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ABSTRACT  

Non-healing wounds, also known as chronic wounds, are defined as wounds that do not show 

improvement in healing within four weeks. Chronic wounds affect millions of people around the 

world and health care expenses in the United States can cost more than one billion dollars. Chronic 

wound healing is a complicated process with different pathologies depending on the patients’ 

condition. Four highly integrated and overlapping phases compose the wound healing process: 

hemostasis, inflammation, proliferation, and tissue remodeling. Occurrence of chronic wounds is 

usually due to unsuccessful progression through the normal stages of healing, and frequently enters 

a state of pathologic inflammation. Several cell types are involved in the wound healing process. 

Platelets initiate the coagulation cascade to stop the bleeding. Keratinocytes are able to restore the 

epidermis after injury. Vascular endothelial cells form the new blood vessels. Neutrophils and 

macrophages are responsible for phagocytosis and the release of growth factors and cytokines. 

Fibroblasts secrete collagen to fill the wound gap. Skin or tissue grafting is one of the many ways 

to treat non-healing wounds. Currently available skin substitutes have been proven successful in 

clinical trials, but they have room for improvement. Long-term culturing for cellularized scaffolds, 

risk of transferring disease from allogeneic or xenogeneic sources, and mismatching mechanical 

properties limit current skin substitutes in clinical applications. Given the disadvantages of those 

skin substitutes, plant protein can be a potent and attractive replacement material. Plant proteins 

can be extracted from renewable resources in abundance. Compared to skin substitutes from 

porcine or bovine sources, plant protein scaffolds do not have issues with immune rejection and 

can be formed into gels, films, or fibers with good bio-compatibility. Amongst the many plant 

proteins, soy protein is one of the ideal materials to make skin substitute scaffolds. Soy protein has 

been confirmed to be bio-active in vivo and in vitro. In this study, soy protein-based tissue scaffolds 

(SPS) were applied in full thickness excisional wounds in a porcine model. Immunohistochemistry 

(IHC) analysis was performed for macrophage invasion, newly formed vessel formation, and 
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picrosirius red staining of collagen deposition. Results from IHC analysis show that SPS can 

accelerate the wound healing process. 
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CHAPTER 1 

INTRODUCTION 

Skin substitutes are often used in the wound healing process. Cell-based dermal substitutes, 

epidermal substitutes or full thickness substitutes have been successfully used in clinical 

applications but their time-consuming cell culture and possible immune rejection restrict their 

application1. Another skin substitute available is an acellular collagen scaffold. These collagen 

scaffolds are used in conjunction with fibroblasts or keratinocytes2. However, these scaffolds 

contain animal-derived de-cellularized extracellular matrix and have the possibility of transferring 

intrinsic diseases1. Moreover, some patients may reject using scaffolds that are derived from bovine 

and porcine material for religious or ethical reasons3.  

Given the limitations of collagen scaffolds for use in the wound healing process, plant 

proteins can be an attractive potential replacement. Plant protein can be extracted from renewable 

sources in abundance. Furthermore, they also have the advantages of being non-toxic, 

biodegradable and able to form into different structures such as gels, films or fibers4.  

Soy protein is one of the best examples of plant proteins that have shown their potential in 

pre-clinical studies. Fort example, cells remain viable when seeded on soy structures5 or grown in 

cell culture media with dissolved soy protein6. Human dermal fibroblasts can attach, grow and 

proliferate on fibrous mats electrospun from soy7. Soy granules made from defatted soy have the 

ability to stimulate collagen production and bone noduli mineralization in vitro8. All essential and 

non-essential amino acids present in soy protein affect its solubility and mechanical properties9. 

Hydrogen bonds, disulfide bonds and hydrophobic interactions in the molecular structure of soy 

protein are central to fabrication of gels10, films11 or fibers12. Recently an electrospun soy protein-

based tissue scaffold (SPS) has been shown to enhance the wound healing process when SPS is 

applied in the full thickness excisional wound in the porcine model13. Therefore, soy protein 

scaffold is an ideal material to study the biological response in vivo and in vitro.  
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In the wound healing process, there are four highly programmed phases: hemostasis, 

inflammation, proliferation, and tissue remodeling14. The time for each phase is mainly depending 

on wound size and healing condition (figure 1). Ideal tissue repair needs these phases to occur not 

only at a precise time in relation to the initiation of a wound, but in specific sequence and intensity15. 

Delayed wound healing and non-healing chronic wounds are the results of aberrations occurring in 

these four phases. In the hemostasis phase, vessels constrict and a fibrin clot starts to form 

immediately after wounding. Vascular constriction and fibrin clots help stop bleeding and release 

pro-inflammatory cytokines such as transforming growth factor (TGF)-β, platelet-derived growth 

factor (PDGF) and fibroblast growth factor (FGF) to attract inflammatory cells to the wound, 

programming to the inflammatory phase14.  

Neutrophils, macrophages, and lymphocytes are the hallmark of the inflammatory phase. 

