a scar tissue forms that lacks tensile strength of the original skin. Moreover, 

regeneration of epithelium, endothelium, and appearance of skin appendages such as sweat 

glands are deficient in this stage. [14]  

 

Chronic/ Hard to Heal Wounds 

Chronic wounds are a serious public health problem in the US and worldwide. 

These type of wounds impose a massive financial burden to the health care system as well 

as to the individuals affected. According to the Centers for Disease Control and Prevention 

(CDC), the annual cost associated with care and treatment of chronic wounds in the US 

alone amount to  ~ $30 billion.[17] Chronic wounds such as diabetic foot ulcers and 

pressure ulcers usually reflect other, underlying serious health problems such as diabetes. 

However, external adverse events, such as high degrees of burns or surgical wounds, are 

amongst the factors that lead to development of hard-to-heal wounds. [18] Chronic or hard-

to-heal wounds are characterized by prolonged duration of healing, in some cases months 

or even years, or occasionally complete absence of healing. These types of wounds fail to 

proceed through the orderly and phases of the wound healing process in a timely manner 

and the functional reestablishment of the tissue is often impaired.[19] To date, management 

of such type of wound remains controversial and challenging and is the focus of numerous 
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preclinical and clinical studies. Plausible reasons for impairment of the healing process in 

chronic wounds are persistent stimulation of inflammatory response and chronic 

infections.[19, 20] Chronic wounds exhibit high levels of pro-inflammatory cytokines, 

high levels of protease activity and excessive influx of neutrophils.[17] For instance, the 

levels of IL-α and IL-β detected in wound fluid in chronic wounds is higher when compared 

to that of acute wound.[20] Excess levels of neutrophils as the primary source of matrix 

metalloproteinases (MMPs) leads to abnormally high concentrations of such proteases in 

chronic wounds. MMPs along with serine proteinases are the two main categories of 

proteases involved in the repair process of skin wounds. MMPs commonly degrade and 

remodel the extracellular matrix, predominantly the various collagens. During the healing 

of acute wounds by resolution of the inflammatory stages, the level of MMPs diminishes 

to the basal level of healthy skin. This drop in the level of MMPs level is commonly 

regulated by an increase in the levels of tissue inhibitors of matrix metalloproteases 

(TIMPs). In chronic wounds, the temporal balance of MMPs and TIMPs is disrupted, 

which in turn, causes overactivation of MMPs, resulting in persistent tissue degradation 

and prolonged inflammation.[21] Figure 3 depicts the sequential profile of the stages of 

healing in acute versus chronic/ hard-to-heal wounds. 
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Macrophage Polarization in Wound Healing 

 

Macrophages are the prominent type of inflammatory cells present in wounds. 

There are two main sources of macrophages. First, are tissue resident macrophages such as 

alveolar macrophages in lung, Kupffer cells in liver, or microglia in the central nervous 

system.[22] These type of macrophages mostly exert tissue-specialized functions. The 

second source of macrophages, which mainly contribute to the wound healing process, are 

monocytes circulating in the blood stream. After extravasation from the circulatory system 

to the injured tissue, monocytes undergo a terminal differentiation towards 

macrophages.[23] Influenced by local stimuli, macrophages activate towards one of two 

major activated phenotypes (M1 and M2). The M2 phenotype is further classified into four 

distinct subtypes of M2a, M2b, M2c, and M2d. This process of activation from the resting 

state (M0) to either of the two activated states is called “macrophage phenotype 

Figure 3. Stages of wound healing in acute wounds compared to chronic wounds. In 

each stage major type of cells, playing roles and their pertinent secretomes are 

depicted. [208] 
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polarization”.[24, 25] Classically, “inflammatory” M1 macrophages participate in early 

tissue injury responses, eliminate the initial cause of inflammation, facilitate wound 

debridement, and produce/release predominantly pro-inflammatory cytokines. On the other 

hand, upon “alternative” activation “reparative” M2 macrophages aid in resolution of 

inflammation, restoration, and remodeling of the healing tissue. [23]  

M1 macrophages are potent producers of pro-inflammatory cytokines such as 

TNFα, IL-12, IL-1β, IL-6, and inducible nitric oxide synthase (iNOS).   

M2 macrophages secrete growth factors such as TGFβ1 and PDGF. These growth 

factors stimulate epithelial and fibroblast cells. For instance, TGFβ1 drives the 

differentiation of fibroblasts into myofibroblasts, contributing to angiogenesis in healing 

tissues. M2 macrophages also promote production of TIMPs, which in turn restrict the 

degradation of ECM proteins and promote the synthesis of structural proteins such as 

collagen. Through secretion of CCL17 and CCL22, M2 macrophages recruit and stimulate 

T helper 2 (Th2) and T regulatory cells, which, in turn, promote wound healing and restrict 

scar formation. M2 macrophages are well equipped to produce immunoregulatory 

mediators, such as IL-10 and resistin-like molecule α (RELMα) alternatively known as 

FIZZ1. These immunoregulatory proteins reportedly decrease the duration of inflammation 

and promote healing.[26]  

Being a necessary component of wound healing, prolonged activity of pro-

inflammatory macrophages (M1) leads to the transition of a normal into a chronic or 

fibrotic healing. Proper polarization of macrophages is of critical importance for effective 

wound repair. [27] Therefore, modulation of the phenotypic switch in macrophages could 

potentially be an alternative approach for achieving a scarless repair. It has been suggested 

https://www.ncbi.nlm.nih.gov/pubmed/15914026
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that M2/M1 score, which is defined as the sum of M2 genes divided by the sum of M1 

genes each normalized to the reference gene could be a reliable indicator of the healing 

state in wounds in vivo. A low M2/M1 ratio, particularly in later phases of healing, is a 

characteristic indicator of non-healing wounds. [28]   

M2 macrophages can be divided into four subtypes of M2a, M2b, M2c, and M2d 

each of which has their own specific contribution to tissue remodeling.[29] M2a are 

stimulated in response to IL-4 and IL-13; they are associated with Th2 cell activities and 

are reportedly pro-fibrotic. [22, 29] M2b macrophages arise in response to stimulation of 

M0 naïve macrophages by IL-1β and lipopolysaccharide (LPS). M2c are induced in 

response to IL-10 and TGFβ and they contribute to tissue remodeling and immune 

suppression. Recently Enfield and Leibovich suggested the existence of a fourth subset of 

M2 macrophages, called M2d, which are proangiogenic and develop from an M1 

phenotype.[30] Shown in Figure 4 is a schematic of the pathways and the involved 

Figure 4. Naïve macrophage polarization towards pro-inflammatory and 

anti-inflammatory phenotypes. The four subtypes of M2 macrophage i.e. 

M2a, M2b, M2c, and M2d along with inducing agents involved in each 

polarization process in presented. [209]  
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inducing agents by which macrophage polarization towards the 2 main phenotype and the 

three subtypes of M2 occurs.  

 

Signaling Pathways Involved in Macrophage Polarization 

Identification of the detailed cellular/biochemical mechanisms of phenotype 

polarization in naïve macrophages to mature M1 and M2 or repolarization from one 

activated state to the other could yield therapeutic targets of and reveal new approaches 

towards healing of skin wounds. Runt-related transcription factor 1 (RUNX1 is thought to 

represent one of the global regulators of the macrophage phenotype.[31] This transcription 

factor, through interplay with signaling proteins of STAT, IRF, and PPARγ, plays an 

important role in the initial polarization and maintenance of the M0 macrophage 

phenotype.[32] STAT1 and IRF5 have been shown to be associated with polarization of 

M0 towards an M1 phenotype. IRF5−/− mice show reduced production levels of pro-

inflammatory cytokines, such as IL-6 and TNFα.[33] However, the underlying mechanism 

of IRF5’s contribution to transcriptional regulation of pro-inflammatory genes remains 

poorly understood. STAT6, IRF4, CREB-C/EBPβ, on the other side, are involved in the 

polarization and maintenance of an M2 phenotype.[34-36] Activation of PPARγ impairs 

the ability of macrophages to suppress cytotoxic T lymphocytes, hence PPARγ is believed 

to suppress M2 polarization.[37] This function of PPARγ, however, remains controversial, 

as PPARγ has been suggested to promote M2 polarization in adipose tissue.[38] 

Studies have shown that phosphorylation of adenosine monophosphate-activated 

protein kinase (AMPK) represses pro-inflammatory responses in macrophages. 
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Furthermore, activation of AMPK inhibits LPS-induced expression of pro-inflammatory 

genes such as TNFα, IL-1β, IL-6, and COX-2 in THP-1 and RAW 264.7 cells.[39-41] In 

addition, stimulation of macrophages with anti-inflammatory cytokines, such as IL-10, IL-

4, and TGF-β results in activation of AMPK, i.e. activation of a key mechanism via which 

these immune-suppressive agents function.[42] Expressed in almost all cells, nuclear 

factor-κB (NF-κB) plays an important role in activation of the M1 phenotype.[43] There is 

emerging evidence that AMPK can inhibit the inflammatory responses induced by NF-

κB.[44-48] AMPK-induced inhibition of NF-κB is mediated through downstream targets 

of AMPK, such as SIRT1, PGC-1α, p53, and FoxO1.[44] Various inflammatory cytokines 

such as TNFα and IL1, activate signaling cascades that lead to activation of NF-κB, and 

consequently upregulate the transcription of pro-inflammatory cytokines.[49, 50] FoxO1 

is a key regulator of macrophage polarization. Phosphorylated FoxO1 promotes pro-

inflammatory M1 polarization in human monocyte-derived macrophages.[51] This 

signaling pathway is regulated by TLR2-mediated activation of PI3K/Akt. Abrogation of 

FoxO1 reduces M1 pro-inflammatory responses and enhances M2 polarization. 

Overexpression of FoxO1, on the other hand, increases expression of pro-inflammatory 

mediators and functional surface molecules, such as CCR7 and CCR2.[51-54] Previous 

studies suggest that in murine macrophages, inhibition of the Rho kinase (ROCK) pathway 

promotes repolarization of the M1 to M2 phenotype.[43, 55-57] For instance, injection of 

Fasudil, a selective ROCK inhibitor, has shown to be effective in treatment of both early 

and late stages of encephalomyelitis through promoting the M1 to M2 phenotype 

switch.[51, 54-56]  
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STAT6 is believed to be the master regulator of M2 polarization.[58-61] For 

example, induction of the M2 phenotype in bone marrow-derived macrophages (BMMΦs) 

is inhibited in macrophages derived from STAT6 knockout mouse models, whereas the 

induction of STAT6 in wild-type mice leads to high expression of M2 markers, such as 

Arg1 and Fizz-1.[59, 60] Moreover, parallel activation of STAT6 and STAT5 is required 

for M2 skewing of murine BMMΦs such that inhibition of either pathway abrogates the 

phenotype switch.[60] Many members of the STAT family, including STAT1, STAT3, and 

STAT6, are involved in microglia/macrophage phenotype switching. For example, STAT1 

enhances M1 polarization upon IFN-γ exposure.[62, 63] Interestingly, the function of 

STAT3 is diverse, as it is involved in both IL10-stimulated M2 polarization and IL6-

stimulated M1 polarization.[63, 64]  

Furthermore, alteration of the cells’ resting potential could be a powerful tool to 

modulate proliferation and differentiation of immune cells.[65-67] Macrophages regulate 

their intracellular ion signaling pathways by modulating expression and activity of ion 

channels. For instance, activation of calcium channels mobilizes intracellular Ca2+, initiates 

the PI3K-AKT pathway and plays a role in the phenotype switch.[66] Alternatively, 

bioelectric stimulation of macrophages not only initiates phenotype skew in naïve 

macrophages, but also modulates the phenotypic switch in pre-polarized macrophages. 

Bioelectric stimulation acts through targeting ATP sensitive potassium channels (KATP). 

Blockage and opening of KATP channels, respectively decreases and augments expression 

of M1 markers.[65] These findings suggest that bioelectric stimulation of macrophages is 

a promising alternative approach to modulate macrophage polarization and may be used as 

a novel tool in regenerative medicine. A schematic overview of macrophage polarization 
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and the respective mediators and cellular receptors involved in each process is represented 

in Figure 5.   

 

Scaffold Physical Cues Involved in Macrophages Polarization 

 

Physical properties of tissue-scaffolds, such as the pore size and surface topography 

are of importance in modulating the inflammatory response.[22, 68-70] Upon implantation 

of scaffolds with larger pores (>20-30µm), these pores will be populated by numerous 

macrophages, whereas macrophages are not able to enter scaffolds with smaller pores (<10 

µm), accumulating adjacent to and/or adhering to the surface.[22, 68, 71, 72] Penetration 

of macrophages into scaffolds facilitates the cells to regain a natural spherical morphology 

and may induce the switch to a pro-remodeling phenotype M2 phenotype,  as suggested by 

the significant increase in the expression of Arg1.[68] By contrast, the inability to recruit 

macrophages to penetrate into the scaffold and to phagocytose these scaffolds as foreign 

objects (aka “frustrated phagocytosis”) leads to the fusion of monocyte-derived 

Figure 5. Schematic overview of M1, M2 polarization paradigm. Interplay of signaling molecules, 

receptors and transcription factors activates signaling transduction pathways and regulates gene 

expression.[210] 
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macrophages and formation of the so-called foreign body giant cells (FBGCs) and 

eventually fibrosis.[72-75]  

Macrophages that do not find the space to penetrate into the pores of scaffolds (or 

for that matter medical devices or drug carrier systems) rather adhere to the scaffold surface 

and promote secretion of components such as matrix remodeling enzymes (MMPs) and 

their antagonists (TIMPs), which will further participate in regulation of encapsulation/ 

fibrosis process.[68, 74] Small particles (smaller than 10µm) can easily be engulfed and 

phagocytosed whereas larger, solid biomaterials (10-100µm) lead to FBGC formation. [74] 

Scaffolds with interconnected pores with diameters in the range of 30-40 µm enhance 

macrophage influx and promote vascularization of the healing tissue with minimal fibrotic 

tissue formation.[72, 73, 75-77] It is very well accepted that vascularization of scaffolds is 

triggered and initiated by the classically activation of M1 macrophage and secretion of 

involving cytokines such as vascular endothelial growth factor (VEGF). During the later 

stages of inflammation, the previously initiated process of angiogenesis is further 

supported by M2 macrophages. M2- induced production of platelet-derived growth factor 

BB (PDGF-BB), stabilizes the newly formed blood vessels by recruiting pericytes and 

smooth muscle cells and thus transforms these neo-vessels into permanent vasculature.[78-

81] Despite being essential for the initiation of angiogenesis, in order to generate an 

effective, functional vasculature, the number of M1 macrophages has to eventually 

decrease  at the expense of an increase in the number of  M2 macrophages. In another 

words, the degree of vascularization of a scaffold/tissue engineered construct is directly 

related  to the relative number of M2 macrophages over that of M1 macrophages (M2/M1 
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score).[72, 82, 83] One of the challenges then, is how to engineer the phenotype switch in 

macrophages in order to stabilize the previously initiated vascularization process.  

 Implantation of porous scaffolds with the pore size of ~ 40-100 μm has shown to 

support higher vascularization of the healing tissue along with thinner fibrous capsule and 

significantly higher M2/M1 score when compared to scaffolds with smaller pores (~ <15 

µm), or solid scaffolds.[72]  

Physical properties of scaffolds, such as their surface roughness is a novel tool to 

control and program phenotype switch in macrophages. Several studies suggest that there 

is a differential attachment affinity of macrophages to rough surfaces than to smooth 

surfaces.[84-87] Macrophages adhesion leads to their activation and subsequent 

upregulation in inflammatory cytokines secretion.[88, 89] Important to note is that only 

nano- and micro-roughness has the ability to regulate cytokine secretion in macrophages, 

whereas macro-roughened surfaces have no significant effect on the secretion profile of 

the cells.[85, 89]    

There is also an interplay between the shape of macrophages and their state of 

polarization. For example, physical confinement of BMMΦs using a micro-patterned, 

grooved substrate caused elongation of the cells and upregulated the expression of CD206 

and Arg1.[90] Upregulation of these two markers of the pro-healing M2 phenotype clearly 

suggests alternative activation of the macrophages by surface topography. By contrast, 

when seeded on flat surfaces, the cells remained rounded “pancake-like” and expressed 

M1-specific markers.[90] The influence of physical confinement on phenotype switch is 

so profound that it counteracts and supersedes chemical cues. When treated with M1-
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activating cytokines (LPS/IFN-γ), the elongated cells on the micropatterned surface 

express significantly lower levels of M1 markers than cells seeded on a flat surface.  

