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Biomimetic and Estrogenic Plant-based Nanofibrous Wound Dressings 

 

Abstract 
 

Naturally healed wounds do not perfectly regenerate cutaneous connective tissue, which 

often leads to extensive scarring or unhealed wounds. However, engineering regenerative wound 

dressings, which is a $10 billion market globally, remains a challenge for primary healthcare. 

Estrogen, a primary female sex hormone, accelerates wound healing via estrogen receptor (ER)-β 

but also triggers various breast cancers via ER-α, indicating that the use of estrogen is 

problematic. A better alternative to estrogen is an estrogenic material that can selectively activate 

the ER-β signaling pathway for enhanced wound healing without a high risk of triggering ER-α-

positive cancers. Soy protein possesses phytoestrogens that have a structure and function similar 

to estrogen. Interestingly, soy phytoestrogens preferentially induce the ER-β signaling pathway.
 

Moreover, soy phytoestrogens carry bioactive peptides that are similar to extracellular matrix 

(ECM) proteins in healthy skin. Despite these biological advantages, engineering soy-based 

scaffolds remains a challenge due to the low molecular weight of soy protein and the lack of 

studies thoroughly characterizing and optimizing processes for biomedical applications. We 

therefore propose to engineer estrogenic and ECM-mimetic soy-based nanofibrous scaffolds to 

accelerate wound healing. The engineered soy nanofibers successfully recapitulated the fiber 

morphology and diameter, pore diameter, and stiffness of native skin and transported bioactive 

contents (proteins and phytoestrogens). Moreover, the soy-based nanofibers showed high water 

retention, which could provide a moist environment to promote healing. As a result, soy 
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increased in vitro fibroblast proliferation and migration on nanofibers compared to those without 

soy protein. The soy-based scaffolds significantly accelerated tissue restoration in both mouse 

and human skins. More importantly, these scaffolds promoted re-epithelialization, ECM 

remodeling, and hair follicle formation via the ER-β pathways. This study confirmed that soy-

based dressings enhance wound closure and tissue regeneration via the ER-β pathways by 

providing a biomimetic and estrogenic microenvironment and by improving the physicochemical 

properties of scaffolds. We envision that our scaffolds will be the next generation of one-step, 

cost-effective regenerative scaffolds for primary care of severe cutaneous wounds. 
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1 Introduction 

Wounded human skin tissue cannot easily regenerate its original structure and function 

due to its poor regenerative capacity.
1
 Accordingly, development of scaffolds to support and 

facilitate tissue reconstruction is urgently needed.
2
 Animal-derived materials can provide a 

backbone and/or bioactive moieties for engineered scaffolds, but these substances have various 

limitations.
3
 Alternatively, plant-derived materials have received increased attention. In 

particular, soy protein has emerged as an interesting biomaterial. Historically, soy protein has 

been consumed due to its rich nutrients (e.g., proteins and minerals). This protein is 

biocompatible, plentiful, renewable, and mostly free of immunogenicity and ethical issues, in 

contrast to animal-derived materials.
4
 More importantly, soy protein also carries bioactive 

molecules similar to those of the extracellular matrix (ECM) or hormones (e.g., estrogen) that 

can control cell fate.
5
 However, engineering soy-based scaffolds and elucidating their underlying 

biological mechanisms for accelerated skin repair remain limited. Herein, we hypothesized that 

biomimetic and estrogenic soy-based nanofiber scaffolds can promote wound healing via 

activation of estrogen receptor β (ER-β). We discuss the biological benefits and limitations of 

soy-based scaffolds, which are addressed by a sophisticated material design and analysis of the 

biological mechanism. 
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1.1 Skin Microenvironment and Wound Healing 

Skin is a complex system that is composed of multiple cell types and ECM components 

(Figure 1-1).
1
 Skin consists of two distinctive layers: a thin epidermal layer and the thicker 

underlying dermal tissues. Epidermal keratinocytes are the major cell type comprising the thin 

epidermis, which protects skin from exogenous physical and chemical stimuli.
1
 Additionally, 

epithelial stem cells can be differentiated into skin appendages (such as hair follicles and 

sebaceous glands) that originate from the epidermis and extend to the dermis.
6
 

The dermis is composed primarily of dermal fibroblasts embedded within basket-woven 

collagen fibrous networks that provide structural and biochemical support.
1
 Endothelial and fat 

cells are also present in the dermal layer for nutrition and for hair regeneration, respectively.
7-9

 In 

the context of ECM cues, collagen is the major ECM protein, but other ECM components [e.g., 

fibronectin (FN) or hyaluronic acid (HA)] are dynamically involved in the development and 

maintenance of the dermis.
10
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Figure 1-1. Multiscale structure of skin. 