When these cells are attracted to the wound, they serve their function by clearing invading microbes 

and cellular debris16,17. Macrophages in this phase not only play a role in promoting inflammatory 

responses by releasing cytokines to recruit and activate additional leukocytes, but they also can 

differentiate to a reparative phenotype to prepare for the proliferation phase18,19. Macrophages are 

the bridge that connects the inflammation and proliferation phases. In the proliferation phase, 

endothelial cells and fibroblasts are the major active cells in the wound site and they are responsible 

for the formation of provisional matrix, which includes capillary growth, collagen formation, and 

the formation of granulation tissue.  

Glycosaminoglycans and proteoglycans are two major components in extracellular matrix 

(ECM) and are produced by fibroblasts in the proliferation phase14. Lastly, in the remodeling phase, 

collagen that is deposited in the provisional matrix is remodeled and newly formed vessels go 

through maturation and regression. The remodeling phase is programmed to draw back the capillary 

intensity to normal and make the architecture of the ECM in the wound close to that of normal 

tissue. The remodeling phase usually takes months to years and the physical contraction throughout 

the wound healing process is mediated by myofibroblasts14,17.  
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Angiogenesis is an important part in wound healing. In the proliferation phase, granulation 

tissue will form, which consists of fibroblasts, macrophages, endothelial cells that will form  a 

dense network of capillary loops20. These loops originate from the wound margin and spread into 

the wound bed by the vigorous angiogenic response21. As the wound heals over several days or 

weeks, the density of blood vessels in the wound bed increases and can reach greater than three 

times higher than that of normal and uninjured tissues22. The temporary fibrous matrix, which is 

secreted by fibroblasts and is rich in collagen type III, helps endothelial cells penetrate the matrix 

during sprouting23. As a result, the neo-vascular network is quickly formed. However, most of the 

newly formed vessels are functionally immature and their architecture is twisted24 because there 

are not enough pericytes to cover them as the endothelial cell-endothelial cell contact is not tight 

in these neo-vessels25. Therefore, these barely perfused and leaky new-vessels lead to the 

appearance of wet granulation tissue26.  

In the remodeling phase, the provisional, angio-permissive collagen type III-rich ECM is 

breaking down, as programmed, and is replaced with collagen type I- the primary component in 

pre-wounded, angio-restrictive ECM20. Meanwhile, further vessel sprouting is prevented and 

regression of the vessels is initiated27. To draw the density of blood vessels in the wound back to 

baseline levels, only a minority of newly formed vessels can undergo maturation28 and are 

integrated into the existing perfused network while most of the neo-vessels are predisposed to 

pruning29.  

Fibroblasts are attracted to the wound site by the cytokines released from neutrophils and 

macrophages and form the provisional ECM. Increased numbers of fibroblasts lead to increased 

collagen synthesis and contraction30. Myofibroblasts are a specialized form of fibroblast which are 

also involved in collagen synthesis31. The major function of fibroblasts is producing and remodeling 

the ECM in order to maintain the physical integrity of connective tissue32, while myofibroblasts are 

working to produce a dense and fibrotic collagen matrix33. α-smooth muscle actin (SMA), collagens 

type I, III, IV and V are the products of myofibroblasts33. In the wound healing process, collagen 
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type I and III are two predominant collagens and myofibroblasts synthesize more collagen type III 

than collagen type I in the granulation tissue34. As the wound is switching to the remodeling phase, 

collagen type III deposition is decreasing and collagen type I is increasing, resulting in a large 

amount of collagen type I scar tissue35. Excessive deposition of collagen type III in the remodeling 

phase may lead to hypertrophic and keloid scars30. 

Macrophages are one of the most important cell types in the wound healing process and 

are active in all four major phases of wound healing14. M1 and M2, which are the two types of 

macrophages, are responsible for specific concepts in the wound healing process (figure 2). 

Characterizations of M1 macrophages are their abilities to produce high levels of pro-inflammatory 

cytokines and reactive nitrogen and oxygen intermediates. Parasite control, tissue remodeling, 

immune regulation and tumor promotion are characterizations of M2 macrophage phenotype36. 

Macrophages can be found in tissue or peripheral blood. For many years, macrophages were 

considered to be derived solely from circulating monocytes. These monocytes are derived from the 

common precursor cells in the bone marrow. However, recent studies show that some tissue 

resident macrophages are probably generated during the embryological development37. These 

tissue resident macrophages are sustained by rapid proliferation during injuries. Monocytes will 

also differentiate into macrophages after they leave the bone marrow microenvironment and enter 

the circulating peripheral blood system. When tissues are inflamed, macrophages will be recruited 

to that area, activate and exhibit a spectrum of polarization states. Each polarization state has its 

own functional diversity. There are two typical states in this spectrum. One is the pro-inflammatory 

M1 state and the other is the anti-inflammatory M2 state38 (Figure 2). 