Badylak et al. looked at the rate of degradation of biomaterials as a tool to modulate 

macrophage polarization in vivo. This study suggests that chemically crosslinked ECM-

derived scaffolds with a slow degradation rate are predominantly targeted by the classically 

activated M1 phenotype. By contrast, the alternatively activated M2 phenotype is the 

prevailing macrophage type associated with native, non-crosslinked scaffolds that degrade 

much faster.[82, 91] The question remains whether the phenotype switch is the exclusive 

reflection of the rate of degradation or if it is caused by the differential release of bioactive 

degradation products from cross-linked vs non-crosslinked scaffolds. In the next section, 

we will discuss the influence of the choice of biomaterials used in scaffold manufacturing 

on the polarization of macrophages.   

 

Biomaterials Origin and Macrophages Polarization 

 

Regardless of their origin, whether synthetic or natural, implantation of 

biomaterials always stimulates components of both the innate and adaptive immune 

system.[92]  Either of the main categories of biomaterials, synthetic or natural, have their 

own pros and cons when it comes to inflammation and healing. For example, certain 

proteins show preferentially adsorb to either synthetic or natural biomaterials. For example, 

fibronectin, collagen, and albumin are examples of proteins that preferentially adsorb onto 

synthetic substrates.[93-96] By contrast, IgG and fibrinogen tend to prefer binding to 

naturally derived biomaterials.[97] This differential protein coatings of natural versus 

synthetic biomaterials is postulated to play roles in preferential polarization of 
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macrophages towards certain phenotypes.[82, 83, 98, 99] For instance, keratin and ECM-

derived components, including collagen and hyaluronic acid promote the alternative 

activation of M2 macrophage in vitro.[100-102] In the case of chitosan, however, the 

macrophage activation is modulated by the degree of acetylation (DA). Lower DAs induce 

adhesion of lower numbers of inflammatory cells, with M2 being the predominant 

phenotype of the recruited macrophages.[103] Depending on molecular weight, hyaluronic 

acid (HA) has also been shown to activate differential signaling pathways. Low molecular 

weight HA induces the classically activated M1 phenotype, characterized by the 

upregulation of  NOS2 (iNOS?), TNFα, IL12b, and CD80, whereas, high molecular weight 

HA promotes the alternatively activated M2 phenotype, upregulating Arginase1 

(Arg1), IL10, and MRC1.[104-106]  For long term implantation of synthetic biomaterials, 

coating of the implants with natural biomaterials, such as ECM-derived proteins, alleviates 

the foreign body reaction and potentially guides the healing process towards the reparative 

stage.[107]  

Due to their mechanical robustness, synthetic materials are a superior choice over 

naturally-derived materials for the replacement of load-bearing parts. Synthetic materials 

offer unique functional advantages over natural materials. These benefits are mainly due 

to our control over the materials’ chemistry, structure, and physical characteristics. 

Selective reactivity and gradient properties in a single entity are examples of properties 

that may not be readily achievable using natural materials. There are studies that have 

shown pro-remodeling potentials of synthetic materials in wound healing.[72, 108, 109] 

However, tissue remodeling capacity is not intrinsic to synthetic materials and has to be 

accompanied by proper design criteria.[108] For instance, myocardial implantation of 
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poly(2-hydroxyethyl methacrylate-co-methacrylic acid) hydrogels scaffolds with 

microtemplated pores greater than 20 µm in size resulted in a thin fibrotic capsule, 

enhanced neovascularization, and macrophages phenotype skew towards the M2 

phenotype.[72]   

 

Interactive/ Bioactive Chronic Wound Dressings 

 

Design and production of dressings intended for chronic wounds require special 

attention as the pathology of these wounds is more complex than that of acute / healing 

wounds. The pressing need for development of bioactive, regenerative wound dressings 

that can function in a more complex way other than solely providing a moist and sterile 

environment, has motivated the design and implementation of interactive wound dressings. 

The goal of numerous interactive wound dressings is, first, to weaken the pro-inflammatory 

response and, second, to facilitate resolution of inflammation and to promote the 

regenerative phase of healing.[110] The mechanisms of action of currently available 

bioactive dressings fall into three categories. First, they either release cytokines and/ or 

growth factors that are essential for accelerated wound healing. Second, the material itself 

possesses endogenous healing activity. Third, the structural or chemical design is such that 

it sequesters harmful levels of protease from the wound bed.[110, 111] Some naturally 

occurring materials such as alginate, collagen, and chitosan have innate beneficial effects 

that accelerate wound closure.[112] Furthermore, bioactive wound dressings doped with 

antimicrobial compounds and antibiotics, such as gentamicin in collagen foams and 

ofloxacin in silicone gel sheets, have been widely used in clinical treatment of 

wounds.[112] Some other commercially available wound dressings contain bioactive 
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components, such as calcium, zinc, copper, and silver ions, mainly to minimize bacterial 

infection.[113] In some other cases the bioactivity of the wound dressing is enhanced 

through controlled release of growth factor agents, such as epidermal growth factor (EGF), 

platelet derived growth factor (PDGF), human growth hormone, and granulocyte-

macrophage colony-stimulating factor (GM-CSF). These ingredients help shortening  the 

inflammation phase of the healing process and promote the regenerative and proliferation 

phases.[111] 

The majority of commercially available bioactive wound dressings are alginate- or 

collagen-based. Alginates are efficient sorbents with hemostatic properties.[114] Alginate 

dressings, such as Aquacel®, Algisite®, and Kaltostat® contain sodium and/or calcium and 

act effectively in removal of wound fluid and exudate, through which they lower the risk 

of infection. However, these alginate-based dressings have appeared to be effective in 

accelerating occlusion of wounds, usually by preventing the formation of a scab. Collagen-

based skin substitutes, such as Integra®, Alloderm®, and BioBrane® have shown to improve 

quality of wound healing in terms of epithelization, neovascularization, and ECM 

deposition. However, all these dressings suffer from pre-mature degradation in vivo. 

Maintenance of structural and functional properties of the skin substitutes until complete 

restoration of dermal components remains a challenge.[113] The xenogeneic origin of 

collagen proteins used for production of these dressings is also considered a risk factor for 

disease transmission and/or relapse in the recipients. From the financial point of view, these 

treatments are usually very costly. For instance, Integra® or Apligraf® cost $1,368 and 

$2,310 per 100 cm2 respectively.[115] Another restricting factor in the use of such animal-

derived wound dressings is religious beliefs. Some populations are religiously restricted 
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from using products containing bovine, porcine or cadaveric derived materials, limits the 

choice of products available to them even more.[20]  

Based on the depth of skin loss, three types of skin substitutes have been applied: 

epidermal, dermal or dermoepidermal.[116] Apligraf® and Orcel® are two dermoepidermal 

skin replacements commercially available. They both involve cellular components; hence 

they increase the risk of immunogenic rejection. Under certain conditions such as 

pregnancy, Apligraf® is not even a treatment option, due to safety concerns.[117] An 

alternative to full-thickness skin substitutes is initial application of a dermal skin substitute 

followed and by an epidermal replacement over two separate surgical procedures. In 

addition to the burden of two procedures instead of one, there is the obstacle of low (<50%) 

average chance of fusion of the two layers (dermal and epidermal over time for complete 

healing of the injured skin. Amongst the disadvantages of the dermal and epidermal 

substitutes that involve cellular components are long culture times, costly manufacturing 

process and limited availability.[20] Table 1 lists a variety of commercially available 

bioactive wound dressings. 
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Table 1. A comparative chart of some commercially available bioactive wound dressings. (Table adapted 

from Leko Lin et al, 2012). 

Category Examples  Company  Cellular/ 

Acellular  

Natural component 

Alginates Algisite® Smith & 

Nephew 

Acellular Calcium alginate 

Tegagel® 3M Health Care Acellular 

Sorbsan® Bertek 

Pharmaceuticals 

Acellular 

Kaltostat® ConvaTec Acellular Calcium sodium alginate 

Hydrogel Granugel® ConvaTec Acellular  

Intrasite 

Gel® 

Smith & 

Nephew 

Acellular  

Nu-Gel® Johnson & 

Johnson 

Acellular Sodium alginate 

Sterigel® Seton Acellular  

Hydrocolloid Comfeel 

Contour® 

Coloplast Acellular  

Granuflex® ConvaTec Acellular  

Tegasorb® 3M Health Care Acellular  

Duoderm® ConvaTec Acellular  

Exuderm® Medline Acellular  

Hydrofiber Aquacel® ConvaTec Acellular Calcium alginate 

Aquacel 

Ag® 

ConvaTec Acellular Calcium alginate w/ 

silver 

Collagens TransCyte® Smith & 

Nephew 

Cellular TGFβ1, KGF, VEGF, 

IGF1 

Orcel® Forticell 

Bioscience, Inc. 

Cellular Epidermal keratinocytes, 

dermal fibroblasts 

Apligraf® Novartis 

 

Cellular Autologous Keratinocyte 

Chuang Bi 

Fu® 

Harbin Peiqilong 

Biopharmaceutic

al Co., Ltd 

Acellular FGF 

Alloderm® LifeCell Corp. Acellular Human-derived collagen  

Permacol® Medtronic Acellular Porcine dermal collagen 

BioBrane® Smith & 

Nephew 

Acellular Collagen and Silicone 

Integra® Integra Life 

Sciences Corp. 

Acellular Collagen, Chondroiti-6-

suphate and Silicone 

Matriderm® Dr. Suwelack 

Skin & Health 

Care AG 

Acellular Collagen and elastin 

 

https://www.vitalitymedical.com/bertek-pharmaceuticals.html
https://www.vitalitymedical.com/bertek-pharmaceuticals.html
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Soy Protein in Regenerative Medicine and Immunosuppressive 

Activity 
 

Despite successful development and commercialization of synthetic and animal-

based biomaterials as wound dressings or skin substitutes, taking into account their 

limitations makes plant-derived biomaterials an attractive alternative. Amongst the plant-

based materials, soybean is a biomaterial of interest for tissue engineering and regenerative 

medicine applications.[118-120] Soybean is composed of 40-50% proteins, 20-30% lipids 

and 26-30% carbohydrates.[121] Soybean derived proteins can be processed into three 

products of flour, concentrate, and isolate with increasing protein content respectively. Soy 

protein is a renewable resource, inexpensive, abundant, non-toxic, and biodegradable.[20, 

121] Soy comprises several bioactive components, amongst which biomedical applications 

of trypsin inhibitors and isoflavones have been very well-studied.[122, 123] For example, 

trypsin inhibitors play a role in prevention of cardiovascular diseases, cancer formation, 

and metastasis. [124] Due to the presence of plant (phyto)estrogens (isoflavones) in the soy 

preparations, soy protein isolates have a range of biological and immunological activities. 

For example, isoflavones interact with tyrosine kinase receptors expressed on the surface 

of immune cells, including monocytes and macrophages, and modulate their inflammatory 

functions.[125] Moreover, the free radical scavenging properties of phytoestrogens 

reinforce the anti-inflammatory properties of soy proteins. The best-characterized between 

the isoflavones molecules are genistein and daidzein.[125]  

Depending on their genotype, soy contains different amounts of daidzein, genistein, 

glycitein, saponins, and lunasin.[126] Over 90% of soy proteins are comprised of storage 

proteins with two subunits characterized as 7S and 11S, enriched in conglycinin and 
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glycinin respectively.[124] From the three main types of protein-rich soy products, soy 

protein isolate (SPI) has the highest lunasin content.[127] Lunasin is a low-molecular 

weight (5kDa) peptide and acts as a bioactive, presumably immunomodulatory component. 

Har-el et al. showed a significantly lower number of immune cells recruited to cutaneous 

wounds treated with soy protein isolate than in untreated control wounds.[119] In this 

study, it was postulated that the lower influx of immune cells in the soy-treated wounds 

may be due to the release of lunasin from degradation of soy as opposed to absence of that 

peptide in the untreated control wounds. Gonzalez et al. 2009 also showed the anti-

inflammatory properties of lunasin.[128] In this study, they showed that lunasin and 

lunasin-like peptides have inflammation inhibitory effects on lipopolysaccharide (LPS)-

treated RAW264.7 macrophages. LPS is a potent inflammatory stimulant that induces the 

M1 pro-inflammatory phenotype switch in naïve macrophages. The anti-inflammatory 

mechanism of action of lunasin based on the inhibition of the activation of the transcription 

factor NF-κB. Inhibition of that pathway contributes to downregulation of the genes 

associated to the pro-inflammatory phase of inflammation, such as iNOS, IL-6, NO, COX2, 

and PGE2.[129] Nitric oxide (NO) is an important biological factor that is synthetized from 

L-arginine. However, overproduction of the mediator is cytotoxic. In inflammation, the 

inducible form of NOS (iNOS) is activated and production of NO increases by several 

orders of magnitude. Treatment of LPS-induced macrophages with lunasin diminished 

both the expression of iNOS and secretion of NO.[128] It is very well accepted that 

uncontrolled activity of cyclooxygenase-2 (COX2) accompanied by abundant secretion of 

its enzymatic products, e.g., prostaglandin E2 (PGE2), plays a key role in development of 

certain types of cancers.[130] Lunasin has shown to inhibit the activation of the 
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COX2/PEG2 pathway in LPS-induced RAW264.7 macrophages.[128] Soy protein 

hydrolysates, enriched in β-conglycinin have also shown to share the same inhibitory effect 

in macrophages.[131] Isoflavones have also shown inhibitory effects similar to β-

conglycinin, though less pronounced.[132] 

 

Electrospinning for Tissue Engineering Applications 

 

Fibrous biomaterials are commonly used in the biomedical applications. Specifically, with 

the recent progresses in fiber processing techniques, fibrous biomaterials are becoming 

more and more attractive in the tissue engineering in general and, especially as a wound 

healing platform.[133] There are a variety of techniques for producing nanofibrous 

scaffolds, including, but not limited to, phase separation, self-assembly, and 

electrospinning.[134] Electrospinning is a versatile platform technique and most 

commonly used to produce nanofibers. This method of fabrication is relatively simple, the 

fiber diameters and the mechanical properties of electrospun products are tunable. 

Electrospinning can be performed with vast number of different natural and synthetic 

polymers. Electrospun scaffolds can be produced in the form of randomly-oriented fibers, 

aligned fibers, or even as woven and braided fibrous structures, each with their unique 

applications. For instance, braided fibrous materials are attractive designs to replace 

ligaments (Figure 6), whereas an aligned fibrous scaffold can be ideal for the regeneration 

of nervous tissue.[135, 136]  
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The most basic electrospinning setup is horizontal as shown in Figure 7. The 

electrospinning apparatus involves three main components: a high voltage power supply, 

a polymer solution reservoir placed in a syringe pump, and a conductive target to act as a 

fiber collecting surface. The collecting surface can be either a stationary flat plate or a 

rotating platform. The polymer solution reservoir consists of a syringe, which contains the 

polymer solution and a metal needle. The needle is connected to a high voltage supply 

usually within the range of 0 to 30kV.[22] A syringe pump pushes the polymer solution to 

the tip of the metal needle, where it forms a polymer droplet. When the applied voltage to 

the metal needle surpasses a threshold value, it overcomes the surface tension of the 

polymer solution, fibers start to eject from the polymer droplet that now, under the effect 

of electrostatic filed, has turned into a cone referred to as a Taylor cone and accelerate to 

the collecting surface, which is also known as the target. The voltage threshold value 

depends on the choice of polymer solution, its concentration, viscosity, and the needle to 

target distance. Initially the fiber jet travels straight, however, with eventual evaporation 

of the solvent and build-up of electric charge on the fibers, repulsive forces will be created. 