Healthy skin consists of skin cells (e.g., keratinocytes and fibroblasts) embedded within ECM 

protein networks 
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Figure 1-2. Normal cutaneous wound healing 

Wound healing in adult humans undergoes wound closure and remodeling phases, usually 

leading to a scar with loss of basket-woven fiber matrix, hair, and fat. 
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After a skin wound, repair of the damaged tissues is rapidly initiated, as programmed 

(Figure 1-2). First, a clot forms in the wound site to act as a temporary shield.
11

 The clot contains 

ECM proteins (e.g., FN or vitronectin) and growth factors [e.g., transforming growth factor 

(TGF β1) or vascular endothelial growth factor (VEGF)], which attract surrounding 

inflammatory cells to the wound sites.
12

 The recruited inflammatory cells (e.g., neutrophils or 

macrophages) remove wound debris (coagulated blood clots and bacteria) and secrete 

proinflammatory cytokines to activate fibroblasts and keratinocytes, promoting tissue 

regeneration.
1
 

The activated epidermal keratinocytes migrate to wound sites to close the wounds and 

rebuild new epidermal layers; this process is known as re-epithelialization.
1
 Furthermore, dermal 

fibroblasts migrate to wound sites to produce new connective dermal tissues, which are called 

granulation tissues.
1
 Granulation tissues have a granular structure with newly synthesized 

collagen matrix and vascularization.
2
 Re-epithelialization and granulation tissue formation 

together promote the closure of the wounded tissues. The next and last step is to regenerate skin 

appendages (hair and sebaceous glands) to restore the original structure and function of the skin. 

For example, dermal fibroblasts release hair-inducing signals, such as epidermal growth factor 

(EGF) and fibroblast growth factor (FGF).
13, 14

 

Nevertheless, natural skin repair in adult humans leads to aesthetically and functionally 

imperfect healing outcomes due to the lack of intrinsic regenerative capability.
1
 In particular, 

normal healing in adult humans causes scarring with an extensive and dense collagen matrix in 

the absence of hair follicles and cutaneous fats.
8
 Moreover, diabetes or radiation exposure can 

result in delayed or non-healing wounds.
2
 Accordingly, regenerative medicine therapy, such as 

biomimetic scaffolds, is needed to regulate wound repair.
2
 In the following chapter, we will 
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discuss how to design regenerative wound dressings for the best healing outcomes, the current 

limitations of wound dressings, and why we need to develop soy-based wound dressings for the 

next generation of regenerative biomimetic scaffolds for enhanced skin regeneration. 

 

1.2 Design Criteria for Developing Regenerative Wound Dressings 

To develop regenerative medicine applications, particularly biomimetic scaffolds, 

researchers should consider various criteria for the best healing outcomes. In this chapter, five 

important parameters for designing regenerative dressings will be discussed. 

 

1.2.1 Nanofibrous Architecture 

Over the last two decades, tissue engineers have built increasingly functional tissue 

constructs by designing scaffolds that guide cell assembly and tissue morphogenesis. Biomimetic 

tissue analogues are currently used for disease modeling and to support regenerative medicine 

research.
15

 To improve the fidelity of these tissue analogues, researchers have aimed to develop 

novel scaffolds that effectively recapitulate the mechanical, electrical, and chemical 

microenvironmental cues of the native ECM. Structurally, native tissue consists of nanofibrous 

ECM proteins that support mechanical and biochemical functions (Figure 1-1).
7, 16, 17

 

Accordingly, nanofiber scaffolds have been successfully used as a synthetic ECM to promote the 

maturation of engineered tissue.
18-20

 

Several manufacturing systems have been developed to produce nanoscale fiber 

scaffolds. First, hydrogels can provide biomimetic nanofiber networks mostly by chemical 

crosslinking of polymers (e.g., alginate, collagen, or gelatin). This system is easily generated and 

highly controllable in terms of reaction time, macroscale size, and shape. However, many 
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hydrogels require crosslinking agents that are toxic and can change the original structure of the 

bioactive components.
21, 22

 In addition, controlling fiber alignment within hydrogels is difficult 

because crosslinking among polymers is often stochastic in nature. Electrospinning is another 

common system to produce nanofibers. This system utilizes high-voltage electric fields to induce 

charged jet elongation and finally generate nanofibers.
23

 The fiber morphology, alignments, and 

physicochemical properties can be easily controlled in electrospinning systems. However, few 

materials can be processed using electrospinning due to the molecular weight, charge, and/or 

solubility of the materials.
23

 Furthermore, the production rate of electrospinning is very low (<1 

mL/hr).
23

 As an alternative, force spinning can produce nanoscale fibers under high centrifugal 

forces generated by rotating a bristle at a high speed and pulling polymeric solution into 

continuous fibers, similar to a cotton candy machine.
24, 25

 This system has a high production rate 

(~ 20 mL/hr) and good control of fiber qualities without the need for additional treatments and 

high-voltage electric fields.
22, 26

 