M1 macrophage (also cknown as inflammatory macrophages) can be activated by many 

factors, such as the bacterial lipopolysaccharide (LPS), interferon-γ (IFN-γ), microbial products, 

and molecular fragments of ECM39. M2 refers to “regenerative” or “reparative” macrophages that 

are activated by the interleukins 4 and 13 (IL-4, IL-13). Their tasks include immune-regulatory and 

tissue remodeling. Recent studies show that diversity and plasticity of macrophages in wound 
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healing are dependent on the types of materials used for implantation40. In addition, the ratio 

between M1 and M2 at different points of time and their position in the wound can be an indicator 

of wound healing.  

M1 macrophages can present a large number of antigens as well as promote lymphocytes 

to differentiate into type 1 helper T cells (Th1) form, which can produce pro-inflammatory 

cytokines that react with intracellular pathogens41. M1 macrophages produce toxic reactive oxygen 

intermediates and escalate the pro-inflammatory response, which also may cause some damage to 

the neighboring cells in the microenvironment42. When implanting a regenerative biomaterial to 

replace lost tissue, a prolonged M1 macrophage presence is undesirable because it will lead to a 

severe foreign body reaction, granuloma and fibrous encapsulation, which usually ends in chronic 

inflammation and failure of the biomaterial integration43.  

M2 phenotype macrophages become active as a result of a series of signals that come 

mostly from basophils, mast cells and other granulocytes44. In the process of remodeling, different 

subsets of M2 macrophages play different roles in the process. Functions of M2a and M2b are to 

perform immune regulation by initiating the anti-inflammatory response. M2a can indirectly 

produce TGF-β, which is a powerful activator for fibroblasts to produce collagen45, and directly 

synthesize ECM components such as collagen type VI and fibronectin46,47. M2c is capable of tissue 

remodeling and suppression of inflammatory immune reactions by secreting cytokines, 

transforming growth factors, and interleukin. The tissue remodeling response and the cytokines 

coming from M2 macrophages can prohibit the formation of fibrous tissue, thus supporting the 

vascularization of regenerative biomaterials and improve its integration. 

Macrophages can switch polarization states when changes occur in their microenvironment. 

This temporary ability is related to their paracrine signaling mechanism. M1 macrophages can 

produce IL-12, but IL-12 can be dampened by the presence of IL-4, a M2 polarizing cytokine that 

is secreted by M2 macrophages. Therefore, the presence of M2 macrophages will have a negative 

effect on M1 macrophages48, i.e. reduce the number of M1 macrophages and thus enhance tissue 
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remodeling/repair48. Although some researches show that a high M2:M1 ratio in the area where 

biomaterials are implanted leads to a better remodeling outcome, prolonged existence of M2 

macrophages can be detrimental, resulting in foreign body giant cells. Therefore, a better 

understanding of the M2:M1 ratio can help us design an improved biomaterial to advance tissue 

remodeling, integration and regeneration.  

As mentioned above, soy protein can be formed into gels10, films11 or scaffolds12 . Soy 

protein derived wound matrices are biocompatible in vivo5. SPS have been proven to accelerate 

wound healing in a porcine model13. Soy proteins are associated with fatty acids, saponins, 

isoflavones and phospholipids49. The concentration of isoflavones in soy proteins is the largest 

among the plant based proteins50 and may be one of the reasons why SPS has the ability to 

accelerate wound healing. In a mouse model, monocytes and lymphocytes were affected by 

isoflavones, showing their anti-inflammatory properties.51  

Macrophages serve different functions in specific phases of the wound healing process. 

The mechanism of how SPS and other soy structures affect wound healing is still unknown but 

isoflavones in soy protein may play a vital role in activating macrophages. In this study, 

macrophages, blood vessels, and collagen deposition will be parameters to analyze how the wound 

is healing.  

  

Figure 1. Four phases of wound healing and the general 

timeline (Image credit: www.woundeducators.com). 
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Figure 2. Diagram of M1 and M2 macrophages (Martinez, F. O., & Gordon, S. (2014). The M1 and M2 

paradigm of macrophage activation: time for reassessment. F1000Prime Rep, 6(13.10), 12703.) 
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CHAPTER 2 

AIM OF RESEARCH 

2.1 Specific aim: To investigate the wound healing process of a porcine model at weeks 1, 2 and 

4 post-surgery, by counting macrophages and newly formed blood vessels and analyzing 

collagen deposition in the wound.  

 

2.2 Hypothesis: The basis of the research is to use IHC staining to detect macrophages and newly 

formed blood vessels and picrosirius red staining to evaluate collagen deposition in wound. 

With these factors, we will be able to quantitatively assess the wound healing process I 

hypothesize that a wound treated with SPS will heal faster than a control wound just covered 

by a state-of-the art wound dressing (Tegaderm®) and not treated with SPS.  