Figure 6. Scanning electron microscopy (SEM) visualization of interwoven 

electrospun braided structure developed for ligament regeneration in an in vivo 

rabbit model study; open structure illustrated in the right panel substitute for 

intra-articular anterior cruciate ligament and tighter braided edge region for 

bone tunnel fixation.[211] 
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This repulsive force transforms the flow of fibers from the linear to a whipping trajectory, 

during which nano/ micrometer-sized fibers form. A combination of intrinsic and extrinsic 

factors is involved in successful formation of fibers. Intrinsic factors, such as needle to 

target working distance, applied voltage, viscosity, and conductivity of polymer solution 

also play key roles in the formation of bead-free and uniform fibers.[22, 133] Ambient 

humidity and temperature are examples for extrinsic factors influencing the quality of 

nanofiber formation.  

 

Electrospinning is a method capable of producing a relatively large range of fiber 

diameters. The fibers can fall into two main categories of microfibers (as thick as a few 

microns) and nanofibers (as thin as a few nanometers). The latter is of a great interest in 

biomedical applications, as it mimics the structural dimensions of the ECM of many 

tissues. It has been suggested that biocompatibility of fibrous scaffolds increases with a 

decrease in fiber diameter.[137] This increase in biocompatibility of nanofibrous scaffolds 

is partly due to a significant (many-fold) increase in the adsorption of serum proteins, such 

Figure 7. The basic horizontal electrospinning setup consist of a syringe, a grounded target, 

and high voltage supply. Using a syringe pump, polymer solution of interest in the syringe 

feeds to the tip of a needle attached to it. Application of a high voltage between the needle and 

the target, causes fibers to eject from the polymer solution and deposit on the target.    
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as fibronectin and vitronectin, to nanofibers when compared with microfibrous 

scaffolds.[138] The biochemical mechanism by which nanofibers actively attract proteins 

is not understood yet. Saturation of the nanofibers’ surfaces with cell adhesion molecules 

and the ECM mimicking dimensions of electrospun scaffolds directly promotes an in vivo-

like environment favoring  interactions with cells.[133] For instance, when NIH 3T3 

fibroblasts were seeded onto nanometer-sized electrospun fibers, localization of focal 

adhesion kinase (FAK) protein at the edge of the lamellipodia was less defined and more 

punctate than when the cells were seeded on glass. Lack of FAK localization at adhesion 

sites is a characteristic of cells in an in vivo condition.[139] Li et al. has demonstrated that 

chondrocytes, when seeded onto PCL nanofibrous scaffolds, maintain their chondrocytic 

phenotype, as inferred form the continuous expression tissue specific ECM proteins 

mRNA. By contrast, chondrocytes seeded on TCP de-differentiated and failed to maintain 

the phenotype.[140]   

A wide range of natural and synthetic materials have been successfully electrospun 

into nanofibrous scaffolds. Collagen, elastin, silk fibroin and hyaluronic acid are examples 

of natural biomaterials which have been electrospun.[141-143] Bioactive components of 

natural polymers, such as peptides, amino acids, and polysaccharides, makes them more 

cell-interactive than synthetic polymers. However, natural materials usually degrade 

rapidly, hence scaffolds made of natural materials often fail to chemically and 

mechanically support the healing tissue throughout the entire process into the turnover to 

the remodeling phase. The mechanical strength of constructs made from these natural 

polymers, however, can be improved via crosslinking or mixing with more robust 

materials. On the other side are synthetic materials with inferior bioactivity, but with 
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tunable degradation rates and favorable mechanical properties. These synthetic polymers 

include polylactic acid (PLA), poly(lactic co-glycolic acid) (PLGA), and poly(Ɛ-

caprolactone) (PCL), that have been widely used a scaffolds in tissue engineering, for 

example in orthopedic or cardiovascular applications.[144, 145]   

 

Electrospinning and Lack of Cell Penetration 

Pore size and pore connectivity have always been a challenging design criteria in 

fabrication of tissue engineering scaffolds. These parameters play a major role in 

facilitating cellular penetration in a given scaffold, where they then can migrate, proliferate 

and function properly. The major shortcoming of electrospun scaffolds is the tight packing 

density of fibers and as a result, this type of scaffold restricts the ability of cells to populate 

the interior of electrospun constructs. The lack of cell permeability has profoundly limited 

the biomedical applications of these scaffolds.[146, 147]  

The minimum size of pores necessary for cells to penetrate depends on the size of 

the cell type of interest and could vary between 20-250 µm. Several experimental 

approaches have been developed to address the small pore size in electrospun scaffolds. 

Some researchers suggested that by increasing the diameter of the fibers, the size of the 

pores can also be enhanced.[148, 149] However, making the fibers thicker compromises 

the nanofibrous characteristic of the scaffolds, which is arguably the most intriguing aspect 

of the scaffolds. Some others researchers have recommended incorporation of porogens or 

sacrificial components, such as salt or sugar crystals or alginate beads.[150] Following 

initial manufacturing of such composite scaffolds, the sacrificial components can be 

dissolved in a solvent that does not dissolve the nanofibers, leaving behind pores. The 
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concern with this methodology however, is lack of control over homogenous distribution 

of the sacrificial components, which could reflect on the integrity of structure.   

In the context of wound healing and tissue remodeling, it has been shown that 

scaffolds with higher degrees of porosity and pore interconnectivity will better integrate 

with the host tissue and promote angiogenesis.[151, 152] This more desirable outcome in 

terms of tissue remodeling may, at least partly, be due to biological changes, which might 

have been induced in immune cells as they penetrate into the scaffold interior.[68, 153] 

One of the aims of this thesis is to test, whether improved porosity in the fibrous scaffold 

can serve as a tool to manipulate macrophage behavior.  

 

Animal Models of Wound Healing 

Rats have been widely used for study of variety of wound treatment modalities. 

Their popularity is mainly due to their availability, small size, and relatively low cost of 

maintenance. Despite the small size of this animal model, rats are large enough to provide 

a suitable area of skin for wound healing studies.[198] Nevertheless, wound healing in rat 

skin does not perfectly mimic that in human skin as morphology of the tissue differs 

between the two species. Rats are known as loose-skinned animals and their skin does not 

have an anchorage to the underlying tissues.[199] Consequently, the healing process in rats 

is mainly achieved by wound closure due to contraction with an accelerated rate of healing 

of a few days when compared healing in humans. Unlike rats, in humans, the wound 

healing process is mainly by granulation tissue formation and re-epithelialization, which 

typically takes about a few weeks.[200] Application of silicone discs at the periphery of 

freshly excised wounds is a method to keep wounds stented open and hinder wound 
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contraction in rodent models. Therefore, wound cavities fill with granulation tissue and 

heal through re-epithelialization, mimicking the healing process in human.[201, 202] In 

this model, silicone discs, with a central hole matching the size of wounds, are typically 

glued to the freshly shaved or depilated skin surrounding the wounded area and are further 

fixed in place using sutures.[203] 

 

HYPOTHESIS AND THESIS OBJECTIVES 

 

Regenerative engineering approaches towards enhancement of cutaneous wound 

healing require a strong footing in terms of bioengineering a permissive scaffold along with 

a profound understanding of the molecular and cellular aspect of the biological processes 

in the wake of cell-scaffold/biomaterials interactions. In the past, the focus of bioengineers 

was to design constructs/scaffolds that were structurally and chemically bio-inert to avoid 

immune rejection.[154] In the course of further progress, the field has reached the 

conclusion that rather than fighting the responses of the immune system it will be more 

beneficial to harness its power for paving the paths towards a more efficient healing 

process.[81, 155, 156] Therefore, research has focused on controlling immune reactions by 

manipulating the composition, as well as the topographical and physicochemical properties 

of the scaffolds. A key part of the regenerative immune response is the phenotypic 

polarization of macrophages (pro-inflammatory M1 vs. pro-healing M2 phenotype), as 

they invade a given scaffold. One of the many parameters in the production of scaffolds 

that can affect the profile of macrophage polarization is the porosity of the scaffolds. It has 

been reported that scaffolds with larger pore diameters in the range of ~ 40-100 μm can 

modulate this profile towards the reparative M2 phenotype (in comparison with the 
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inflammatory M1 phenotype) more efficiently than scaffolds with small (micro) 

pores.[148, 157] Scaffolds with larger pore sizes facilitate the penetration of host cells 

(including macrophages) into the scaffolds, thus better mimicking the natural crosstalk 

between the various cell types and soluble materials such as cytokines and growth factors. 

This crosstalk will eventually result in a faster shift in the initial inflammatory response 

from a destructive to a reparative phase. Over the past decade, biomedical applications of 

plant-derived biomaterials have attracted increasing attention mainly due to their biological 

cues, biodegradability and affordability. Soy protein is amongst the plant-originated 

biomaterials that has been successfully electrospun. Particularly, in our lab, production and 

characterization of electrospun soy protein is very well established. We have presented the 

potentials of soy scaffolds to accelerate wound closure and to promote a more normal, 

tissue-like healing in porcine and rat models. Accordingly, our overall hypothesis is: 

Fibrous soy scaffolds with pore sizes that enable macrophage penetration will promote 

phenotypic change of macrophages from the pro-inflammatory (M1) state to the pro-

healing (M2) state. We tested this hypothesis in three separate aims as follows: 1. 

Production of a gradient porous fibrous (GPF) soy-based scaffold to improve cellular 

invasion with further characterization of the scaffold, 2. Assessment of cell 

penetration of different cell types, including macrophages, into the newly developed 

scaffold and to investigate the GPF scaffolds ability to induce macrophage 

polarization in vitro, and 3. Assessment of macrophage polarization in response to the 

GPF scaffold in a rat model of full thickness excisional wound healing. 
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Aim 1: Production of a gradient porous fibrous (GPF) soy-based scaffold to improve 

cellular invasion particularly macrophages with further physical, mechanical, and 

biocompatibility characterization of the scaffold. Fibrous composite scaffolds were co-

electrospun from an optimized mix of soy protein isolate (SPI)-polyethylene oxide (PEO) 

with subsequent dissolution of the PEO fibers in water and further post-processing of the 

construct by lyophilization. Physical and mechanical properties of the scaffolds, in terms 

of pore diameter and tensile properties, were assessed. Biocompatibility of the GPF 

scaffolds was demonstrated in terms of cell attachment, spreading and viability. Two cell 

types were studied: human dermal fibroblasts (HDFBs) and a human monocytic cell line 

(THP-1) that can be differentiated into macrophages. 

Aim 2: Assessment of penetration of HDFBs and THP-1 monocytes into the newly 

developed scaffold and to investigate the GPF scaffolds ability to induce differential 

macrophage polarization in THP-1 derived macrophages in vitro. HDFBs and THP-1 

cells were seeded onto GPF and control (SPI) scaffolds to assess and compare cellular 

penetration into either scaffold. Additionally, the seeded THP-1 monocyte-derived 

macrophages were evaluated for phenotype change via RT-qPCR by assessing the 

expression of genes relevant to either the M1 or M2 phenotypes.  

Aim 3: Assessment of macrophage polarization in response to the GPF scaffold in a 

rat model of full thickness excisional wound healing and its comparison with control 

SPI and control untreated wound treatment modalities. In this study, full thickness 

excisional wounds, stented for delayed healing and then treated with GPF scaffolds, were 

compared to those that were treated with traditionally electrospun SPI nano-fibrous 

scaffolds as well as to control untreated wounds. For each type of wound treatment, the 
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phenotype of macrophages recruited to the center of the wounded site was quantitatively 

evaluated by immunohistochemistry (IHC) staining for markers indicative of either the M1 

or M2 phenotype. The relative M2/M1 cell density score of macrophages was calculated 

and used as an indicator of resolution of inflammation.  
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CHAPTER 2 

FABRICATION AND CHARACTERIZATION OF GRADIENT 

POROUS FIBROUS (GPF) SCAFFOLDS MADE FROM PLANT-

BASED “GREEN” SOY PROTEIN ISOLATE (SPI) TO IMPROVE 

CELLULAR PENETRATION 

 

Rationale 

 

As discussed in the introduction section, a recurring problem encountered with 

electrospun matrices is the limited penetration of cells into the interior of such fibrous 

scaffolds. This limitation has been attributed to the density of the resultant fiber mesh and 

the fact that most nanofibrous scaffolds lack pores large enough to allow cell infiltration, 

including that of immune cells and macrophages. Macrophages that penetrate into fibrous 

structures, as compared to their aggregation at surface, receive different micro-

environmental signals, which will alternatively affect the functional programming of the 

cells.[68]  

 

Hypothesis 

The combination of selectively removing of sacrificial fibers from a dual 

electrospun scaffold and subsequent lyophilization of the construct, will yield a fibrous 

structure with increased pore size.  
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Methods 

 

Preparation of GPF and Conventionally Electrospun SPI Scaffolds 
  

Preparation of Electrospinning Solutions 

 

Two different solutions were used to engineer a composite fibrous scaffold 

consisting of two distinct fibers of purified soy protein isolate (SPI, Barry Farm Foods, 

B0007YN4YI) as the base biopolymer and poly (ethylene oxide) (PEO, Sigma Aldrich, 

1,000 kDa, 372781) as the sacrificial fiber. SPI electrospinning solutions were prepared as 

previously described.[119, 120] Briefly, 7 % w/v solution of SPI with 0.05% w/v PEO 

were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol HFP (Sigma Aldrich, 105228). The 

solutions were left to stir at room temperature for at least 7 days before electrospinning to 

ensure complete and homogeneous dissolution. The spinning solution for the sacrificial 

component was 3% w/v PEO in 90% Ethanol (Decon Labs, 2805M) which was prepared a 

day prior to spinning.  

 

Fluorescent Labeling of Individual SPI and PEO Fibers Prior to 

Spinning of SPI-PEO Composite Scaffolds 

 

Individual SPI and PEO fibers were fluorescently labeled with red DiIC18 (Thermo 

Fisher Scientific, D282) and green DiOC18 (Thermo Fisher Scientific, D275) respectively. 

Briefly, stock solutions of 1 mg/ml DiIC18 in 200 proof ethanol and 0.5 mg/ml of DiOC18 

in 200 proof ethanol:DMSO (50:50) were prepared. An appropriate amount of the dye 
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stock solutions was added to SPI and PEO spinning solutions to achieve the final 

concentrations of 2.5 µg/ml and 5 µg/ml of DiIC18 and DiOC18 respectively. The 

electrospinning solution containers were then wrapped in an aluminum foil to avoid light 

exposure and bleaching of the fluorescent dyes.    

 

Spinning of SPI-PEO Composite Scaffolds 

 

In order to produce SPI-PEO composite scaffolds, a co-spinning system was set up with 

separate SPI and PEO spinnerets, which were both connected to the same high voltage 

power supply. Electrospinning was carried out at of 13kV for both systems. The PEO 

spinneret was connected to an additional compressed air jet operated at a pressure of 1 bar. 

A vertically rotating mandrel was used to collect the fibers. The two nozzles, as shown in 

the schematic of the process in Figure 8, were arranged orthogonally at 90 degrees to each 

other and perpendicular to the mandrel (target) with a needle to target distance and solution 

Figure 8. Schematic of co-spinning set up to produce SPI-PEO composite 

scaffold. Thinner SPI nanofibers in red simultaneously spun with thicker PEO 

microfibers in green resulting in the two distinct sets of fibers randomly 

interspersed producing the composite SPI-PEO scaffold. 
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feeding rate of 15 cm, 0.8 ml/hr. and 10 cm, 4 ml/hr, for the SPI and PEO solutions 

respectively. This arrangement created a composite fibrous scaffold containing large fibers 

of PEO (~ 20 μm in diameter) and small fibers of SPI (~ 1.2 μm in diameter).  