 

1.2.2 Nanofibrous Parameters 

The physicochemical properties of nanofibers should be optimized to promote skin 

reformation. Previous studies have explored the optimal fiber diameter, pore size, stiffness, and 

roughness for human dermal fibroblasts.
27-35

 Briefly, a small fiber diameter (200–400 nm), large 

pore diameter (6–20 μm), low stiffness (2–600 kPa) and high roughness effectively stimulate 

attachment and growth of human dermal fibroblasts.
27-35

 However, these parameters should be 

optimized for other cell types (keratinocytes, adipocytes, or endothelial cells) to affect multiple 

stages of wound healing. Due to the hydrophilic nature of our body, cells prefer hydrophilic 
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surfaces to adhere and grow.
36

 Thus, the hydrophilicity of a material plays a vital role in skin 

repair because hydrophilic surfaces promote cell adhesion, proliferation, and infiltration.
36

 

 

1.2.3 Bioactive Molecules 

The ideal microenvironment for enhanced skin repair should contain relevant bioactive 

molecules to promote the growth of skin cells and the formation of new tissue.
10, 37-40

 There are 

many different types of bioactive molecules. ECM proteins, such as collagen or FN, are the most 

common bioactive compounds because they are present in healthy skin. In addition, ECM-

mimetic proteins, such as plant-based or synthetic peptides, are often used as cost-effective 

and/or versatile alternatives to native ECM proteins, which are expensive and unsustainable.
22

 

Wound dressings are also composed of growth factors, such as TGF-β and VEGF, which are 

involved in various signaling pathways that affect inflammatory responses and tissue 

regeneration.
41

 Additionally, estrogen and phytoestrogens are integrated into wound dressings to 

control wound healing via estrogen receptor (ER) pathways and/or other signaling pathways.
42, 43

 

 

1.2.4 Moist Environment 

Maintenance of a moist environment in wounds plays an important role in preventing 

dehydration and cell apoptosis for rapid wound healing without infection and pain.
10, 37-40

 Wound 

dressings that sustain a moist wound environment showed a faster rate of re-epithelialization and 

better healing outcomes than those that did not.
44

 These results led to various moisturizing 

dressings, such as hydrocolloids and foams, in the commercial market. In research laboratories, 

hydrogels and swelling nanofibers have been developed to promote a moist wound 

environment.
22, 45
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1.2.5 Antibacterial Activity 

Open wounds are easily infected by bacteria that impair healing processes and thus 

result in poor cosmetic outcomes. Passive wound dressings can act as physical barriers to prevent 

bacteria from entering the wound sites. Therefore, the pore size of wound dressings should be 

smaller than the size of the bacteria. Additionally, antibacterial agents can inhibit bacterial 

growth in the wounds. Silver is one of the best-known and most commonly used antibacterial 

molecules and has been used for commercial products (e.g., 3M™ Tegaderm™ Ag Mesh 

Dressing with Silver). Natural polymers possess antibacterial activities. For example, degraded 

ECM proteins decreased the activities of Gram-negative Escherichia coli and Gram-positive 

Staphylococcus aureus.
46

 Phytoestrogens in herbal materials (e.g., soy protein and alfalfa) also 

possess antibacterial activity.
43

 

 

1.3 Current Wound Dressing Materials and Their Limitations 

Approaches based on modern regenerative medicine have recently emerged and have 

been shown to be effective in managing diseases. Specifically, researchers have extensively 

investigated new materials for developing wound dressings to support and facilitate skin tissue 

reconstruction
47

 due to the lack of intrinsic regenerative capacity in human tissues.
48

 Synthetic 

and animal-derived materials are most commonly used for engineered scaffolds. Synthetic 

polymers can form fibrous networks due to their high polymer chain entanglements and can 

therefore recapitulate the native fibrous architecture of tissues.
49

 For example, different types of 

polyesters [polycaprolactone (PCL),
50

 polylactic acid (PLA),
51

 and polyglycolic acid (PGA)
52

] 

have been used as fiber-forming, biodegradable, and biocompatible polymers. However, these 
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materials are not water-soluble and thus require organic solvents to be dissolved and processed. 

In addition, they show slow degradation, and thus, the dressings need to be removed after 

treatment. In contrast, polyvinyl alcohol (PVA)
45

 and polyethylene oxide (PEO or polyethylene 

glycol)
53

 are water-soluble polymers with fiber-forming capacities. Nevertheless, they require 

co-spinning polymers (such as polyesters) or crosslinking agents to increase their structural 

integrity for wound healing applications due to their high water solubility. Furthermore, all 

synthetic polymers lack bioactive domains that enhance cell adhesion and growth, requiring 

these materials to be functionalized with additional bioactive moieties, such as proteins, growth 

factors, or drugs. 