 

2.3 Rationale:  Although there are four different phases that compose the wound healing process 

and overlap with one another, each phase has its distinct symptoms. Macrophages are the key 

cell type involved in the wound healing process52. Their functions include debriding the 

damaged tissue and phagocytosing bacteria and foreign material53 during the inflammation 

phase. Not only can macrophages clear exogenous matter but they also secret growth factors 

and cytokines to attract and activate vascular endothelial cells for angiogenesis54 or fibroblasts 

for collagen deposition in the proliferation phase55. Angiogenesis is a physical process in which 

blood vessels form from the pre-existing onces56. As endothelial cells are activated by growth 

factors from macrophages, they can loosen themselves from their embedded endothelium, 

divide, migrate towards the wound and lay down new vessels57. Density of blood vessels in the 

wound will reach a peak in the proliferation phase and gradually regress to a normal level in 

the remodeling phase22. As fibroblasts start to produce collagen in the wound and build a 

provisional matrix, cells involved in the wound healing process attach to, grow and differentiate 
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on it58. Fibronectin and collagen type III are two proteins that are produced in the beginning of 

the wound healing process but collagen type I becomes dominant as the wound enters the 

remodeling phase59. Production of collagen is a dynamic process. For example, new collagen 

is produced by fibroblasts while collagenases in the wound degrade them. The speed of 

synthesizing new collagen is faster than the degradation in the beginning of the wound healing 

process and becomes equal in the late phase so there will not be net collagen gain54.  
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CHAPTER 3 

MATERIAL AND METHODS 

Analysis of the samples by immunohistochemistry was carried out using paraffin sections of pig 

tissue that were collected in an animal study performed by other members of the lab. Samples were 

collected from 1, 2, and 4 week old wounds post-surgery. The primary antibody against M1 

macrophages was goat anti-CCR7 IgG (a receptor for chemokine ligand 19/21, Novus) at a dilution 

of 1:200. The primary antibody against M2 macrophages was rabbit anti-CD206 IgG (mannose 

receptor, Bioss) at a dilution of 1:200. The primary antibody against pan-macrophages was mouse 

anti-L1 IgG at the dilution of 1:100. The secondary antibodies were anti-goat IgG at a dilution of 

1:200, anti-rabbit IgG and anti-mouse IgG at a dilution of 1:200 respectively. The primary antibody 

against newly formed blood vessels was rabbit anti-CD31 IgG (Abcam) at a dilution of 1:50. The 

secondary antibody was anti-rabbit IgG at a dilution of 1:200. Samples were stained with the 

Vectastainv ABC immunoperoxidase kit using 3,3’-diaminobenzidine (DAB) as the substrate 

(Vector Laboratories, Inc). 

 

3.1 Immunohistochemistry (IHC) - Macrophages 

Paraffin samples (5 µm) were treated for antigen retrieval with 0.25 % trypsin (Cellgro) at 37 °C 

for 10 minutes after rehydration and washed twice with TBST (Tris buffered saline with 0.05 % 

Triton X-100). Then the samples were incubated with a blocking solution (10 % FBS) for 1 hour 

at room temperature. Samples were incubated with the primary antibody overnight at 4 °C. For a 

negative control, samples were not treated with primary antibody but antibody dilution buffer 

instead. The samples had the primary antibody drained off and were incubated with 0.3 % hydrogen 

peroxide for 15 minutes. Samples were washed twice for 5 minutes each with TBST and then 

incubated with the secondary antibody for 1 hour at room temperature. Following washing twice 

for 5 minutes each time with TBST, samples were incubated with the ABC solution for 30 minutes 
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and then with DAB solution until color was visible as the manufacturer instructed. Counterstaining 

samples in hematoxylin was done to increase contrast.  Slides were dehydrated in 80% ethanol, 90% 

ethanol, absolute ethanol, xylene for 1 minute in each solution. Dehydrated slides were mounted in 

Richard-Allan Cytoseal-60 mounting medium and cover-slipped before imaging. All images were 

taken using Olympus Microscope with a Digital Camera Model DP26 at 10X magnification. 

 

3.2 Immunohistochemistry (IHC) - Newly-formed Blood Vessels 

The method to stain newly formed blood vessels was similar to staining macrophages, with minor 

modifications: In brief, in the antigen retrieval step, samples were put in the antigen retrieval buffer 

overnight at 65 °C after rehydration. This antigen retrieval buffer is composed of 0.294 g trisodium 

citrate dihydrate (Na3C6H5O7) dissolved in 100 mL distilled and di-ionized water (DD water). 

Tween 20 (50 µL) was added after the pH of the solution was adjusted to 6.0. The concentration of 

the blocking solution was 1 % FBS. Other steps and solutions were the same as in IHC staining of 

macrophages. The primary antibody used was rabbit anti-CD31 at a dilution of 1:50. The secondary 

antibody was anti-rabbit IgG at a dilution of 1:200.  