 

 Post Processing of the Composite Scaffold  

 

In order to remove the sacrificial PEO fibers from the composite SPI-PEO scaffold, 

square samples of 1.5 cm x 1.5 cm were cut from the original scaffold and were individually 

placed into wells of a 6-well plate. Next, 7 ml of deionized water (DI) water were added to 

each well.  The culture plate was then placed on a heater plate set to 40°C. Samples were 

hydrated for 24 hours. The following day, the water inside all the wells was completely 

aspirated and the plate with the soaked scaffolds inside was transferred into -80 °C freezer 

and left there for 2 hours. Subsequently, the frozen scaffolds were taken out of freezer and 

lyophilized overnight at -60 °C and a pressure of 0.08 mbar. It is important to keep in mind 

that the orientation of the hydrated scaffolds when transferred to freezer were kept the same 

as they were placed in water for hydration. This novel method produced a ~1.8 mm thick, 

3D scaffold with a unique gradient porous fibrous (GPF) structure with large pores at that 

side of the scaffolds that were previously touching well-plates and small pores on the other 

side. The schematic of the post processing technique is illustrated in Figure 9. Similar to 

SPI scaffolds,[119, 120] GPF scaffolds were stable in physiological media without the need 

for further cross-linking.  
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Physical Characterization of Scaffolds 

Pore Size Measurement  

In order to quantify the gradient of pore sizes across the thickness of GPF scaffolds, 

the scaffold was transversely sectioned the interior visualized by scanning electron 

microscopy. The images were divided into three layers of top, bottom and middle. Top and 

bottom layers representing the small pore side and the large pore side of GPF scaffolds 

respectively. SEM micrographs of transverse sections of three independently fabricated 

scaffolds were analyzed. For each of 3 transverse sections, pore sizes in five randomly 

selected areas of 250 x 250 μm were measured using ImageJ (NIH, v.1.49d). The results 

were analyzed and plotted using GraphPad Prism (GraphPad Software Inc., v.5) The same 

protocol was repeated for 3 conventionally electrospun SPI scaffolds as the control sample.   

 

 Assessment of Tensile Properties  

 

Tensile properties of GPF and SPI scaffolds were assessed under both wet and dry 

conditions using a Bose® Electroforce, model 3230 Mechanical Test Instrument. 

Rectangular samples of the scaffolds were prepared (10 mm x 5 mm). For each dry and 

Figure 9. Schematic of post processing steps. From left to right are SPI-PEO composite scaffold, 

hydrated composite scaffold and gradient porous fibrous (GPF) scaffold. 
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wet condition, n=5 samples were tested, per scaffold type. The tensile test was conducted 

in three independent sets of experiments, each time using a new batch of scaffolds adding 

up the total number of samples tested in each dry or wet condition to n=3. For testing under 

wet conditions, to simulate a “biologic” environment, samples were soaked in 1X PBS for 

24 hours and immediately tested upon removal from PBS. Gauge length was set to 5 mm 

and a load cell of 10 N with the tensile rate of 1 mm/min was used for testing under both 

dry and wet conditions. Tests were run until rupture or, in the case of wet samples, for 5 

minutes, which is equivalent to 100% strain. The Young’s modulus was calculated from 

the linear portion of stress-strain curves. The ultimate tensile strength (UTS) was 

determined by calculating the maximum stress normalized to the cross-sectional area of 

the scaffold. The data was recorded using the WinTest® software, analyzed and plotted 

using Excel 2013.  

 

In Vitro Biocompatibility of GPF and SPI Control Scaffolds 

  

Cell Culture 

 

Primary human dermal fibroblasts (HDFBs) from neonatal foreskin (originally 

purchased from Clonetics, San Diego, CA, USA) were routinely maintained in high 

glucose (4.5g/l) DMEM (Corning, 10-013-cv) supplemented with 10% (v/v) FBS 

(Benchmark TM, GEMINI Bio Products, 100-106) and a 1% (v/v) mixture of penicillin 

and streptomycin (Cellgro, 30-002-CI). At 80% confluence, the cells were detached from 

the T75 culture flasks by incubating with 0.25% trypsin/ 2 mM EDTA (Mediatech) for 5 
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min. The dislodged cells were centrifuged at 1,200 rpm for 5 min in 1 ml of complete 

medium prior to counting and seeding onto scaffolds. 

 

Human monocytes, derived from an adolescent with acute monocytic leukemia 

(THP-1, from ATCC, catalogue #TIB-202), were maintained in suspension culture in 

RPMI 1640 (Corning, MT10040CV) supplemented with 10% (v/v) FBS, 1% (v/v) mixture 

of penicillin and streptomycin, and 0.05 mM 2-mercaptoethanol (BME; Sigma Aldrich, 

M6250) in suspension culture. THP-1 cells were routinely passaged once they reached a 

density of ~ 1x105 cells/ml, and were not cultured past passage 15. Both cell types were 

maintained in a humidified incubator at 37°C and 5% CO2.  

 

 Seeding of HDFBs and THP-1 Cells onto GPF and SPI Scaffolds 

 

Scaffolds were sterilized by immersion in a 1:10 dilution of a commercial 

antibiotic–antimycotic solution (ABAM; Mediatech Inc., Herndon, VA), in 1X PBS for 24 

hrs. The scaffolds were then washed three times with 1X PBS without calcium and 

magnesium to remove traces of ABAM,  transferred to 24-well plates, using sterile forceps 

inside a laminar flow hood, and secured with Viton O-rings (Cole-Parmer, Vernon Hills, 

IL, USA), as previously described.[120] In two separate sets of experiments, HDFB and 

THP-1 cells were seeded at a density of 1 x 104 cells/cm2 onto the scaffolds in triplicate 

and cultured for up to 7 days. Seven days post seeding, samples were fixed with 10% 

formalin for 30 minutes at room temperature. Cells were permeabilized with 0.25% Triton 

X-100 (VWR, EM-8603-30) for 15 min at room temperature. The nuclei and the 

microfilaments of the cells were stained with 4’,6-diamidino-2-phenylindole (DAPI, 
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Thermo Fisher Scientific D1306) and phalloidin Alexa Fluor 546 (Thermo Fisher 

Scientific, A22283) respectively. Samples were then washed three times for 5 minutes each 

using 1X PBS and imaged using a laser scanning confocal microscope (LSCM, Olympus 

Fluoview 1200 IX 83). 

 

AlamarBlue® Assay 

 

HDFB cell proliferation was determined continually using the Alamar Blue® assay, 

as previously described.[120] Circular (2 cm2 surface area) samples of GPF and SPI 

scaffolds (n=3 each) were placed at the bottom of individual wells of a 24 well plate. For 

GPF scaffolds cell cultures were conducted on both the small pore side and large pore side 

of the scaffolds in two separate sets of experiments. The scaffolds were further secured 

with Viton® O-rings (Figure 10) and sterilized, as elaborated before in the in vitro 

biocompatibility section of this chapter. HDFBs were seeded, at a cell density of 1 x 104 

cells/cm2, in 70 µl complete medium onto the small and large pore sides of GPF scaffold, 

respectively, and also in parallel onto conventionally electrospun SPI scaffolds. The well 

plates were kept in an incubator at 37°C, 5% CO2 for an hour to allow the cells to attach. 

Afterwards, complete medium with 10% v/v AlamarBlue® (AbD Serotec, BUF012B) was 

added to each well to a total volume of 500µl. The plates were incubated at 37°C, 5% CO2 

for 3 hrs. Subsequently, 200 µl supernatant from each well was transferred in duplicate into 

a 96-well plate. For zero control, AB solution was also added to blank wells as well as to 

the wells containing only scaffolds. AlamarBlue® fluorescence was read using a Tecan 

infinite® M200 pro plate reader (Tecan, Switzerland) at excitation and emission 

wavelengths of 545 nm and 590 nm respectively. The remaining AlamarBlue® solution 
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was then first diluted 1:10 with 1X PBS which was removed by aspiration and replaced 

with fresh complete DMEM. The plates were then returned to the incubator. This was the 

day 0 time point and the same process was repeated on days 3, 7 and 10 post cell seeding. 

The fluorescent intensities of each time point were first subtracted from their respective 

zero controls and further normalized to that of day 0. Data was plotted and analyzed using 

Excel 2013.  

 

 

Statistical Analysis  

 

All experiments were performed at least three times in triplicate. Data are presented 

as means ± standard deviation (SD). Statistical significance were tested with a one-way 

and two-way analysis of variance (ANOVA) when appropriate with Tukey’s HSD post 

hoc tests. p-values of p<0.05 and p<0.01 were considered as statistically significant and 

highly significant, respectively. 

 

A B 

Figure 10. A) Representative picture of electrospun SPI scaffold cut in circular samples used in cell 

culture study. B) Scaffolds were placed at the bottom of 24 well plate and secured using autoclaved 

Viton® O-rings. 
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Results and Discussion 

Production of SPI and PEO Spun Scaffolds 

Our laboratory has a solid background in electrospinning of natural derived protein 

including soy protein.[20, 119, 120]  The chemical composition of all SPI electrospinning 

solutions as well as the electrospinning parameters have been thoroughly optimized in the 

past.[20, 120] In this study, preparation of the solutions along with the electrospinning 

parameters (voltage, flow rate, distance) were adopted from these previous studies. Figure 

11 demonstrates an SEM image of a conventionally electrospun SPI scaffold using a 

stationary flat aluminum target. This type of electrospun scaffold was used as our control 

sample throughout all experimental processes. In order to produce the SPI-PEO composite 

scaffold, we optimized the PEO solution composition and spinning parameters. As a 

reminder, PEO fibers served as sacrificial fibers to be removed from the construct and leave 

empty spaces behind between soy fibers. In order to make the resulting spaces as big as 

possible, we aimed to produce the thickest PEO fibers possible using electrospinning. The 

first strategy to create larger fibers is to increase the viscosity of solution by increasing the 

concentration of the solute. However, there is a limiting parameter that defines the 

maximum fiber diameter achievable, which is the evaporation speed of the solvent. By the 

time when fibers land onto target, they have to be completely dried out otherwise, they will 

fuse together and form a sheet of polymer. Evaporation being an endothermic phenomenon, 

we decided to use a warm plate (~ 40-50°C) as the fiber collecting surface to accelerate the 

process of solvent evaporation. However, overtime and by buildup of heat in the scaffold, 

the PEO fibers started to melt and the fibrous structure was compromised. Alternatively, 

we manipulated the equilibrium vapor pressure of our PEO electrospinning solvent to 
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increase its evaporation rate. Equilibrium vapor pressure is defined as the tendency of 

particles to escape from its condensed phase of liquid or solid and is a function of pressure 

and temperature. At a given temperature, a decrease in pressure of a liquid gas system 

enhances the rate of evaporation to restore the equilibrium vapor pressure.[158] In order to 

decrease the ambient pressure surrounding the fibers, an air jet was connected to the needle 

from which the PEO solution was pumped.[159] The air stream drops the pressure at the 

fiber-air interface and increases the rate of evaporation. Moreover, the force exerted by the 

air jet drives the fibers to skip through the whipping zone of electrospinning and avoid its 

thinning effect. Figure 12 is an optical microscope (Nikon) visualization of the PEO fibers 

that were air-assisted electrospun/ electroblown, using the following parameters; 3% w/v 

PEO in 90% Ethanol spun at 13 kV; needle to target distance of 10 cm and air pressure of 

1 bar. This setup yielded an average fiber diameter of 19.4 ± 3.4 µm.  

 

 

Figure 11. Scanning electron micrograph of 7% SPI conventionally 

electrospun at 13kV, SPI solution flow rate of 0.8 ml/hr and needle to target 

distance of 15 cm. Scale bar is 20 µm. 
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Production of Gradient Porous Fibrous (GPF) Scaffolds 

Composite fibrous scaffolds containing both SPI and PEO fibers were initially 

produced as detailed in the Methods section, using the electrospinning setup shown in 

Figure 8. Fluorescent-labeling of the individual fibers within the scaffold (SPI: red, PEO: 

green) demonstrated that fibers were successfully interspersed by co-electrospinning 

(Figure 13A) using two separate spinnerets. The PEO fibers were removed upon 

immersion of the scaffolds overnight in water, leaving behind SPI fibers (Figure 13B). 

SEM visualization of transverse sections of SPI-PEO composite scaffold as spun and post 

hydration showed highly dense fibers (Figures 14A & 14B). Figure 14A depicts an SEM 

micrograph of a transverse section of the composite SPI-PEO scaffold before further 

processing. The fibers are highly packed, as expected in scaffolds produced by 

conventional electrospinning technique. Even after an overnight hydration of the 

composite scaffold the fibers density did not appear to be improved (Figure 14B). 

Figure 12. Optical visualization of polyethylene oxide (PEO) fibers spun with 3% w/v 

PEO in 90% ethanol, 13 kV voltage, 10 cm of needle to target distance and air 

pressure of 1 bar. 
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However, lyophilization of the hydrated scaffold showed to evolve into a uniquely 

gradient, thick, and highly porous scaffold (Figure 14C) with an average thickness of 1880 

± 84 μm.  

 

 

  

Pore Size Measurement 

The ultrastructure of a typical GPF scaffold, with its three regions: small-pore 

region on the top, mid layer and large-pore regions at the bottom, is shown in Figure 15. 

A C B 

Figure 14. Transversal scanning electron micrographs of A) SPI-PEO composite B) hydrated composite and 

C) post processed GPF scaffolds. Scale bars 100µm. 

B A 

Figure 13. Laser scanning confocal microscopy (LSCM) micrograph of A) the SPI-PEO 

composite scaffold as spun and B) hydrated for 24 hours in 40°C water. Individual SPI and PEO 

fibers were fluorescently labeled with red DiIC18 and green DiOC18, respectively. 
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SEM micrographs of the three layers of the GPF scaffold as well as the control SPI 

scaffold are separately shown at higher magnifications in Figure 16. Pore size distribution 

is represented in the scatter plot in Figure 17 and summarized in Table 2. The mean pore 

sizes in both the mid (21.4 ± 10.3 µm) and large pore sections (69.5 ± 38.6 µm) of GPF 

scaffolds were significantly larger than that of the pores in conventionally electrospun SPI 

scaffolds (4.2 ± 1.3 µm). The latter was quite similar to the mean size of the pores on the 

small pore side of GPF scaffold (7.8 ± 2.5 µm), and statistically indistinguishable.  

 

    

  

  

 

Figure 15. Scanning electron micrograph of transversal section of GPF scaffold. The 

entire thickness of the scaffold was divided into three layers of top, mid and bottom to 

facilitate presenting the gradient structure of the scaffold. 
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Figure 17. Pore diameter distribution of the three regions of GPF and control SPI. Pore sizes of 

the small pore side of GPF (top layer) is not statistically distinguishable from that of SPI. 

However, size of pores within the mid layer and large pore side of GPF are significantly different 

from that of top layer. The same case is also true when comparing the two mid and bottom layer 

of GPF with SPI. Pore size in the large pore side of GPF scaffold is significantly larger when 

compared to that of the mid layer. Statistical differences are represented with * p<0.05 (one-

way ANOVA with a Tukey’s post hoc test). 

Figure 16. Scanning electron micrograph of small pore side, mid layer and large pore side 

of GPF scaffolds and control SPI scaffolds. Scale bar is 50µm. 
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Table 2. Summary of pore diameters of the three layers of GPF and control S PI scaffolds. 