Animal-derived materials (e.g., proteins or hormones) have also been used to develop 

wound dressings. These substances are rich in cell-binding domains and thus promote cellular 

behavior and ultimately tissue reconstruction.
49

 For example, collagen is one of most commonly 

used ECM proteins because it is the major component of dermal tissue in healthy skin. Collagen 

can form both nanofibers and hydrogels but needs to be further crosslinked enzymatically
54

 or 

chemically
55

 to enhance the structural stability under physiological conditions. However, the 

manufacturing processes of collagen dressings can denature its original structure (e.g., protein 

secondary structure) and thus change its functionality for healing outcomes.
56

 Collagen-based 

dressings might also cause extensive wound contraction and scarring, possibly due to the origin 

of scar formation by excessive and aligned collagen networks.
10

 Moreover, collagen is expensive 

and unsustainable, has poor mechanical properties, may show immunogenicity and may raise 

ethical concerns.
10, 49, 57

 To overcome the financial burden and the low sustainability of collagen, 

researchers have introduced gelatin, a denatured collagen type I, as a cheap collagen-like 

source.
58

 The amino acid compositions of gelatins vary according to the sources of gelatins (e.g., 
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porcine vs. fish).
59

 Similar to collagen, gelatin also has poor mechanical properties, may possess 

immunogenicity and may raise ethical concerns.
60

 FN dressings have recently been developed. 

FN is an ECM protein that is known to be upregulated in fetal scarless healing processes when it 

is present in a fibrillary form.
61, 62

 Inspired by this fetal biology, our laboratory engineered FN 

fiber dressings.
63

 The FN scaffolds promoted wound closure, re-epithelialization, and skin 

appendage regeneration (hair follicles and adipose tissues).
63

 However, these scaffolds are very 

expensive and may cause immunogenicity and raise ethical concerns; furthermore, the 

production rate and yield are very low. 

To overcome these limitations of synthetic and animal polymers, researchers have 

recently considered plant-derived materials as alternative bio-building blocks to create cost-

effective, sustainable, and regenerative scaffolds.
64,65

 In particular, cellulose derivatives enable 

the formation of a fibrous backbone.
22

 Carboxymethyl cellulose (CMC) is one of the most 

common cellulose derivatives for the development of wound dressings because it is a cheap, 

water-soluble, sustainable, and FDA-approved biopolymer.
40

 CMC-based microfibers and 

hydrogels have already been commercialized as wound dressing products. These products 

primarily act as a physical barrier to prevent bacterial penetration and to provide a moist 

environment in the wound site without potentiating ultimate tissue reconstruction.
40

 Cellulose 

acetate, another cellulose derivative, has been used to generate nanofiber dressings in an 

electrospinning system using different combinations of organic solvents.
66

 This molecule forms 

nano- to microsized fibers with a high swelling ratio to maintain a moist environment for 

enhanced healing outcomes.
40

 In addition to cellulose, alginate is a well-known plant material 

that can be used to fabricate dressings. Alginate is a water-soluble polysaccharide extracted from 

seaweed.
67

 In particular, sodium alginate can be ionically crosslinked by replacing sodium ions 
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with multivalent cations (e.g., calcium ions), forming stable networks within polymer strands.
67

 

With this reaction, alginate can be easily and quickly reshaped as injectable hydrogels and wet-

spun fibers, resulting in various commercial products (e.g., 3M™ Tegaderm™ Alginate 

Dressing).
67, 68

 However, these plant-derived polysaccharides lack bioactive components, such as 

cell binding moieties, and therefore need to be functionalized with proteins (e.g., collagen or 

gelatin)
69, 70

 or antibacterial agents (e.g., silver or 3M™ Tegaderm™ Alginate Ag Silver 

Dressing).
71

 

Alternatively, among plant materials, soy protein has recently received increased 

attention as a new type of biomaterial, as soy protein carries bioactive molecules similar to ECM 

proteins or hormones that control cell fates.
22

 Nevertheless, engineering soy-based wound 

dressings remains largely unexplored due to limited manufacturing platforms and a poor 

understanding of their regenerative capabilities at different spatial scales (from the molecular to 

the cellular to the tissue level) during healing processes. In the following chapter, I will review 

the clinical and molecular studies of soy protein as a new type of wound dressing material as 

well as the limitations of current soy-based dressings. 