 

3.3 Picrosirius Red Staining  

Collagen was analyzed in samples from the same tissue sections respective to 

immunohistochemistry analysis. A picrosirius red stain kit (Polyscience, Inc) and Weigert’s iron 

hematoxylin working solution was used. The Weigert’s iron hematoxylin working solution was a 

mix of two stock solutions A and B. Solution A was 2 g hematoxylin dissolved in 200 mL 95 % 

ethanol and solution B was 8 mL 29% aqueous ferric chloride and 2 mL concentrated hydrochloric 

acid mixed with 190 mL DD water. After A and B were prepared, they were mixed in a ratio of 1:1 

to make the Weigert’s iron hematoxylin working solution.  
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Paraffin samples were dipped into the following solutions (10 minutes for each solution): Xylene, 

Xylene, mix of 50% Xylene and 50% Ethanol, absolute Ethanol, absolute Ethanol, 90% Ethanol, 

80% Ethanol, and 70% Ethanol. After rehydration, they were put in tap water for 5 minutes and 

then stained with Weigert’s iron hematoxylin working solution for 10 minutes. Samples were rinsed 

again in tap water for 5 minutes and tap water was changed every minute while rinsing. Afterwards, 

samples were rinsed in DD water 2 times, for 5 seconds each. Then samples were stained using the 

picrosirius red staining kit, following the instruction from the manufacturer. There were three 

different solutions in the kit and samples were rinsed in DD water for 5 seconds while changing 

samples from one solution to another. After staining using the picrosirius red staining kit, samples 

were dehydrated in 90 % ethanol, absolute ethanol and xylene for 20 seconds each. Sample were 

mounted in Richard-Allan Cytoseal-60 mounting medium and cover-slipped before imaging.  

 

3.4 Image analysis 

To analyze IHC images of L1 staining that is for macrophages, a hot spot was defined first on the 

image where density of the brown stained macrophages was the highest. Then 5 equally sized areas 

(275.48×275.48 um2) were chosen in the hot spot. These areas were inversed to black and white by 

the image process software ImageJ and the black dots represented the macrophages. Total count of 

black dots represented the total count of macrophages in the area.  

To analyze IHC images of CD31 staining that is for newly formed vessels, 5 equally sized areas 

(694.44×694.44 um2) were chosen in the wound. To count vessels and their areas, circles were 

drew around the brown stained vessels by hand in imageJ. To count vessel diameters, lines were 

drawn across the brown stained vessels by hand in ImageJ.  

To analyze picrosirius red images, a line was drawn through the whole tissue to collect the grey 

value at each pixel along a line that was 1mm from the skin surface (Figure 1). Each pixel generated 
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a value, resulting in over 10,000 data points per image, depending on the specific size of the tissue. 

Data points were extracted from the grey value data at every 100 pixels (~100 values) and an inverse 

of each grey value was used so that the largest data values represented the reddest pixels and the 

smallest data values represented the wounded area of the tissue. These values were normalized 

from 0 to 1 and represented the weakest to strongest red signals. All images were processed in 

Image J. 

 

3.5 Statistical analysis 

Data are expressed as mean ± standard deviation. A one tail t-test was used to determine 

significance.  

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

RESULTS 

 

 

 

  

Wound 
part  

Normal 
part 

Figure 3. Diagram of picrosirius red image analysis. The image shows a representative wounded tissue. 

The red line shows how a line was drawn through the whole tissue 1mm from the surface. Data from the 

images represented different collagen deposition in the whole tissue. 
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CHAPTER 4 

RESULTS 

To count the number of macrophages in each wound, the stitched images of each wound were 

analyzed with ImageJ software. Hot spots were defined as areas of the wound with a dense 

distribution of macrophages. For each image, 5 areas were chosen in the hot spot and macrophages 

were counted in those areas using a specific protocol described in image analysis. Figure 4 shows 

representative hot spots of each wound for L1, the pan-macrophage marker in A, B, C, D and F. 

There were no visible hotspots in Figure 4E and therefore 5 areas were randomly chosen in the 

wound area to count macrophages. 

The average amounts of macrophages counted were 134, 115 and 4 in weeks 1, 2 and 4 of the soy 

treated group, respectively (Figure 5). The average amounts of macrophages were 150, 59 and 44 

in week 1, 2 and 4 of the control group respectively. In week 2 vs week 4, the amount of 

macrophages dropped significantly in the soy treated group. Compared to the control group, the 

soy group in week 4 has significantly less macrophages. 

The blood vessel count of the soy and control groups both decreased with time (Figure 7). In figure 

6, the brown stained irregular circles showed the position of newly formed vessels in the wound. 

Compared 6A and 6E , 6B and 6F, density of newly formed vessels was lower in week 4 in both 

wound types. The number of blood vessels in the soy treated wounds in week 1, 2 and 4 were 74, 

71 and 38, respectively. In the control wounds in week 1, 2 and 4, the numbers of blood vessels 

were 74, 63 and 44 respectively. Comparing week 1 with week 2, neither group had a significant 

difference in vessel count. Comparing week 2 and week 4, both groups significantly decreased in 

vessel count. The number of vessels counted in normal skin of the same size was 24. 

Vessel area of soy treated wounds decreased from week 1 to week 4 (Figure 8). Average vessel 

area of soy group was 1438 μm2, 768 μm2 and 463 μm2 for week 1, 2 and 4 respectively. There is 

significant difference between week 1 and week 2 as well as week 2 and week 4. Average vessel  
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Figure 4. IHC staining of macrophages (L1). Representative images of A. Soy treated wound in week 1 B. Control 

wound in week 1 C. Soy treated wound in week 2 D. Control wound in week 2 E. Soy treated wound in week 4 F. 