Type of scaffold Pore diameter (µm) 

GPF, small pore side 7.8 ± 2.5 

GPF, mid layer 21.4 ± 10.3 

GPF, large pore side 69.5 ± 38.6 

Control SPI 4.2 ± 1.3 

 

We postulate that lyophilization, a method to structurally fix and maintain the 

scaffold. When in water, the hydrophilic sacrificial fibers absorb water molecules in 

between SPI fibers yielding a fibrous construct entrapping water. While the hydrated 

scaffold is sitting in the freezer, and by the time the entire scaffold reaches the freezing 

temperature, the entrapped water sinks to the bottom layers of the scaffold causing 

formation of ice crystals, which grow in size from the top surface towards the bottom of 

the scaffolds. During the subsequent lyophilization, the ice crystals sublimate and leave 

pores behind throughout the entire thickness of the scaffold representing the size of ice 

crystals. In our preliminary studies, we observed that the temperature at which the hydrated 

scaffold freezes plays a critical role in formation of the gradient structure. Freezing of the 

same construct at -20°C or at -196 °C (liquid nitrogen snap freezing) will lead to formation 

of a homogeneous structure with large and small pores respectively (see Figures 33 in the 

Appendix).  

The novel gradient scaffold introduced in this study is different from other 

reportedly graded scaffolds [160, 161] in that it offers a continuous change in pore size 

from one surface of the scaffold to another rather than abrupt changes. The graded scaffolds 

introduced in literature are basically composed of individual layers that vary in pore size 

and are laminated together.[147, 160] The sharp boundaries between the layers become 



 

52 
 

sites of stress concentration which increases the risk of delamination after implantation. 

Moreover, the post processing technique of hydration-lyophilization introduced for the 

very first time in this study, offers an outstanding advantage to remove the major drawback 

of lengthy production time (usually several hours) in the electrospinning technique to 

achieve micrometer-range thicknesses. In this study, due to the post-processing technique, 

a fibrous network is achievable with a thickness in the mm-range, which is simply 

impossible to generate using the typical electrospinning procedures.   

 

Tensile Properties of GPF and SPI Scaffolds 

The tensile mechanical properties of GPF and SPI scaffolds were tested until rupture 

or, in the case of wet samples, up to 100% strain. Typical stress-strain curves are shown in 

Figure 18. Stiffness is the slope of stress-strain curves in the elastic region and represents 

resistance of a material to elastic strain. Ultimate tensile strength (UTS) on the other hand, 

is the maximum stress tolerable by a material before failure. Elastic modulus and UTS of 

control SPI scaffold are both significantly higher (almost an order of magnitude) when 

compared to those of GPF scaffolds under dry and wet conditions. We attribute the 

decrease in the tensile properties of GPF scaffolds to the large pores introduced into the 

fibrous network. Our results are in accordance with data in the literature showing a similar 

reduction in the mechanical properties by increasing the pore size of fibrous scaffolds.[162]  

Hydration of the scaffolds dramatically reduces their stiffness and ultimate tensile 

strength. Tensile characterization of potential skin substitutes under wet condition is more 

physiologically relevant than testing under dry condition. In this context, it is important to 

note that GPF and SPI scaffolds both closely mimic the tensile behavior of soft biological 
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tissues. Most soft tissues follow an exponential J-shaped tensile curve similar to the one 

shown in Figure 19.[163, 164] It has been suggested that materials exhibiting J-shaped 

tensile curves are more resistant to crack formation over those with linear elastic tensile 

behavior. These materials are more resistant to formation and propagation of cracks and 

are difficult to tear.[165] The strain to break of hydrated GPF scaffolds were in proximity 

to that of human skin.[166] Strain to break by definition is the maximum elongation of 

sample before it fails. All the tensile properties of our scaffolds are listed in Table 3 

together with data from the literature for human skin.  
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GPF 

SPI 

Figure 18. Rectangular samples of 10 mm x 5 mm were tensile tested under dry and wet 

conditions, n=3 independent experiments, per scaffold and per condition. Wet and dry 

conditions are shown in blue and red respectively. Note that the diagram is double scaled. While 

tested wet, the curve follows a J-shaped trend, a characteristic of most soft biological tissues.    
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Table 3: Ultimate tensile strength (UTS) and elastic modulus of GPF and SPI scaffolds tensile tested 

under dry and wet (24 hours in PBS) conditions. Tensile characteristics of human forearm is listed for 

comparison. n=3 independent tensile tests were conducted with 5 samples for each set of experiment.  

Type of 

scaffold/ tissue 

Condition UTS (kPa) Elastic 

modulus (kPa) 

Strain to 

break (%) 

GPF Dry 368.4 ± 40.9 7200 ± 468 16.3 ± 3.1  

Wet 22.9 ± 2.1 20 ± 1.7 100 ± 10.4 

SPI  

 

Dry 3,200 ± 252 100,000 ± 753 17.5 ± 2.3 

Wet 72 ± 10.2 98 ± 8.3 77 ± 21.2 

Human forearm N/A 35,000 -  

50,000 

5,000 – 18,000  ~ 100% 

 

 

 

Cytocompatibility of GPF Scaffolds 

Figure 20 represents fluorescent images of HDFBs and THP-1 cells 5 days post 

seeding onto GPF (large pore side) and control SPI scaffolds demonstrating both scaffolds’ 

ability to support cellular adhesion and, in the case of HDFBs, their spreading. In this 

picture, the cytoplasms of the two types of cells i.e. HDFB and THP-1 are stained with 

phalloidin Alexa Fluor 546, however, the cytoplasm in rounded THP-1 is very small in 

Figure 19. Typical stress-strain curve of soft biological tissues. Characterized 

by a J-shaped tensile curve.[212] 



 

56 
 

comparison to the large nucleus, so the cytoplasm is hard to visualize by conventional low-

magnification fluorescence microscopy. By contrast, the cytoplasm is clearly discernible 

in larger, well-spread cells, as represented by the HDFBs. 

Cell proliferation on the various scaffolds and scaffold cytotoxicity were assessed 

using the AlamarBlue® (AB) assay (Figure 21). Cells growth on all substrates over the 10-

day course of study showed a similar ascending trend as inferred from the increase in AB 

fluorescence. However, at all time during the study cells seeded onto the bottom side of 

GPF scaffolds (with its larger pores) exhibited significant lower normalized fluorescence 

values than those of cells seeded onto top side of GPF scaffolds, onto SPI scaffolds, as well 

as grown on the ‘gold standard’, tissue culture plastic (TCP).  
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Figure 20. Representative images showing attachment of HDFB and THP-1 monocytic cell line to large pore 

side of GPF and SPI scaffold. Both cell types’ nuclei and actin filaments are stained with DAPI in blue and 

phalloidin in green respectively. In case of THP-1 cells, however, cells are rounded with small cytoplasms 

that cannot be seen in this magnification.     
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Figure 21. AlamarBlue® fluorescence fold change with time normalized to fluorescence readings on day 

0. Cells seeded on TCP and large pore side of GPF scaffolds respectively correspond to the highest and 

lowest values at each time point.  slope of the fitted trend line being statistically different when compared 

to that of large and small pore side seeded. Interestingly, the fluorescent values of SPI and top-seeded are 

not statistically different. Whereas, both the groups i.e. SPI and top-seeded, represent significant higher 

fluorescent values when compared to that of bottom-seeded. Statistical differences are represented with * 

p<0.05 and ** p<0.01 (one-way ANOVA with a Tukey’s post hoc test). 

 

Table 4. Slope of trendline fitted to AlamarBlue® values over the 10 days of this study. Slope of the line 

fitted to large pore side of GPF scaffolds was significantly lower when compared to other substrates. n=3 

independent experiments. Data represented as mean ± SD. Statistical differences are represented with * 

p<0.05 (one-way ANOVA with a Tukey’s post hoc test). 

Type of scaffold Slope of trendline 

TCP 0.72 ± 0.14 * 

SPI 0.55 ± 0.10 * 

GPF, small pore side  0.53 ± 0.14 * 

GPF, large pore side 0.33 ± 0.03 
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Along with the chemical properties of a scaffold, physical cues such as pore size influence 

cellular attachment and rate of proliferation. There are optimum ranges of pore size to 

maximally support cell adhesion and proliferation.[167, 168] Study of MC3T3-E1 

proliferation in scaffolds with various pore sizes ranging from 85 µm to 325 µm exhibited 

a bell-shaped correlation between cell proliferation rate and pore size culminating at about 

the pore size of 160 µm to 190 µm, which declines back down by further increase in pore 

size.[167]We speculate that the size of pores within the large pore region of GPF scaffolds 

falls into the second half of the bell-shaped trend with a negative relationship between pore 

size and rate of cell proliferation. As an alternative explanation for the reduced proliferation 

of the cells on the large pore side of GPF scaffolds, we speculate that penetration of the 

cells into the 3D pores may trigger cell differentiation or other responses to the 3D 

environment, which may in turn downregulate proliferation as compared to cells grown in 

2D or semi-2D conditions.[169, 170] Cell adhesion, polarization, and rate of proliferation 

are example of those behaviors that are subject to change depending upon whether cells 

are seeded in a 3D versus a 2D culture condition.[170] For instance, the growth rate of 

fibroblasts reportedly is reduced when the cells are grown in a 3D matrix versus a 2D 

environment.[171-173] Study of alterations in signaling pathways as a potential result of 

cell penetration into a scaffold, as seen here, is beyond the scope of this study. 

Nevertheless, it will be of great importance to investigate the influence of cellular 

infiltration on intracellular mechanisms and subsequent effects on the signaling pathways 

that are involved in cell growth.  
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Conclusion 

 

In this study, we introduced a novel soy-based gradient fibrous scaffold. Our 

scaffolds offer several advantages over our previously described soy-based electrospun 

scaffolds,[20, 119, 120] as well as those reported by other groups.[174-176] Specifically, 

in this study we addressed the major drawback of conventionally electrospun scaffolds i.e. 

high packing density of fibers and lack of penetrability to cells. The gradient structure of 

our scaffold also offers an advantage over gradient-porous scaffolds described by 

others.[160, 161] In our newly developed scaffold, there is no abrupt change in the size of 

pores, hence there are no stress concentration sites, which lowers the risks of delamination 

after application in vivo. The gradient structure of our scaffold also, closely recapitulates 

the full thickness of native skin both in terms of thickness and the stratified porosity of its 

ECM. The skin models that are currently in use, such as Episkin® and SkinEthic®, solely 

replicate the epidermis. Biomimetic skin structures are particularly of interest in the study 

of transdermal drug delivery as well as safety assessment of cosmetic products.[177] The 

tensile properties of the hydrated GPF scaffolds are comparable to those reported for 

human skin. We also shown that our scaffold supports attachment spreading and 

proliferation of two main cell types involved in the wound healing process. Taken together, 

these results suggest that GPF scaffolds have the potential to serve as skin substitutes/ 

bioactive wound dressings for promoting of the healing of skin wounds. Further 

characterization of GPF scaffolds in terms of cell penetrability and its capacity to promote 

differential phenotype switch in macrophages are discussed in the next chapter.    
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CHAPTER 3 

ASSESSMENT OF CELL PENETRATION INTO GPF AND SPI 

SCAFFOLDS, AND INVESTIGATION OF 

IMMUNOMODULATORY PROPERTIES OF GPF VERSUS SPI 

SCAFFOLDS IN VITRO 

 

Rationale 

 

An example for the beneficial effects of enhanced cell penetration into scaffolds is 

the reported reduction in acute inflammatory responses in wound healing therapies using 

porous scaffolds.[146, 178, 179] Recent studies suggest that macrophages are more prone 

to shift towards the M2 phenotype rather than the M1 phenotype (polarization) while in 

contact with fibrous scaffolds with larger pore sizes (~40-100 μm).[148, 180] In the present 

study, we assessed the contribution of macrophage penetration into the GPF scaffolds to 

changes in their polarization behavior in vitro. 

 

Hypothesis 

We hypothesize that cellular infiltration into the GPF scaffolds will promote pro-

healing (M2) phenotype switch in THP-1 monocyte-derived macrophages. 

Methods 

 Seeding of Fibroblasts onto GPF and SPI Control Scaffolds   

 

To assess and compare cell penetration into the small and large pore side of GPF 

scaffolds vs SPI scaffolds in vitro, HDFBs were seeded at the cell seeding density of 1×105 
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cells/cm2, onto the surfaces of small and the large pore sides of GFP scaffolds as well as 

onto conventionally electrospun SPI scaffolds. Five days post seeding, the cell-seeded 

constructs were fixed with 10% formalin for 10 minutes at room temperature. Samples 

were then washed 3 times for 5 minutes each with 1X PBS and prepared for histological 

analysis.  

 

Assessment of Cell Penetration into GPF and SPI Control 

Scaffolds 
 

Double Embedding of Scaffolds for Histology 

 

Scaffold-cell constructs were first embedded in a 4% sodium alginate (SA) gel 

(Sigma Aldrich, A-2033). Subsequently, the SA-embedded samples were trimmed using a 

scalpel and then placed in metal molds (Leica Biosystems 3803082; Buffalo Grove, IL) 

such that the thickness of the SA-embedded scaffolds were facing the bottom of the mold. 

The mold was then covered up with histology cassette which then was filled with molten 

paraffin using a paraffin embedding module (Leica Biosystems EG 1150 H; Buffalo Grove, 

IL). The mold containing molten paraffin was placed on a cold-plate (Leica Biosystems 

EG 1150 C; Buffalo Grove, IL) for the paraffin to solidify. The paraffin blocks were then 

detached from the metal mold and stored at room temperature until sectioned. 

The embedded constructs were cut into 10 μm thick sections using a Leica RM2255 

microtome (Leica Microsystems GmbH, Wetzlar, Germany) and mounted onto glass 

microscope slides (Newcomer Supply, 5079P). The glass microscope slides were then 

placed on warm (37°C) plate overnight to flatten the sections prior to further processing.   
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Staining of Histology Sections for Penetration Visualization and 

Measurement 

 
 

Histological sections containing the scaffold-cell constructs were rehydrated in a 

gradient xylene (EMD Chemicals, Gibbstown, NJ) and ethanol at 100% xylene (2X), 

xylene: ethanol (50:50), 100% ethanol (2X) and 90%, 80% and 70% ethanol, for 5 minutes 

each step. To visualize the localization of cell nuclei, sections were stained with 5 ng/ml 

DAPI in 1X PBS for 30 minutes at room temperature. Stained samples were then washed 

with 1X PBS for 5 minutes and imaged using an FSX100 inverted microscope (Olympus, 

Tokyo, Japan). The images were then imported to Olympus Cell Sense software to enhance 

contrast and resolution of the images using the deconvolution function. In order to measure 

depth of cell penetration, 3 cross-sectional views of 3 independent samples were selected 

for each of the three scaffold types of GPF scaffolds, large and small pore side, as well as 

conventionally electrospun SPI scaffolds. The layer of cells at the seeding surface of the 

scaffold was picked as the reference, and the distance between the penetrated cell and the 

reference cell was measured using ImageJ and reported as mean distance (µm) ± SD. 

 

Differentiation of THP-1 Monocyte into Macrophage 

 

Differentiation of THP-1 monocytes into macrophages was carried out according 

to published protocols. [181, 182] First THP-1 cells were differentiated into M0 

macrophages using phorbol-12-myristate13-acetate (PMA; Abcam, ab120297). The 

optimum combination of PMA concentration and number of rest days (50 ng/ml: 3) (PMA: 

days) to achieve the differentiation, was determined in a set of parametric 

experiments.[183, 184] Based on the literature we tested two concentrations of PMA (100 
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or 50 ng/ml), each in combination with 1, 3 or 5 days of rest. Each condition was studied 

in triplicate each for at least three independent experiments. THP-1 monocytes were first 

cultured in ultra-low attachment cell culture dishes (Corning, CLS3262-20EA) at an initial 

cell density of 1x106 cells/ml and were treated with appropriate amount of PMA to achieve 

the working concentrations of 100 ng/ml and 50 ng/ml and incubated overnight.  