 

1.4 Topical and Oral Administration of Soy Protein in Clinical Trials 

Consumption of soy foods was shown to benefit human health, leading to clinical trials 

to prove their pharmaceutical effects. One clinical study showed that high soy-protein-

consuming individuals had a decreased risk of coronary heart disease (CHD), resulting in a 

decreasing risk of CHD with increasing total soy protein intake, upon FDA approval.
72

 Soy 

protein intake also enhanced the blood lipid levels and bone density in postmenopausal women.
73

 

Furthermore, cardiovascular diseases (CVDs) were ameliorated by reducing low-density 
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lipoprotein (LDL)-cholesterol concentrations with soy consumption.
74

 The administration of soy 

foods also decreased the incidence of breast cancer, although the protective mechanism still 

remains controversial.
75

 In the context of skin health, the facial wrinkles and reduced skin 

elasticity of post-menopausal women were ameliorated after oral intake of soy isoflavones by 

promoting synthesis of new collagen matrix in the skin.
76, 77

 Furthermore, soy isoflavones 

stimulate hair growth in humans, which is generally absent in wound healing in mice and adult 

humans,
8
 by triggering insulin-like growth factor-I.

78, 79
 Soy protein also accelerated wound 

healing in burn patients (non-healing wounds) by reducing oxidative stress and inflammation.
80

 

Thus, the administration of soy protein improves wound closure and skin appendage 

regeneration in clinical trials. 

 

1.5 Bioactive Molecules in Soy Protein 

We aimed to further elucidate the mechanism underlying the improved rate of skin 

tissue regeneration and the specific bioactive components of soy protein responsible for this 

activity, as soy protein carries various bioactive molecules. Over the centuries, soy protein has 

been used as an important ingredient in foods due to its rich nutrients, such as proteins, fat, 

minerals, and vitamins.
74

 Herein, I focus on two predominant compounds in soy protein for 

enhanced wound healing: ECM-mimetic proteins and phytoestrogens (Figure 1-3). 
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Figure 1-3. Bioactive molecules in soy protein.  

a) ECM-mimetic protein and b) phytoestrogen. 

 

1.5.1 ECM-mimetic proteins 

Healthy skin consists of a dynamic and complex ECM microenvironment in the 

epidermis and dermal connective tissues.
1, 2, 81-83

 Fibroblasts are the most common cells in 

connective tissue that produce ECM.
1, 2, 81-91

 Specifically, dermal connective tissue is a 

nanofibrous collagen matrix, offering structural and biological cues to support cell attachment, 

proliferation, and tissue synthesis.
1, 2, 81-83

 Collagen is one of the predominant ECM proteins in 

all types of tissues. Skin is primarily composed of collagen type I (~ 80%) and III (~ 10%).
92

 Soy 

protein is also a good source of amino acids. Both soy protein and collagen possess similar 

amino acids, although the ratios of amino acids in soy protein and collagen are different.
93

 

Various biomaterials have been tested to engineer substrates or scaffolds to improve wound 

healing and skin regeneration. ECM proteins, extracted from different animals, have traditionally 

been used to deliver the same proteins in skin. However, these proteins are difficult to customize 

because they have different biological origins.
94

 They also show immunogenicity, raise ethical 

concerns, and are expensive. Scientists have developed engineered proteins that mimic 

sequences existing in ECM proteins.
94

 However, this strategy requires advanced tools, and 
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precise engineering of the sequences is difficult. We can utilize ECM-mimetic peptides from soy 

protein, which do not have these financial and technical burdens, as an alternative bioactive 

substance to design biomaterials for wound healing. 

 

1.5.2 Phytoestrogens 

Post-menopausal women suffer from impaired health status due to decreased levels of a 

primary sex hormone, estrogen. The estrogen level also declines in old males, which in turn 

causes slow healing. Hormone replacement therapy (HRT), such as topical estrogen treatment, 

can reverse the delayed healing processes. After estrogen is administered, it binds to different 

ERs (ER-α or ER-β) and influences various cellular and molecular mechanisms.
95

 Estrogen 

promotes anti-inflammatory responses, re-epithelialization, and ECM synthesis via the ER-β 

signaling pathway, especially in skin repair.
43

 Oral or topical estrogen therapies can potentially 

reverse delayed wound healing in post-menopausal women.
96

 The cardioprotective roles of 

estrogen against CHDs and ischemia have been elucidated by utilizing animal models treated 

with estrogen.
97

 However, activation of the ER-α signaling pathway was shown to increase the 

risk of breast cancer, stroke, and CHDs, indicating that the use of estrogen is problematic.
95

 A 

better alternative to estrogen is an estrogenic material that can selectively activate the ER-β 

signaling pathway for enhanced wound healing without ER-α activation (Figure 1-4). 