Control wound in week 4. Scale bar is 100 µm. Brown cells show stained macrophages and the blue dots are the 

stained nuclei. Images B, C, D, F were observed to have light blue stained nucleus or no staining due to bad 

counterstaining. Images were taken at 10X. 

                                                    

Figure 5. Macrophage count of soy treated wounds and control wounds in a porcine model (pig #182). Week 1 and 

week 2 analyzed 6 images and week 4 analyzed 4 images. In each wound image, 5 areas of the same size 

(275.48×275.48 um2) were chosen to count macrophages. The data presents the average ±SD of measurements of 

macrophages. * p<0.01 The count of macrophages in soy week 2 compared to soy week 4 and the count of 

macrophages in control week 1 compared to control week 2. ** p<0.01 The count of macrophages in soy week 4 

compared to control week 4. 
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Figure 6. IHC staining of newborn blood vessels (CD31) A. Soy treated wounds in week 1 B. Control wounds in 

week 1 C. Soy treated wounds in week 2 D. Control wounds in week 2 E. Soy treated wounds  in week 4 F. Control 

wounds  in week 4. Scale bar is 250 µm. The irregular brown circles are stained blood vessels. The blue dots are 

stained nucleus. B, C and D did not have nuclear staining because of poor counterstaining. Images were taken at 

10X. Area is 694.44×694.44 um2 
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Figure 7. Vessel count of soy treated wounds and control wounds on a #182 porcine model. Week 1 and week 2 

have 6 images and week 4 has 4 images. 5 areas were chosen to count vessels in the wound part of each image and 

these areas are the same. Area is 694.44×694.44 um2. The data presents the average ±SD of measurements of 

vessels. * p<0.01 The count of vessels in soy week 2 compared to soy week 4. ** p<0.01 The count of vessels in 

control week 2 compared to control week 4. 

 

 

Figure 8. Vessel area of soy group and control group on a #182 porcine model. Week 1 and week 2 have 6 images 

and week 4 has 4 images. 5 areas were chosen to count vessels area in the wound area of each image and these 

areas are the same. Area is 694.44×694.44 um2. The data presents the average ±SD of measurements of vessels 

area. * p<0.01 The vessel area in soy week 1 compared to soy week 2 and week 2 compared to soy week 4. ** 

p<0.01 The vessel area in control week 2 compared to control week 4. 
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area of control group was 1283 μm2, 747 μm2 and 1077 μm2 for week 1, 2 and 4 respectively. Week 

2 and week 4 had significant difference. Vessel area in normal skin was 192 μm2. 

Vessel diameters of the control group decreased between week 1 and week 2 but slightly increased 

between week 2 and week 4 (Figure 9). Average vessel diameter in the control group wounds were 

25 μm, 19 μm and 22 μm for week 1, 2 and 4 respectively. Comparing control week 1 and week 2, 

there was a significant difference. Soy group from week 1 to week 4 decreased and a significant 

difference was found between week 2 and week 4. Average vessel diameter of soy group was 22 

μm, 20 μm and 14 μm for week 1, 2 and 4 respectively. In normal skin, the average vessel diameter 

was 9 μm.  

 

Figure 9. Vessel diameter of soy treated wounds and control wounds on a #182 porcine model. Week 1 and week 

2 have 6 images and week 4 has 4 images. 5 areas were chosen to count vessel area in the wound area of each image 

and these areas are the same. Area is 690.61×690.61 um2. The data presents the average ±SD of measurements of 

vessels diameter. * p<0.01 The vessel diameter in soy week 2 compared to soy week 4. ** p<0.01 The vessel 

diameter in control week 1 compared to control week 2. 
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Figure 10. Wound width of soy treated wounds and control wounds on a #182 porcine model. The data presents 

the average ±SD of wound width. Each type of wound has more than 4 images to measure. * p<0.01 The wound 

width in soy week 1 compared to soy week 2 and the wound width in control week 1 compared to control week 2. 

Wound width of control wounds on #182 pig model were 16799 um, 13503 um and 10134 um for 

week 1, 2 and 4 respectively. Wound width of soy treated wounds on #182 pig model were 17620 

um, 13439 um and 11043 um for week 1, 2 and 4 respectively. Wound width of both wound types 

decreased week 1 to week4 and they drop significantly from week 1 to week 4.  
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Figure 11.Wound width of soy treated wounds and control wounds on a #179 porcine model. The data presents the 

average ±SD of wound width. Each type of wound has more than 4 images to measure. * p<0.01 The wound width 

in soy week 2 compared to soy week 4, control week 1 compared to control week 2 and control week 2 compared 

to control week4.  

Wound width of control wounds on #179 pig model were 17536 um, 11037 um and 6990 um for 

week 1, 2 and 4 respectively. Wound width of soy treated wounds on #179 pig model were 15227 

um, 13720 um and 7809 um for week 1, 2 and 4 respectively. Wound width of control wounds on 

#179 pig decreased from week 1 to week 4 and it dropped significantly from week 1 to week 2 

and week 2 to week 4. Wound width of soy treated wounds also decreased from week 1 to week4 

but it only dropped significantly from week 2 to week 4.  