Subsequently, the cells were washed three times with fresh media and left to rest in media 

devoid of PMA for 1, 3 and 5 days. Conversion of THP-1 monocytes to M0 macrophages 

was confirmed by RT-qPCR analysis of the expression of CD11b and CD14 genes (Table 

5). Both these genes are highly expressed in THP-1 derived M0 macrophages after being 

differentiated from monocytes.[183, 185, 186]  

 

RNA Isolation: Cells Cultured in Plates 

 

To isolate the RNA from THP-1 monocyte-derived macrophages, the cells were 

washed three times with 5 ml of PBS each for 5 minutes to completely remove FBS as its 

remnants interferes with the cell lysis process. The cells were then incubated with 5mM 

ethylenediaminetetraacetic acid (EDTA, Mediatech) for 15 minutes at 37°C and 5% CO2. 

The cells were further mechanically detached by trituration for approximately 30 seconds 

followed by gentle manual scraping using a cell scraper (Greiner Bio-One, 541070) for 

another 30 seconds. The cells were collected and centrifuged for 5 min at 130xg. The 

supernatant was gently discarded and the pellet resuspended in 350 µl of an ice-cold RLT 

lysis buffer (Qiagen 79216). The cell lysate was then either transferred to -80°C until RNA 

extraction or were immediately transferred to Qiashredder cell-lysate homogenizers 

(Qiagen 79656) to start the RNA isolation. If stored at -80°C, cell lysates were transferred 
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from freezer on ice for 30 minutes prior to proceeding to RNA isolation for samples to 

gradually thaw. The cell-lysate was centrifuged in the Qiashredder tubes at 10,000 rpm for 

2 min in a high-capacity microcentrifuge (Labnet International, Inc. Z233M). RNA in the 

homogenized cell lysate was isolated with an RNeasy mini kit according to the 

manufacturer’s instructions (Qiagen, Valencia, CA, 74106). The quality and quantity of 

RNA was measured on a NanoDropTM Lite Spectrophotometer (Thermo Fisher Scientific). 

RNA samples were further used for cDNA analysis only if the A260/280 value was > 1.9, 

with the concentration of at least 50 ng/μl. RNA samples were either stored at -80°C, or 

used immediately for cDNA synthesis. The quality and quantity of RNA was assessed after 

each freeze/ thaw cycle of the extracted RNA samples.  

 

Table 5. List of probes used in assessment of monocyte to macrophage differentiation and macrophage 

polarization using RT-qPCR  

Type of 

Macrophage 

Markers 

Gene 

symbol 

Gene name Amplicon 

length 

M0  CD11b Integrin subunit alpha M 77 

CD14 CD14 molecule 63 

M1  TNFα Tumor necrosis factor α 80 

IL6 Interleukin 6 66 

M2  MRC1 

(CD206) 

Mannose receptor, C type 1 82 

CCL17 C-C motif chemokine 

ligand 17 

51 

Reference 

gene 

GAPDH 

 

glyceraldehyde-3-

phosphate dehydrogenase 

122 

 

cDNA Synthesis 

One microgram of total RNA was reverse-transcribed (RT) into complimentary 

DNA (cDNA) with random primers using a high capacity cDNA reverse transcription kit 
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(Thermo Fisher Scientific 4368814). Depending on the concentration of RNA, a proper 

volume containing 1µg of RNA was mixed with nuclease-free ddH2O (Qiagen 129114) to 

reach the total volume of 10 µl. The 10 µl RNA sample were then mixed with 10 µl cDNA 

synthesis cocktail (Thermo 4368814) containing 4.2 μl of ddH2O, 2 μl of 10X RT Buffer, 

2 μl of 10X RT Random Primers, 0.8 μl of dNTP Mix, and 1 μl of MultiScribe® Reverse 

Transcriptase. The mixture of RNA sample and cDNA synthesis cocktail was then 

subjected to 10 min at 25°C, 120 min at 37°C, 5 min at 85°C, and finally held at 4°C until 

ready to use according to the manufacturer’s instruction. The thermal cycling was 

performed using a MasterCycler EP RealPlex 4S (Eppendorf). The cDNA samples were 

then stored at -20°C until the PCR procedure or immediately used. 

 

Polymerase Chain Reaction (PCR) 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis 

of cDNA was performed in a MasterCycler EP RealPlex 4S with fast thermal cycling using 

the TaqMan Fast Universal Master Mix (Applied Biosystems, 4352042) and Taqman 

primers and probes (Thermo Fisher Scientific) listed in the Table 5. cDNA (3.3 μl) was 

combined with 15 μl of TaqMan® Fast Universal PCR Master Mix, 10.5 μl of ddH2O and 

1.5 μl of a single Taqman primer for triplicate reactions. Reactions were performed in 

triplicate for at least three independent experiments. The temperature cycling program was 

provided by the TaqMan® Mastermix. The gene expression levels were normalized to that 

of a human comparator gene, GAPDH and further normalized to the mean of THP-1 

monocytes that were not subject to PMA treatments and served as a control. THP-1 
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untreated monocyte control. Relative gene expression levels were calculated using the 2-

ΔΔCT method.[153] 

 

 

Assessment of the Effect of Macrophage Penetration into GPF 

Scaffold on the Phenotype Switch of THP-1 Derived Macrophages in 

vitro 
 

Seeding of THP-1 Derived Macrophages onto GPF and SPI 

Scaffolds 
 

As explained in the previous sections, THP-1 monocytes were differentiated into 

macrophages via overnight incubation of monocytes in 50 ng/ml PMA followed by 3 days 

rest in fresh media. GPF and SPI scaffolds were sterilized and processed for cell culture. 

THP-1 monocyte-derived macrophages were seeded (3×105 cells/cm2) onto the small and 

large pore sides of GPF scaffolds as well as onto SPI scaffolds. Cells were seeded onto the 

scaffolds in 20 µl of complete medium i.e. RPMI 1640, 10% FBS, 1% (v/v) penicillin and 

streptomycin, and 0.05 mM BME and allowed to attach to / infiltrate into the matrices for 

1 hour in an incubator (at 37°C and 5% CO2 before adding 700 µl of fresh culture medium. 

Samples were collected after 2 or 6 days (with media change on day 3) for RNA extraction.  

 

RNA Isolation: Cells Seeded on Scaffolds 

 

Using a tweezer, the cell-seeded scaffolds were carefully removed from the tissue 

culture wells and immediately transferred into Borosilicate disposable culture tubes 

(Thermo Fisher Scientific, Pittsburgh, PA) containing 350 μl of ice-cold lysis RLT buffer. 

The constructs were then immediately homogenized with a high-speed homogenizer 
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(Power Gen 1000, Thermo Fisher Scientific, Pittsburgh, PA) over four rounds of 5 seconds 

of homogenizing followed by 10 seconds of rest. All the steps were conducted on ice to 

avoid denaturation of RNA samples. The homogenizer was rinsed thoroughly between 

samples. The homogenized suspension was then transferred into 1.5 ml tubes and 

centrifuged at 10,000 rpm for 1 min at 4°C to remove all scaffold debris. The supernatant 

was carefully collected and transferred into a new 1.5 ml tube and stored at -80°C or used 

immediately for RNA isolation.  

Synthesis of cDNA as well as the RT-qPCR analysis were conducted following the 

methodology elaborated in the previous section of this chapter. All the Taqman probe used 

to detect M1 gene markers (TNFα, IL6) [153, 184], and M2 gene markers (MRC1, CCL17) 

[153, 184] are listed in Table 5.  

Finally, to facilitate interpretation of the entire panel of genes, an M2/M1 score was 

calculated.[153, 187] The M2/M1 score was defined as the sum of the expression levels of 

M1 genes divided by the sum of the expression levels of M2 genes. 

 

Statistical Analysis  

 

All experiments were performed at least three times in triplicate. Data are presented 

as means ± standard deviation (SD). Statistical significance within and between groups 

were tested with a one-way and two-way analysis of variance (ANOVA) respectively with 

Tukey’s HSD post hoc tests. p-values of p<0.05 and p<0.01 were considered as statistically 

significant and highly significant, respectively. 
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Results and discussion 

 

GPF Scaffolds Support Cellular Penetration 

To investigate cell penetration through the scaffolds, HDFBs were cultured on the 

small and large pore side of GPF scaffolds as well as onto control SPI scaffolds. 

Representative transversal images of the scaffolds seeded with cells 5 days post seeding 

are shown in Figure 22. Nuclear position and depth of cell infiltration were visualized and 

quantified using fluorescent images with nuclei stained with DAPI in blue and scaffolds 

auto-fluorescence in green. The top layer of nuclei at the surface was set as the basal line, 

the depth of penetration below the base line was measured using ImageJ. Figures 22A and 

D show that the large pore side of GPF scaffolds, supports a significantly higher cellular 

penetration to the depth of 98.7±24.2 μm (Table 6) when compared to small pore side of 

GPF and control SPI scaffolds. The large pore side of GPF scaffolds moreover, offer a 

platform for a uniform distribution of cells in the bulk of the GPF scaffolds as opposed to 

sporadic locally cell aggregations observed in micro-patterning techniques.[188-190] 

However, when seeded onto the small pore side of GPF scaffolds (Figures 22 B&E) and 

SPI scaffolds (Figures 22 C&F), cells mostly accumulated at superficial layers with 

minimal average penetration to a depth of 22.8±2.6 and 11.3±3.8 μm respectively. Depth 

of penetration of cells 5 days post seeding are summarized in Table 6. Uniform distribution 

of cells throughout a scaffold, similar to what is seen in the large pore side of GPF 

scaffolds, is the first and foremost goal to further achieve a uniform tissue regeneration. 

Assessment of cell penetration into GPF scaffolds was also conducted using RAW264.7 

macrophages and THP-1 (Appendix, Figures 34 & 35). It was observed that depth of 
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penetration of HDFBs (98.7±24.2 μm) and THP-1 (134.8±42.2 μm) cells are significantly 

different (Appendix, Figure 36 & Table 8). We attribute the difference in depth of 

penetration to the difference in size of the cells.  

 

 

 

A D 

B 

C 

E 

F 

Figure 22. Laser scanning microscopic visualization of transversal sections of A&D) large pore, 

B&E) small pore side of GPF and C&F) control SPI scaffold seeded with HDFB, 5 days post culture. 

Large pore side of GPF supports significantly deeper penetration of the cells when compared to small 

pore side and control SPI scaffold. Cell nuclei are stained with DAPI in blue and green is scaffold’s 

autofluorescence. Left and right panel scale bars are 50 and 100 µm respectively. 



 

71 
 

Table 6. Depth of HDFBs penetration into GPF and SPI scaffolds 5 days post seeding. n=3 independent 

experiments. Data represented as mean ± SD.  

Type of scaffold Depth of penetration (µm) 

GPF, large pore side 98.7±2.2 

GPF, small pore side 22.8±2.6 

SPI 11.3±3.8 

 

Response of THP-1 Macrophages to GPF Scaffolds 

The THP-1 monocytic cell line was first differentiated into naïve macrophages prior 

to being seeded onto the various scaffolds. This differentiation, as discussed above in the 

methods section of this chapter, was initiated by first treating the cells with PMA. PMA is 

a diester of phorbol and is a potent tumor inducer and activates the protein kinase C (PKC) 

pathway. PKC is a family of serine threonine protein kinases that is comprised of several 

isozymes, including but not limited to α, βI, βII, γ and Ɛ. These isozymes act as a transducer 

of external signals and have regulatory role in cellular function and responses.[191, 192] It 

has been suggested that PKC-β is a critical element in PMA-induced macrophage 

polarization in HL-60 leukemia cells, as the cells are resistant to the PMA effect when 

deficient in the isozyme.[191, 193] However, it is yet unknown whether or not the same 

mechanism is responsible for the differentiation in other types of blood-derived 

macrophages.  

The monocyte to macrophage phenotype switch is accompanied by a significant 

increase in the expression of surface markers of CD11b and CD14 in THP-1 cells. This 

upregulation in the expression levels of these markers, however, highly depends on the 

duration of incubation and working concentration of PMA. Interestingly, some researchers 



 

72 
 

describe poor or even no change in expression level of the two markers, when cells were 

treated with high concentrations of PMA (~ >100 ng/ml).[181, 194, 195]  

In this study, we tested 6 different combinations of (PMA concentration: incubation 

time) for their ability to optimally induce monocyte differentiation to the M0 phenotype. 

From the 6 groups of PMA treatment conditions that we investigated in this study 

summarized in Table 7, treatment groups of 4 and 5 demonstrated the highest upregulation 

in expression of the two macrophage gene markers of interest i.e. CD11b and CD14 

(Figure 23). Between the two candidate conditions, group 4 (50 ng/ml of PMA and 3 days 

rest in media) due to a lower concentration of PMA and a shorter duration of experiment 

was decided as the treatment condition for all subsequent studies to induce macrophage 

differentiation in THP-1 monocytes.  

 

Table 7. Treatment conditions to promote M0 macrophage differentiation from THP-1 monocytes.  

Groups 

 
PMA 

concentration 

(ng/ml) 

Number of 

days rest in 

fresh media 

PMA: days 

Group 1 100 1 100:1 

Group 2 50 1 50:1 

Group 3 100 3 100:3 

Group 4 50  3  50:3 

Group 5 100 5 100:5 

Group 6 50   5 50:5 

https://www.thermofisher.com/taqman-gene-expression/product/Hs00169122_g1?CID=&ICID=&keyword=hs00169122_g1&configurator=false&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs99999905_m1?CID=&ICID=&subtype=
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In the previous section, we showed that the two GPF and SPI scaffolds are distinct 

in terms of their pore structures. The large pore side of GPF scaffolds appeared to support 

homogeneous and deeper penetration of HDFBs into the scaffolds’ interior than the small-

pore side of GPF scaffolds and conventionally electrospun SP scaffolds. Subsequently, we 

focused on studying changes in macrophage M1 and M2 phenotypes as a result of 

penetration of M0 macrophages into our diverse soy scaffolds. 

Notably, 2 days post seeding, the levels of gene expression of the pro-inflammatory 

(M1) marker genes i.e. TNFα and IL6 in macrophages seeded on the large pore side of 

GPF scaffolds were significantly lower than those of cells cultured on SPI. Furthermore, 

expression levels of anti-inflammatory (M2) genes i.e. MRC1 and CCL17 were both 

significantly higher in macrophages cultured on GPF scaffolds versus those of seeded on 

Figure 23.  RT-qPCR analysis of expression of CD11b and CD14 in THP-1 monocytes 

treated with different conditions of PMA concentration and days of rest in fresh media. 
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SPI (Figure 24). Interestingly, the same trend was seen also 6 days post seeding. However, 

only two the genes investigated, i.e. TNFα and CCL17, were statistically different form 

one another when comparing cells seeded on GPF vs. SPI scaffolds (Figure 25). 

Importantly, the temporal changes in expression of the pro-inflammatory (M1) 

genes of TNFα, IL6 and the anti-inflammatory gene (M2) i.e. MRC1 follow a similar trend 

regardless of scaffold type. Both SPI and GPF scaffolds support downregulation of TNFα 

and IL6 from day 2 to day 6, while MRC1 upregulates during the same period for both 

scaffold types. In the case of CCL17 however, GPF scaffolds promoted an upregulation in 

expression of the gene from day 2 to 6. On the contrary, the gene showed a descending 

trend in macrophages seeded onto control SPI scaffold overtime.  