Soy protein possesses phytoestrogens that have a structure and function similar to 

estrogen. One of the main phytoestrogens in soy protein is genistein. Interestingly, genistein 

preferentially triggers the ER-β signaling pathway, showing much higher affinity for ER-β than 

ER-α (Figure 1-4). Preclinical and clinical studies have shown that topical and oral intakes of 

genistein accelerate wound healing in an estrogen-deficient animal model (ovariectomized mice) 
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and elderly individuals. Specifically, genistein can also bind to ER-β and promote re-

epithelialization, new hair follicle formation, and adipose tissue regeneration during wound 

healing.
43, 79, 98

 Furthermore, this molecules is known to modulate inflammation and antibacterial 

activity. 

 

 

Figure 1-4. Soy phytoestrogen and estrogen receptor-mediated pathways. 

Phytoestrogen preferentially triggers the ER-β signaling pathway over the ER-α signaling 

pathway to selectively enhance wound healing without activating ER-α-positive cancers. 

 

1.6 Current Soy-based Wound Dressings and Their Limitations 

Due to the advantages described in Chapters 1.4 & 1.5, soy protein has been used as a 

building block for developing regenerative scaffolds. There are various types of soy-based 

scaffolds: film, hydrogel, three-dimensional (3D)-printed and electrospun scaffolds. 

 

1.6.1 Soy Film 

Soy film is the simplest form of soy-based scaffolds. Soy film was fabricated via 

formaldehyde crosslinking with different crosslinker concentrations.
99

 This film was transparent 
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and nontoxic and showed swelling. The film supported the proliferation of both dermal 

fibroblasts and epidermal keratinocytes with no significant difference in cell viability at different 

concentrations of formaldehyde. Furthermore, soy film accelerated cytokine expression 

[interleukin (IL)-6, IL-8, and TNFα] in fibroblasts and keratinocytes.
99

 Cytokine secretion 

mediates macrophage activities that are known to be beneficial for normal wound healing.
100

 

These results indicate that soy film is nontoxic and facilitates the migration and cytokine 

expression of skin cells in vitro. However, the film lacks 3D, fibrous, and porous structures.
99

 

The researchers only performed in vitro cell culture experiments, not in vivo or ex vivo studies 

that could reveal the healing outcomes mediated by the film. 

 

1.6.2 Soy Hydrogel 

 Due to the abundant peptides in soy protein, soy-based hydrogels can be produced using 

different types of crosslinkers [microbial transglutaminase (MTG)
101

, calcium chloride (CaCl2)
102

, 

or genipin
102

]. Chien et al. reported a fibrous, porous, and swelling soy hydrogel crosslinked by 

MTG.
101

 Human mesenchymal stem cells (HMSCs) were seeded in vitro within the scaffolds for 

2 weeks and showed increased cell infiltration, integration, and tissue formation with a minimal 

dead cell ratio.
101

 In another study, Shevchenko and Santin performed a preclinical study of soy-

based hydrogel and paste with porcine healing and non-healing wound models.
102

 Soy-based 

dressings were prepared by crosslinking soy protein with CaCl2 or genipin.
102

 The soy hydrogels 

were effective in treating deep and chronic wounds (e.g., chronic foot ulcers) due to their porous 

structure.
102

 They also potentiated acute inflammation, neutrophil growth, neovascularization, 

and granulation tissue formation with a basket-woven collagen fiber architecture similar to that 

of healthy skin.
102

 These in vitro and preclinical data indicated that soy-based dressings can 
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reduce scar formation and increase angiogenesis, which cannot be achieved by spontaneous 

healing processes.
102

 However, soy hydrogels require the use of crosslinkers that could be toxic 

or change the original structure of the bioactive molecules in soy protein. Due to the nature of 

chemical and enzymatic crosslinking, the fiber diameter is on the microscale, and fiber alignment 

is barely controllable. Furthermore, the structural integrity of soy hydrogels is loose and unstable; 

therefore, they are not suitable for treating large wounds.
102

 

 

1.6.3 Three-dimensional-printed Soy Scaffold 

Recently, 3D printing has emerged as a versatile platform to create 3D objects. Soy 

protein was also 3D-printed by extruding a mixture of soy slurry and glycerol.
103

 Dithiothreitol 

was added to the printed soy scaffolds to form disulfide bonds between dithiothreitol and soy 

protein to enhance the stability of the scaffolds.
103

 The scaffolds were crosslinked with 

dehydrothermal (DHT) and 1-ethyl-3-(3 dimethylaminopropyl)carbodiimide (EDC).
103

 The 

microstructure and angles of the layers were easily controllable.
103

 However, the 3D-printed soy 

scaffolds consist of a few hundred micron-scale fibers and have pore diameters that are much 

larger than the optimal scales. Therefore, these products would not be ideal to facilitate cellular 

adhesion, growth, and tissue formation. Additionally, the pore size is too large to prevent 

bacterial penetration. When the scaffolds were cultured with HMSCs, the cells showed good 

viability.
103

 No further in vitro or in vivo tissue regeneration experiments were performed. 