After raw data were collected from images, they were normalized as 0 to 1, representing the blank 

to the reddest in the images. The data was then separated into groups from 0-0.1,0.1-0.2, etc. Total 

amount of data in each group was summarized to plot shown in figure 12, 13, 14 and 15. Table 1 

and 2 shows how collagen was deposited throughout the whole tissue.  



 
 

21 
 

 

 

Figure 12. Collagen deposition of control wounds on a #182 porcine model. The X axis represents the normalized 

intensity of redness of picrosirius red stained tissue. 0 is the blank and 1 is the reddest in the stained tissue. The Y 

axis represents the count of data that fall into 0-0.1, 0.1-0.2, 0.2-0.3, … , 0.8-0.9 or 0.9-1. The data presents the 

average ±SD of count of data point. Each type of wound measured three times.  

 

Figure 13. Collagen deposition of soy treated wounds on a #182 porcine model. The X axis represents the 

normalized intensity of redness of picrosirius red stained tissue. 0 is the blank and 1 is the reddest in the stained 

tissue. The Y axis represents the count of data that fall into 0-0.1, 0.1-0.2, 0.2-0.3, … , 0.8-0.9 or 0.9-1. The data 

presents the average ±SD of count of data point. Each type of wound measured three times.  
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Figure 14. Collagen deposition of control wounds on a #179 porcine model. The X axis represents the normalized 
intensity of redness of picrosirius red stained tissue. 0 is the blank and 1 is the reddest in the stained tissue. The Y 
axis represents the count of data that fall into 0-0.1, 0.1-0.2, 0.2-0.3, … , 0.8-0.9 or 0.9-1. The data presents the 
average ±SD of count of data point. Each type of wound measured three times.  

 

 

 

Figure 15. Collagen deposition of soy treated wounds on a #179 porcine model. The X axis represents the 

normalized intensity of redness of picrosirius red stained tissue. 0 is the blank and 1 is the reddest in the stained 

tissue. The Y axis represents the count of data that fall into 0-0.1, 0.1-0.2, 0.2-0.3, … , 0.8-0.9 or 0.9-1. The data 

presents the average ±SD of count of data point. Each type of wound measured three times.  

-50

0

50

100

150

200

250

300

350

0 0.2 0.4 0.6 0.8 1 1.2

co
u

n
t 

o
f 

d
at

a 
p

o
in

t

normalized intensity of redness

Control week1 Control week2 Control week4 normal

-50

0

50

100

150

200

250

300

0 0.2 0.4 0.6 0.8 1 1.2

co
u

n
t 

o
f 

d
at

a 
p

o
in

t

normalized intensity of redness

Soy week1 Soy week2 Soy week4 normal



 
 

23 
 

Table 1. The collagen deposition of soy treated wounds and control wounds on a #182 porcine model. Data 

represents the ratio of counted data that fall in the ranges 0-0.3, 0.3-0.6 or 0.6-1 to the total counted data. The data 

presents the average ±SD. Each type of wound measured three times 

 

  control soy 

normal range week1 week2 week4 week1 week2 week4 

0-0.3 81.7%±0.5% 62.1%±1.6% 52.5%±1.3% 87.6%±0.4% 71.7%±1.5% 48.6%±1.6% 3.1%±0.1% 

0.3-
0.6 14.3%±0.5% 27.7%±1.6% 38.4%±0.6% 6.6%±0.1% 24.5%±1.2% 42.1%±1.9% 16.3%±9.8% 

0.6-1 4%±0.3% 10.2%±0.2% 9.1%±0.7% 5.8%±0.5% 3.9%±0.3% 9.3%±0.8% 80.6%±9.9% 
 

Table 2. The collagen deposition of soy and control groups on a #179 porcine model. Data represents the ratio of 

counted data that fall in the ranges 0-0.3, 0.3-0.6 or 0.6-1 to the total counted data. The data presents the average 

±SD. Each type of wound measured three times 

range 

control  soy  

normal week1 week2 week4 week1 week2 week4 

0-0.3 80.4%±0.3% 65.7%±1.4% 39.6%±0.8% 83.4%±0.2% 76.9%±0.3% 55.9%±0.1% 3.1%±0.1% 

0.3-
0.6 14.1%±0.5% 24.3%±1.1% 47.0%±0.6% 10.5%±0.2% 14.4%±0.2% 36.1%±0.4% 16.3%±9.8% 

0.6-1 5.4%±0.5% 10.1%±0.3% 13.4%±0.3% 6.1%±0.3% 8.7%±0.2% 8.0%±0.4% 80.6%±9.9% 
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CHAPTER 5 