Figure 24. Response of THP-1 monocyte-derived macrophages to GPF and SPI 

scaffolds. Cells were separately seeded onto the small and large pore side of GPF 

scaffolds and onto SPI scaffolds (n=3) 2 days before PCR analysis of gene 

expression. Data is presented as fold change normalized to M0 control and plotted in 

log scale. The dotted line at the value of 1 represents the M0 control. Statistical 

differences are represented with ** p<0.01 (Two-way ANOVA with a Tukey’s post 

hoc test). 
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Between GPF and SPI scaffolds, GPF scaffolds, especially the large-pore side is the less 

inflammatory scaffold as suggested by the respective higher and lower expression level of 

anti-inflammatory and pro-inflammatory genes compared to those of SPI scaffolds at both 

time points of this study. On one hand, the significantly higher expression of MRC1 and 

CCL17 (M2 gene markers) in macrophages seeded on the large pore side of GPF scaffolds 

on day 2, and on the other hand, the markedly greater expression of TNFα and IL6 (M1 

gene markers) in the cells seeded on the small pore side of GPF and control SPI scaffolds 

lead to a statistically significant greater M2/M1 score value for the large pore side of GPF 

scaffolds on day 2 when compared to those of the small pore side of GPF scaffolds and 

control SPI scaffolds (Figure 26). Similarly, on day 6, CCL17 was pronouncedly higher 

expressed in macrophages seeded on the large pore side of GPF scaffolds versus in those 

Figure 25. Response of THP-1 monocyte-derived macrophages to GPF and SPI 

scaffolds. Cells were separately seeded onto small and large pore side of GPF 

scaffolds and onto SPI scaffolds (n=3) 6 days before PCR analysis of gene 

expression. Data is presented as fold change normalized to M0 control and plotted 

in log scale. The dotted line at the value of 1 represents the M0 control. Statistical 

differences are represented with ** p<0.01 (Two-way ANOVA with a Tukey’s post 

hoc test). 
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seeded on the small pore side of GPF, and control SPI scaffolds. Level of expression of 

TNFα moreover, stayed significantly higher in macrophages on the small pore side of GPF 

scaffolds as well as on control SPI scaffolds hence resulted in a statistically significant 

greater value of M2/M1 score for the large pore side of GPF scaffolds on day 6 when 

compared to those of macrophages seeded on the small pore side the scaffold as well as 

control SPI scaffolds. Interestingly, regardless of the type of substrates, GPF and SPI 

scaffolds both supported a temporal increase in M2/M1 score values from day 2 to 6. In 

Figure 26, the dotted line at the value of 1 represents M0 control. The greater than 1 values 

of scores in macrophages seeded on the large pore side of GPF scaffolds, suggest that the 

scaffold promotes an accelerated preferential pro-healing (M2) phenotype switch in 

macrophages as early as day 2. Whereas the lower than 1 values of scores for macrophages 

seeded on the small pore side of GPF and SPI scaffolds suggest their pro-inflammatory 

phenotype switch 2 and 6 days post seeding.  

Figure 26. M2/M1 score, defined as the sum of M2 genes divided by the sum of M1 genes 

each normalized to the reference gene GAPDH, at day 2 and 6. Statistical differences are 

represented with * p<0.05 and ** p<0.01 (Two-way ANOVA with a Tukey’s post hoc test). 
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When it comes to immunomodulation in tissue engineering, the remarkable 

plasticity of macrophages makes the cell-scaffold interplay a challenging and yet 

interesting subject. We suggest that differences in macrophage response to GPF and SPI 

scaffolds are mainly attributed to whether or not cells are able to penetrate into interfibrillar 

spaces in the scaffold interior. We previously showed the anti-inflammatory effect of SPI 

scaffold in terms of lower number of macrophages recruited to the wounded site in 

vivo.[119] Temporal increases in the M2/M1 score, demonstrated in this study, in 

agreement with previously reported inflammation-suppressive properties of SPI [128],  

suggest that the protein might have an inherently anti-inflammatory characteristic. We 

suggest that macrophage infiltration into soy-based scaffolds can play a complementary or 

even synergistic role with the protein’s reportedly anti-inflammatory degradation product 

to potentially serve as an immunomodulatory construct. We use this justification to explain 

the higher M2/M1 score of macrophages seeded on the large pore side of GPF over SPI 

scaffolds. The temporal profile of the M2/M1 scores for macrophages seeded both onto 

GPF (regardless of side) and SPI scaffolds are ascending, which resembles the pattern 

reported in healing ulcers (as opposed to non-healing ulcers).[187, 196] It has been reported 

that some commercially available wound matrices promote a temporal decrease in 

combinatorial M2/M1 score [153] suggesting that GPF scaffolds might be a potential 

superior candidate over those commercial  wound matrices when it comes to 

immunomodulation.  
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Conclusion 

 

In this study, we showed that the gradient structure of GPF scaffolds supports 

differential penetration of cells. When seeded on the large pore side of the scaffold, 

HDFBs, penetrated to a significantly deeper level compared to seeding the small pore side. 

Differential cellular infiltration might be correlated with phenotypic changes of THP-1 

monocyte-derived macrophages. Penetration of the naïve macrophages into the large pore 

side of GPF scaffolds promoted polarization of the cells towards the anti-inflammatory 

phenotype characterized by an increase in expression level of the phenotype’s gene 

markers i.e. MRC1 and CCL17. By contrast, lack of penetration of THP-1 macrophages 

shifted the polarization of the cells towards the classically inflammatory phenotype 

demonstrated by upregulation of M1 gene markers i.e. TNFα and IL6. These promising in 

vitro results lead us to investigate the potential immunomodulatory capacity of the scaffold 

in an in vivo study detailed in the next chapter.   
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CHAPTER 4 

ASSESSMENT OF THE ABILITY OF GPF SCAFFOLDS TO 

MODULATE THE INFLAMMATORY RESPONSE IN A RAT 

MODEL OF FULL THICKNESS EXCISIONAL WOUND HEALING. 

 

 

Rationale 

 

Previous studies in our laboratory have demonstrated that electrospun SPI scaffolds 

enhance the quality of healing in full-thickness excisional cutaneous wounds in rats and 

pigs.[119] As discussed above, the porous GPF scaffold is a further development of the 

very same SPI-based wound dressing with improved in vitro cellular penetration. 

Importantly improved penetration of M0 macrophages into GPF scaffolds was 

accompanied by enhanced polarization towards the reparative M2 macrophage phenotype.     

In this chapter, we investigated the immunomodulatory potential of the large pore GPF 

scaffolds in a rat model of full thickness excisional wounds[197]. We excised two circular 

wounds at either side of rats’ dorsum down to the muscle layer and looked at tissues at the 

time points of day 7 and 14. To investigate the ability of GPF scaffolds to enhance/ 

accelerate macrophage phenotypic transition from a pro-inflammatory (M1) to a pro-

healing (M2), we compared the M2 /M1 ratio in the central part of the wounded area for 

GPF and SPI scaffolds to those that were left untreated. This ratio is reportedly indicative 

of the fate of healing in vivo: in healing wounds the ratio rises over time whereas it 

diminishes in non-healing wounds.[153, 187] If successful, this aim could take us one step 

closer to establishing GFP soy scaffolds as an immunomodulatory skin substitute, which 

could compete with the current standard goal of skin transplantation. 
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Hypothesis 

We hypothesize that treatment of full thickness wounds with GPF scaffolds will 

accelerate the phenotypic transition from pro-inflammatory (M1) to pro-healing (M2) 

macrophages. 

Methods 

Animal model: Application of GPF and SPI Control Scaffolds in a 

Rat Model of a Stented Full Thickness Excision Wound 

 

    

In this present study, hairless Sprague-Dawley male rats (CD Hairless, Charles 

River Laboratories, Wilmington, MA) (Figure 27A) weighing about 300 g and aged 

approximately 7 weeks were chosen as the animal model for full-thickness skin excision 

wounding.[204] Rats were kept in cages with unrestricted access to food and water supply 

and housed one rat per cage post-surgery. After arrival, all rats were given at least 7 days 

to acclimatize to the new environment prior to surgery. All surgical and post-surgical care 

was in accordance with an Institutional Animal Care and Use Committee (IACUC) 

approved protocol. GPF scaffolds were prepared in 1.5 cm x 1.5 cm square samples, as 

detailed in the methods section of chapter 2. For implantation, GPF scaffolds with an 

average thickness of 1880 ± 84 μm (n=3) were punched from the previously prepared 

square samples using a 10 mm punch biopsy. SPI scaffold samples, on the other hand, were 

similarly punched into 10 mm in diameter discs with the samples’ average thickness of 150 

± 17 µm (n=3) from conventionally electrospun scaffolds with the original size of  10 cm 
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x 3 cm. Prior to application, scaffolds were sterilized by exposure to UV light for 30 

minutes each side of scaffolds. The sterilized scaffolds were stored in sterile petri dishes 

until application.   

 

Surgery 

 

Rats were anesthetized using 2% isoflurane gas and circular full-thickness excision wounds 

of 10 mm in diameter were created using Acu-Punch (Acuderm, Inc. P1025) punch 

biopsies on either side of the dorsum (Figure 27B). In order to avoid premature wound 

closure due to contraction and to investigate the healing process by re-epithelialization and 

granulation tissue formation, the wounds were splinted using silicone discs. The silicone 

discs were punched into 2.6 cm in diameter discs from a 0.5 mm thick silicone rubber sheet 

(McMaster, 86915K12). At the center of individual discs, a 10 mm circular aperture 

matching the size of the wounds were created using a punch biopsy. The silicone discs 

were attached to the skin surrounding the wounds using Krazy glue (KG82048SN, 

Amazon) and secured in place by stitching to the periphery of the wounds (Figure 

27C).[203] This model is widely accepted in the literature to model physically impaired 

wound healing.[198] The two wounds created on rats were alternatively treated with GPF 

and control SPI scaffolds. GPF scaffolds were applied such that the large pore sides were 

facing down touching the wound bed. Post application of the scaffolds, wounds were 

covered with gauze and further secured with Tegaderm™ (3M, Minneapolis, MN) and 

finally wrapped with pet wraps (Amazon, ASIN: B00MKAHQ46) (Figure 27D). Upon 

completion of the surgery, each rat was placed back into a cage that was pre-warmed on 

warm water-pads connected to a heating pump (T-Pump®, TP700, Braintree Scientific Inc.) 
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until recovery. All the rats were checked every day and injected with Meloxicam, a 

nonsteroidal anti-inflammatory drug, the first three days after the surgery. Rats were 

euthanized 3, 7 and 14 days post-surgery (n=6 for GPF and SPI scaffolds treatment groups 

and n=2 for untreated controls). Due to negligible amount of healing 3 days after surgery, 

tissues harvested at this time point did not have the quality to be considered for data 

analysis for this thesis.  

 

Figure 27. A) Sprague Dawley rat model used in in vivo study. B) Two 10 mm in diameter full 

thickness wounds were created at either side of rats. C) The wounds were stented and kept open 

using silicone discs. The discs were glued and sutured to the periphery of the wounds. D) All 

wounds were covered with Tegaderm™, wrapped in gauze, and further secured with pet wrap.  

 

 



 

83 
 

Euthanasia and Tissue Harvest 

At days 3, 7 and 14, the rats were euthanized using CO2 gas exposure until complete 

cessation of breathing. The euthanasia process was completed by exsanguination and 

bilateral thoracotomy. The entire wounded area along with minimum of 2 cm of the 

surrounding healthy skin tissue was excised down to the muscle. The harvested tissues 

were immediately placed in plastic jars containing 20 ml of 10% buffered formalin (VWR, 

95042-908) and left to fix for 4 hours at room temperature and then transferred to 

refrigerator for overnight fixation. The following day, the formalin was completely rinsed 

away by three washes with 1X PBS, 5 minutes each. Tissues were then trimmed to square 

pieces of ~ 1.5 x 1.5 cm with the wounded area at the center. The square tissue samples 

were then placed into histology cassettes (VWR 18000-130; Radnor, PA) and processed 

with a Leica TP 1020 tissue processor (Leica Biosystems; Buffalo Grove, IL). The 

automated tissue processing schedule was programmed with the following stages: two 

stages of 70 % ethanol (diluted in ddH2O) for one hour each, two stages of 95 % ethanol 

for one hour each, two stages of 100 % ethanol for one hour each, one brief pass through 

an empty container, two stages of xylenes for 2 hours each, one brief pass through an empty 

container, and finally two stages of molten (65°C) Leica Microsystems™ Surgipath™ 

Paraplast™ Tissue Embedding Medium (Thermo Fisher Scientific, 23-021-752) for two 

hours each. The pieces of tissue were cut into halves such that the wounded / healing area 

were divided into two equal pieces. The tissues were then placed in metal base molds with 

the transversely cut sides facing the bottom of the mold. The mold was then covered up 

with histology cassette which then was filled with molten paraffin. The mold containing 
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molten paraffin was placed on a cold-plate for the paraffin to solidify. The paraffin blocks 

were then detached from the metal mold and stored at room temperature until sectioned. 

 

Immunohistochemistry of Paraffin Embedded Samples 

 

The paraffin embedded tissues were cut into 5 μm thick sections using a Leica 

RM2255 microtome and mounted onto glass microscope slides. The glass microscope 

slides were then placed on a warm plate (37°C) overnight prior to further process. The 

tissue sections were rehydrated in a gradient xylene and ethanol at 100% xylene (2X), 

xylene: ethanol (50:50), 100% ethanol (2X) and 90%, 80% and 70% ethanol, for 5 minutes 

in each solution. For antigen retrieval, the rehydrated samples were placed in 10 mM 

Sodium Citrate (Thermo Fisher Scientific, BP327-500; Fair Lawn, NJ), 0.05% Tween 20 

(Fisher BP337-500; Fair 56 Lawn, NJ), and pH of 6.0 and kept overnight at 60°C.  A 

hydrophobic border was drawn around the individual tissue sections using an ImmEdge 

hydrophobic barrier pen (Vector laboratories, H-4000). The slides were washed and 

permeabilized three times with Tris buffered saline with 0.05 % Triton X-100 (TBST), 5 

minutes each time. The tissue sections were further blocked using PBS containing 1% fetal 

bovine serum for 1 hour at room temperature. Without further washing, tissue sections 

were incubated with primary antibodies (1:100 rabbit anti-MRC1 bs-4727R and rabbit anti-

iNOS bs-2072R, Bioss Antibodies) diluted in PBS containing 0.1% FBS serum 

(Benchmark TM, GEMINI Bio Products, 100-106) and 0.05% Triton X-100 for an hour at 

room temperature followed by overnight incubation at 4°C within a StainTrayTM (Simport 

M920; Beloeil, QC, Canada). For negative controls, samples were not incubated with 

primary antibody but instead with antibody dilution buffer. The rest of the process was the 
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same for samples and negative controls. The following day, tissue sections were incubated 

with 0.3% hydrogen peroxide for 15 minutes at room temperature. This step was to block 

non-specific false positive staining of endogenous peroxidases, readily found in blood-

originated cells. Sample were washed twice with PBS, 5 minutes each time and incubated 

with secondary antibody (1:200 anti-rabbit IgG) diluted in PBS containing 0.1% FBS and 

0.05% Triton X-100, 1 hour at room temperature. Then the sections were washed twice 

with TBST and incubated with the Vectastain ABC immunoperoxidase kit (Vector 

Laboratories, PK-6100) for 30 minutes at room temperature and then with ImmPACT DAB 

Peroxidase (HRP) Substrate (Vector Laboratories, SK-4105) until color was visible, 

according to the manufacturer’s instruction. Tissues were then dehydrated in 80% ethanol, 

90% ethanol, absolute ethanol, 100% xylene for 1 minute in each solution. Dehydrated 

tissues were then mounted in Richard-Allan Cytoseal-60 non-aqueous mounting medium 

and cover-slipped before imaging. All images were taken using an Olympus Microscope 

(Fluoview, FV1200) at 20X magnification. 