 

1.6.4 Electrospun Soy Nanofiber 

Because the peptides in soy protein have low molecular weights, they cannot form 

continuous nanofibers alone. Instead, co-spun or carrier polymers that have long chains and can 
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thus be elongated to form nanofibers via electrospinning processes are required. In current 

studies, nylon, PVA, PCL, and PEO were used as co-spun polymers for soy protein. The first 

electrospun soy protein nanofibers were composed of soy protein isolate (SPI)/PEO in 

hexafluoro-2-propanol (HFIP).
104

 The components from soy proteins were homogeneously 

distributed through single fibers [confirmed by energy-dispersive X-ray spectroscopy (EDS)] and 

macroscale scaffolds (confirmed by FT-IR).
104

 This scaffold showed superhydrophilicity due to 

the presence of hydrophilic components from soy protein.
104

 In another study, SPI/PEO blend 

nanofibers were cultured with human dermal fibroblasts in vitro for 8 days.
105

 SPI/PEO 

nanofibers supported cell adhesion, proliferation, and growth of fibroblasts similar to gelatin, 

collagen type I, and poly(lactic-co-glycolic acid) (PLGA) substrates, which are common cell 

culture substrates.
105

 Furthermore, similar to the type I collagen scaffold, SPI/PEO scaffolds 

upregulated the gene expression of cell binding receptors (e.g., integrin β1) and ECM deposition 

proteins (collagen and laminin), indicating non-fibrotic dermal ECM remodeling in the dermis, 

which enhances healing outcomes.
105

 SPI/PEO nanofibers also showed antibacterial activity and 

promoted wound closure in a rat model.
106

 In addition to co-spun PEO polymers, soy protein 

nanofibers were also spun with PVA, PCL, or nylon. These fibers possess nanoscale fiber 

diameters and pore sizes small enough to prevent fungal penetration.
107

 However, the current 

electrospun soy nanofiber scaffolds still used non-optimal materials, such as synthetic polymers 

as a backbone and toxic solvents such as HFIP. Furthermore, these scaffolds did not recapitulate 

the native skin microenvironment. Thus, rigorous in vitro and in vivo studies on their 

regenerative capability (e.g., mechanistic studies and studies of skin tissue regeneration, such as 

hair follicle or adipose tissue reformation) are needed. 
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1.7 Unanswered Questions and Perspectives 

Recent studies have utilized soy protein as wound dressing materials. Nevertheless, 

there are still important questions that need to be answered to improve soy-based dressings. 

 

1.7.1 Can Soy Dressings Effectively Mimic the Native Microenvironment? 

To obtain the best healing outcomes, we need to effectively recapitulate the 

composition and structure of the native ECM microenvironment in skin. Current soy-based 

dressings were engineered to partially mimic these properties. As described in Chapter 1.2, soy-

based dressings should be further improved to have basket-woven or isotropic fibrous 

architecture with an optimal fiber diameter (200–400 nm), pore diameter (6–20 μm), and 

stiffness (2–600 kPa). In addition, the scaffolds should be highly hydrophilic to enhance cell 

adhesion and growth as well as sustain a moist environment. 

Furthermore, the composition of soy-based scaffolds can be improved. Current soy-

based dressings mostly rely on synthetic polymers to produce fibrous structures with soy protein. 

However, some synthetic polymers (e.g., PCL or PU) are insoluble in water, necessitating the 

use of toxic organic solvents (e.g., HFIP or chloroform). These solvents are often derived from 

petroleum oils, raising environmental and sustainability concerns. As an alternative, plant-

derived polymers such as cellulose derivatives can be used as carrier polymers without the use of 

toxic crosslinkers. Furthermore, ECM components [e.g., glycosaminoglycans (GAGs)] can be 

used to form a stable fibrous backbone similar to that in native skin. In particular, HA, a GAG in 

skin, enables the formation of hydrogel or nanofibers.
108

 HA is observed not only in animals but 

also in bacteria.
109

 HA synthesized from bacteria has similar physicochemical properties to 

animal-derived HA but reduces the cost by an order of magnitude. 
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1.7.2 Can We Generate High-Throughput Biomimetic Soy Dressings? 