DISCUSSION 

In the hemostasis and the inflammation phase, macrophages serve to remove damaged 

tissues and bacteria, similar to neutrophils and monocytes, but they can also produce growth factors 

such as VEGF to regulate the wound healing process65. Therefore, it can be expected that the 

highest count of macrophages would be in the inflammation phase and proliferation phase. As seen 

in Figure 5, macrophage counts on week 1 for both groups were the highest compared to week 2 

and week 4, showing that in week 1 both groups were still in the inflammation phase. Macrophage 

count in week 2 of the soy treated group did not change much compared to week 1, but it dropped 

significantly in week 4. In the control group, macrophage count in week 2 decreased significantly 

compared to week 1, but it did not have changes in week 4 compared to week 2. In figure 7, vessel 

count decreased significantly in both groups between week 2 and week 4. However, in Figure 8 

and 9 it shows that vessel area and diameter kept decreasing in the soy group but not in the control 

group. The high count of macrophages in the control group in week 4 may explain why vessel area 

and diameter did not change or even slightly increase. In figure 16, it showed the correlation of 

macrophage count and vessel count. The Pearson Correlation Coefficient R is 0.936, suggesting 

that when macrophage count decreased, vessel count also decreased. VEGF is a potent pro-

angiogenic growth factor protein 66. Macrophages are one of the sources that produce VEGF. One 

study showed that mutant mice without VEGF solely from cells of myeloid origin had delayed 

excisional wound healing67. The VEGF from macrophages could be the reason that angiogenesis is 

still active in week 4 of the control group. Figure 10 showed that the wound width decreased from 

week 1 to week 4 in both wound types and they healed faster between week 1 and week 2. #179 

pig model had a similar pattern with the #182 pig model. Figure 11 showed both groups had 

decreased wound width from week 1 to week 4, but the control group healed faster between week 

1 and week 2, week 2 and week4 while the soy group was faster between week 2 and week 4.  



 
 

25 
 

The method for analyzing collagen deposition was to count the total number of normalized 

data that fell in different intervals. Table 1 and 2 summarized how the count of each interval 

changed when the wound was healing. In the table, 0-0.3 could be defined as the wound area, 0.3-

0.6 was the transitional area, and 0.6-1 was the healthy area. In table 1, the wound area decreased 

29.2 % from week 1 to week 4, and the transitional area increased 24.2 % from week 1 to week 4 

in the control group. The wound area of the soy group decreased 39 % from week 1 to week 4 and 

increased 35.5 % in transitional area from week 1 to week 4. These data reflect that in figure 12 

and 13, the peak in wound area dropped in the soy group and the peak shifted towards the normal 

curve more in the soy group than the control group. This showed that collagen deposition increased 

in the soy group. In Table 2, data representing the #179 pig sample had different results. The wound 

area of the control group decreased 40.8 % from week 1 to week4 while the wound area of the soy 

group decreased 27.5 % from week 1 to week 4. In transitional area, the control group increased 

32.8 % from week 1 to week 4 while the soy group increased 25.6 % from week 1 to week 4. 

Results in Table 2 showed that the control group had better collagen deposition. The difference in 

results could be due to the method used to analyze collagen deposition. This type of analysis 

required high quality images. Folds on the tissues and inconsistent staining may have caused errors 

in data interpretation. The method did prove that as the wound was healing, the peak in the wound 

area (0-0.3) dropped and shifted towards the normal curve in both pig models.  

Macrophage count, vessel area, and vessel diameter all decreased in the soy group, showing 

that SPS had the ability to improve wound healing. Although collagen deposition did not shift to 

the healthy area in the soy group of the #182 pig sample compared to normal skin, the decrease in 

wound area and shift to transitional area showed faster increase of collagen deposition in the soy 

group compared to the control group. One study indicated when collagen accumulated in the 

granulation tissue to produce scar, vessels will start to regress and the density of vessels will return 

to baseline levels68. Both groups of the #182 pig sample showed decreased vessel count from week 
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1 to week 4, but the vessel area and diameter implied that angiogenesis did not finish in the control 

group.  

  

Figure 16. Correlation of vessel count (figure 7) and macrophage count (figure 5) The Pearson Correlation 

Coefficient R=0.936 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

SPS in this study improved the wound healing process and results showed that soy treated 

wound in week 4 entered the remodeling phase based on the end of the inflammation phase 

(decreased macrophages count) and collagen deposition. When macrophage count decreased, 

vessel count decreased in both wound types but soy treated wound has smaller vessels (smaller 

vessel area and diameter) compared to control wounds. Certain component in soy protein may help 

shrink vessels during wound healing process. Control group of #182 may still remain in the 

inflammation phase in week 4 because macrophage count was higher compared to the soy group. 

The structure of vessels did not change compared to week 2 and less collagen deposition was 

observed compared to the soy group. To further confirm how the wound healed, the structure of 

collagen and vessels could be used. Only matured vessels would be left in the wound and their 

structure is different from those of newly formed blood vessels28. Collagens form cross-links and 

align in single and parallel directions in scar tissue, while forming a random basket-weave structure 

in normal tissue69. As shown in figure 5, SPS helped decrease macrophage count significantly in 

week 4. Future studies can focus on determining what specific components in soy activated or de-

activated macrophages. Isoflavones, one of the components in soy, has been proven to have anti-

inflammatory effects70. Different components can be extracted from soy and cultured with 

macrophages to further reveal the mechanisms on how SPS may improve the wound healing 

process. 
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