 

Quantification of Immunostained Macrophages 

Quantification of macrophages recruited to the healing area in individual wounds 

was conducted using ImageJ. First three hot spot areas of 200 X 200 µm within which the 

density of stained cells were the highest were selected and saved individually for further 

analysis. The images were imported to ImageJ (Figure 28A) and through color 

thresholding, hue, saturation and brightness were adjusted such that only the brown areas 

of stained cells were captured. Briefly, the brown macrophages were captured by adjusting 

the hue range to detect the area between red and orange. The bottom adjuster of saturation 
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was always kept at its maximum value i.e. 255 and the top adjuster was placed at 66. To 

omit the background left at this step the brightness was adjusted to select areas between 0 

and 183. In order to remain consistent, all the parameters were kept at the same values for 

the rest of image analysis. The processed images were transformed into a binary image 

with the selected areas showing in black in a white background (Figure 28B). Lastly, 

particles were outlined and automatically counted using the analyze particles function 

excluding spurious staining of small speckles in the background and smaller cellular debris 

(Figure 28C). For this, the maximum and minimum size of particles to be counted were 

set to 10 µm -infinity with the circularity between 0.3-1.  

        

Statistical Analysis 

Statistics for the Rat Studies 

 

According to a power analysis (JMP, t-test comparison of the mean) we determined 

that to assess 30% expected difference in healing time, 15% variability of the data, a desired 

power of 0.8, and an alpha of 0.05, the program predicts a need for 6 wounds of each type. 

Since these animals were part of a larger investigation, the study was powered based on an 

outcome for the larger study, healing time, even though this outcome is not reported here.  

A B C 

Figure 28. Sequential steps to quantify the number of macrophages. A) is a representative picture showing 

cells immunostained in dark brown for MRC1, an M2 surface marker. After adjusting hue and brightness, 

image was transformed into a B) binary image. Using particle analysis functions dark spots in the binary 

image were captured and quantified as stained cells.     
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Statistics for Data Analysis 

 

Data are represented as means of M2/M1 cell number normalized to area ± standard 

deviation (SD). Statistical significance within and between the treatment groups was tested 

with a one-way and two-way analysis of variance (ANOVA), respectively, using Tukey’s 

HSD post hoc tests. p-values of p<0.05 and p<0.01 were denoted by * and **, which are 

considered as statistically significant and highly significant, respectively. 

 

Results and Discussion 

 

In the previous chapter, we showed that in vitro penetration of THP-1 monocyte 

derived M0 macrophages into the large pore side of GPF scaffolds promoted phenotype 

switch of the cells towards the anti-inflammatory (M2) phenotype, as characterized by an 

increase in expression level of the M2 phenotype gene markers i.e. MRC1 and CCL17. 

Here, we further explored in vivo, whether treatment of splinted full thickness excisional 

wounds with GPF scaffolds, where the large pore side is facing the wound bed, can mitigate 

the local inflammatory response of the body by skewing the macrophages phenotypic 

balance towards the phase where anti-inflammatory (M2) is the dominant phenotype. 

Figure 29 represents the healing tissues that were harvested 7 days post-surgery and IHC 

stained to detect surface markers of MRC1 and iNOS, protein markers of M2 and M1 

respectively. The severity of inflammation, in all the three wound types, 7 days after 

surgery is notable by the abundant number of M1 macrophages immunolabeled with anti-

iNOS.  Abundance of  inflammatory cells at the initial days post-injury has been suggested 

to be beneficial for healing of wounds and is shown by improved tissue remodeling in 

wounds in which inflammation was induced through wound debridement.[205] Brown et 
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al. showed that an increase in the ratio of M2/M1 is a strong predictor of positive tissue 

remodeling outcome.[98] Figure 29 also shows abundance of M2 macrophages labeled 

with anti-MRC1 in all the wound types.  Shown in Figure 30 are IHC images (and negative 

controls) for tissues harvested 14 days post injury. There is a notable decrease in population 

of M1 macrophages in wounds that were treated with GPF and SPI scaffolds (Figure 31). 

Based on this finding, inflammation is being resolved in the wounds treated with GPF and 

SPI scaffolds as inferred form the decline of M1 phenotype population accompanied by a 

large number of M2 macrophages. By contrast, the numbers of M1 and M2 in the untreated 

samples remained high even 14 days after injury. This finding suggests that the healing 

process in the untreated wounds is delayed when compared to the wounds treated with GPF 

and SPI scaffolds. This finding is in agreement with our previous study, showing 

abundance of immune cells in untreated wounds 14 days post injury while SPI treated 

wounds exhibited significantly fewer number of the cells.[119]  

Quantification of the M2/M1 macrophage ratio in the wounded area is presented in 

Figure 32. The dotted line at the value of 1 indicates the stage at which cell density of 

either of the phenotypes are the same value. An M2/M1 score values < 1 indicates that the 

wounds are in the inflammatory stage of healing whereas, whereas for M2/M1 ratios >1 

the inflammation has resolved and the healing process has entered the remodeling stage of 

healing, with M2 macrophages outnumbering M1 macrophages. The value of 1.5 for 

M2/M1 score of wounds treated with GPF scaffolds at day 7, suggests that GPF scaffolds 

are potentially capable of accelerating/enhancing the transition of the inflammatory process 

to the stage where the M2 phenotype dominates over M1. The M2/M1 score for wounds 

treated with SPI or untreated wounds is < 1 at the same time point (7 days).  
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Figure 29. Micrographs of IHC stained tissues taken 7 days after injury at the center of healing wounds. 

Panel left: stained for MRC1, mannose receptor C-type 1. Right panel, stained for iNOS, inducible 

nitric oxide synthase. Top, middle and bottom panels are wounds treated with GPF and SPI scaffolds 

and untreated respectively. Scale bar 250 µm, and 100 µm in inserts.   
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Figure 30. Micrographs of IHC stained tissues taken 14 days after injury at the center of healing 

wounds. Panel left: stained for MRC1, mannose receptor C-type 1. Right panel, stained for iNOS, 

inducible nitric oxide synthase. Top, middle and bottom panels are wounds treated with GPF and SPI 

scaffolds and untreated respectively. Scale bar 250 µm, and 100 µm in inserts.   
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Figure 31. Count of macrophages IHC stained for MRC1 and iNOS respective surface 

markers of M2 and M1 7 and 14 days post-surgery. Cell counts are normalized to area.   

 

After 14 days post-surgery, all the wounds regardless of treatment modality appeared to 

have entered the M2 dominant stage of healing, as suggested by the M2/M1 score values 

greater than 1 for all the three wound treatment types. Comparison of the M2/M1 ratio at 

day 7 with day 14 showed that all three types of wound treatments i.e. GPF scaffold, SPI 

scaffold and untreated followed the same increasing trend, albeit the effect is most 

pronounced for the large pore GPF scaffolds (Figure 32).    

This trend suggests that there is a resolution of inflammation supported by change 

in the phenotypic ratio over the time course of this study. The increasing trend is reportedly 

the hallmark of wounds that ultimately heal in diabetic foot ulcers and is believed to be an 

accurate predictor of healing and more importantly a predictor of constructive tissue 

remodeling.[98, 187] In this context, Zhang et al., showed that treatment of cutaneous 

wounds with gingiva-derived mesenchymal stem cells (GMSCs) promoted a dynamic 
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increase in the number of M2 macrophages over the course of healing and markedly 

accelerated the healing of wounds. It was suggested that GMSCs-mediated rapid wound 

repair is attributed to M2-induced polarization of macrophages.[156] 

 

 

Our results indicate that application of the newly developed GPF scaffold to full 

thickness excisional wounds enhances and accelerates the resolution of the initial 

inflammatory stage as suggested by an increasing M2/M1 cell density ratio and higher 

values of the ratio for wounds treated with GPF scaffolds when compared with those 

treated with SPI scaffolds or untreated. It remains to be investigated, whether there is a 

causal correlation between enhanced M2 macrophage polarization in wounds treated with 

GPF scaffolds and the subsequent quality of tissue regeneration.  

Figure 32. M2/M1 cell density score, defined as the mean of M2 cells divided by the mean 

of M1 cells each normalized to surface area. The macrophages’ phenotypes were recognized 

as cells immunostained with anti-MRC1 and anti-iNOS at day 7 and 14 after surgery. 

Statistical differences are represented with * p<0.05 and ** p<0.01 (Two-way ANOVA with 

a Tukey’s post hoc test). 
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Conclusion 
 

Quantitative analysis of immunohistochemical data regarding the relative 

phenotypic population of M2/M1 macrophages showed that GPF scaffolds positively affect 

direct the polarization of macrophages towards the pro-healing M2 phenotype in vivo. As 

a caveat, the wounds created in this study were not critical-sized: they all ultimately healed 

by the last day of our study (day 14), regardless of the treatment modality. The pro-healing 

properties of GPF scaffolds might be more pronounced and even better demonstrable if 

studied in critical sized lesions or in the context of non-healing wounds, like in diabetic 

ulcers. 
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CHAPTER 5 

FUTURE WORK AND CONCLUDING REMARKS 

 

 

Our study yielded promising results in support of the hypothesis that the newly 

developed GPF scaffold enhances polarization of macrophages toward the pro-healing M2 

phenotype switch in macrophages both in vitro and in vivo. Reportedly, there are chemical-

based anti-inflammatory characteristics to SPI scaffolds, partly due to bioactive 

degradation products of the protein.[126, 128] Indeed this study (in conjunction to our 

previous work) demonstrated a certain level of regenerative properties of conventionally 

electrospun SPI scaffolds. However, these effects are significantly enhanced in GPF 

scaffolds, the major difference being that cells/macrophages can penetrate GPF scaffolds, 

but not SPI scaffolds and that this penetration results in earlier and more pronounced 

macrophage polarization towards a M2 phenotype. An assessment of the role of the 

intrinsic anti-inflammatory properties of the SPI scaffold and it degradation products was 

beyond the scope of this thesis, Future work might address the question, how the intrinsic 

anti-inflammatory characteristic of SPI would influence phenotype shift in macrophages. 

For this we would have to electrospin SPI scaffolds and compare with an electrospun 

scaffold with similar physical properties but made of an immune-inert biomaterial. It is 

important to keep in mind that fiber size must be in similar ranges as fiber diameter also 

plays role in modulation of biological behavior in cells including macrophages.[68] In this 

study, we did not attempt to distinguish between the structural (enhanced pore size) and 

chemical (bioactive byproducts) cues of the GPF scaffold in the induced pro-healing 

phenotype change of macrophages. Further investigation is needed to assess whether the 
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same manufacturing technique is applicable using other types of polymers other than SPI. 

Study of a gradient porous fibrous structure made out of an intrinsically immune-inert 

biomaterial, would more accurately show how important / effective macrophage 

penetration into 3D structures is in the polarization phenomenon.  

 

While our results supported the idea that penetration of THP-1 monocyte-derived 

M0 macrophages into the large pore side of GPF scaffolds promotes polarization of the 

macrophages towards the pro-healing phenotype however, the signaling mechanism 

involved in the process is not investigated. For example, STAT 5/6 would be interesting 

transcription factor to investigate in macrophages that had penetrated into the open pores 

side of GPF scaffolds. By contrast, NF-κB or Fox01 as major players in activation of M1 

phenotype in macrophages would be intriguing to investigate in scaffolds in which the cells 

cannot penetrate (e.g. closed pore side of GPF or SPI scaffolds). Generally, if induced 

suppression of NF-κB of FoxO1 in macrophages in 2D or 2D-like structures similar to 

electrospun scaffolds could inhibit macrophage polarization towards the M1 phenotype, 

then surface modifications of electrospun scaffolds with inhibitors of NF-κB/ FoxO1 

activation suppressor would be beneficial to inhibit the pro-inflammatory phenotype 

switch.   

A major goal of this study was to investigate the influence of cellular penetration 

of on the polarization behavior of the human monocytic (THP-1) - cell derived 

macrophages. However, macrophages genetically vary depending on the species they are 

originating. This heterogeneity is manifested in the biological behavior of cells, including 

distinct patterns of secretion of inflammatory/ anti-inflammatory cytokines.[22] Future 
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work could be expanded to studying macrophage polarization response from different 

genetic backgrounds and different species.  

 

The focus of the animal study in this dissertation was on macrophages polarization, 

less on histological examination of tissue regeneration. Although not investigated in detail, 

we observed promising tissue remodeling results in terms of restoration of an organized 

and structured epithelium along with regeneration of skin appendages such as hair shafts/ 

follicles. More detailed histological analysis of wounds and investigating whether there is 

a positive tissue remodeling outcome in wounds treated with GPF scaffolds will be 

essential to conclude whether the higher M2/M1 scores observed early on in the tissue 

repair process correlate with the quality of tissue remodeling.  
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APPENDIX 
 

During our preliminary studies for production of the GPF scaffold, we observed 

that the freezing temperature at which the soaked scaffold freezes influences the 

architecture of the final product. The pore sizes in the scaffolds that froze at -20 °C (Figure 

33A) were larger when compared to that of scaffolds which froze at -196 °C (Figure 33B). 

We postulate that lower freezing temperatures, -196 °C in this case,  lead to a higher rate 

of freezing and smaller ice crystal formation when compared to higher freezing 

temperatures such as -20 °C. Interestingly, neither of these two production methods yielded 

a gradient scaffold similar to what was seen in the GPF scaffolds. This could be a subject 

to be further looked into to better understand why freezing temperature plays a key role in 

surrender of various pore sizes in such scaffolds.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Similar steps to those taken in production of GPF scaffolds were followed 

in generation of the two scaffolds shown in this picture with the only difference in the 

freezing temperature of A) -20 °C and B) -196 °C. Scale bar is 400 µm  
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Similar to the cell seeding steps explained in the methods section of chapter 2, 1 x 

104 cells/cm2 RAW 264.7 macrophages were seeded onto large and small pore side of GPF 

and control SPI scaffolds. The following day, cell-scaffold constructs were harvested, fixed 

and stained with DAPI as elaborated in the methods section of chapter 2. Z-stack images 

of the fixed and stained samples were next acquired by confocal microscopy using a LSCM 

microscope with the resolution of 1024 x 1024, and step size of 2 µm. The collected stack 

of images were 3D reconstructed using a MATLAB® script developed in our laboratory 

and are represented in the image below. Note the negligible macrophages penetration into 

either the small pore side of GPF scaffold or the control SPI scaffold (Figure 34). On the 

contrary, penetration of the cells into the large pore side of GPF scaffold is significant. Due 

to the 3D nature of the images we did not succeed to set a standard protocol to measure 

depth of penetration of the cells. 
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B A 

Figure 34. 3D-reconstructed LSCM collected z-stacks using MATLAB® showing RAW 

264.7 macrophages penetration onto the A) large, B) small pore side of GPF and C) 

control conventionally electrospun SPI scaffolds 24 hours post seeding. The unit of all 

the axis are in µm. 

Cell nuclei, DAPI  

Scaffold, 

Autofluorescence 
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Study of penetration of THP-1 monocytes into the large pore side of GPF scaffolds 

showed their significant depth of ingrowth 5 days post seeding (Figure 35).  

 

 

 

 

 

 

 

 

 

 

 

The depth of penetration in THP-1 cells, at similar time points of 5 days post 

seeding, showed to be significantly greater in comparison with that of HDFB cells. Figure 

36 illustrates distribution of depth of penetration. The top layer of nuclei at the surface was 

set to zero as the basal line for measurement of cell penetration. The results of this 

measurement is presented in Table 8.  

 

 

 

Figure 35. THP-1 monocytes seeded onto the large pore side of GPF scaffolds 5 days post 

seeding. Note the significant depth of penetration. Cell nuclei are stained with DAPI in blue 

and green is scaffold’s autofluorescence  
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Cell Type  Depth of penetration (mean±SD) 

HDFB 98.7±24.2 μm 

THP-1 134.8±42.2 μm 

Figure 36. Differential penetration of HDFBs and THP-1 cells 5 days post culture. Note the 

difference in depth of penetration. * denotes p< 0.05 (Single way ANOVA). 

 

Table 8: Depth of penetration of HDFB and THP-1 monocytes 5 days post seeding on the large 

pore side of GPF scaffolds. n=3 independent experiments. Data represented as mean ± SD. 