As mentioned in Section 1.5, current soy-based fibrous 3D scaffolds are low throughput 

in terms of manufacturing scale. Specifically, the production rate of electrospun soy-based 

nanofibers is very low (<1 mL/hr).
23, 104-107

 Soy hydrogels require a few hours to a few days for 

the crosslinking reaction and freeze-drying prior to use.
101, 102

 Although 3D printing is very 

efficient in terms of throughput, it is unable to produce nanoscale structures due to its spatial 

resolution limitation (a few microns at the lowest).
110

 To overcome the limitation of the current 

low-throughput platforms, we hypothesize that force spinning [e.g., rotary jet spinning (RJS)] 

can produce biomimetic soy-based nanofiber dressings in a high-throughput system (>1 

mL/min).
25

 If a volatile solvent, such as an electrospinning system, is used, RJS can increase the 

throughput 50 times higher than that of the current electrospinning system for the development 

of soy nanofibers. Additionally, the modified version of RJS, called immersion rotary jet 

spinning (iRJS), enables the production of nanofibers from water.
68

 Therefore, water-soluble 

ECM components (e.g., HA) can be adopted into the high-throughput spinning system to 

optimize the soy-based dressings. 

 

1.7.3 Can Soy Dressings Activate Estrogen Receptor β? 

As mentioned in Chapter 1.5, soy protein has two important bioactive molecules for 

wound healing: ECM-mimetic peptide and phytoestrogens. Current studies have only explored 

the effects of soy peptides in wound healing in vitro and in vivo. Accordingly, the existence and 

delivery of soy phytoestrogens via engineered soy dressings as well as the effect of soy 

phytoestrogens on healing processes remain unexplored. Nevertheless, most in vitro, in vivo, and 
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clinical studies have indicated that the medicinal benefits of soy protein largely stem from soy 

phytoestrogens (see more details in Chapter 1.5.2). 

First, spinning materials and systems should be optimized to deliver phytoestrogens 

with soy scaffolds. Most phytoestrogens (e.g., genistein and daidzein) are partially soluble in 

water but highly soluble in dimethyl sulfoxide (DMSO).
111

 Accordingly, phytoestrogen-

dissolving solvents should be incorporated, and the use of DMSO or equivalent strong solvents 

should be acceptable in the spinning system. In addition, the amount of soy phytoestrogens in the 

scaffolds should be quantified. For this purpose, liquid chromatography-mass spectrometry (LC-

MS) will be a useful tool to analyze phytoestrogens because it can first separate molecules based 

on their polarities, and then, each molecule is ionized and analyzed based on the mass of each 

ionized segment.
112

 The time-dependent release kinetics of phytoestrogens from the scaffolds can 

also be determined by LC-MS analysis. 

The next step is to investigate the effect of phytoestrogens in soy scaffolds on cutaneous 

wound healing via ER signaling pathways. As described in Chapter 1.5.2, clinical studies 

indicated that oral and tropical administration of soy phytoestrogens accelerated healing 

processes via ER-β. However, current studies only examined the engineering capability for soy-

based dressings and their potential as wound dressings without elucidating the mechanisms of 

wound repair mediated by ER signaling pathways. To study the ER-related mechanisms, 

researchers introduced ER-specific antagonists (e.g., 4-[2-phenyl-5,7-

bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP) for ER-β or 8-

benzylsulfanylmethyl-1,3-dimethyl-3,7-dihydro-purine-2,6-dione, 8-

[(benzylthio)methyl]theophylline, theophylline, and 8-[(benzylthio)methyl] (TPBM) for ER-α) to 

block ER pathways in vitro and in vivo.
5
 Moreover, ER knockout animal models in combination 
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with ovariectomy surgery and a soy-free diet can be used to determine how phytoestrogens in 

soy dressings affect healing processes via the ER signaling pathways without other ER 

stimulants (such as endogenous estrogen and soy-based diets).
43

 

 

1.7.4 Can Soy Dressings Stimulate Improved Healing Outcomes? 

Healing shows various stages, from early inflammatory responses to wound closure (or 

re-epithelialization) to regeneration of the dermis and epidermis. Although clinical evidence has 

shown that soy protein and/or soy phytoestrogens could enhance the healing outcomes (e.g., hair 

follicles and adipose tissue reconstruction), current studies of soy wound dressings have only 

explored the simple aftereffects, such as wound closure, re-epithelialization, or granulation tissue 

formation. To further verify the potential of soy wound dressings, researchers should examine 

advanced healing outcomes (e.g., minimal scar formation and regeneration of new hair follicles 

and adipose tissues).
8
 Furthermore, the applicability of soy wound dressings for hard-to-heal 

wounds, such as chronic ulcers, should also be tested.
40

 

 

1.7.5 What Else Can We Do with Soy Scaffolds? 

If the above questions are answered, soy-based scaffolds can be applied to treat not only 

cutaneous wounds but also other diseases. As described in Chapter 1.4, clinical reports indicated 

the pharmaceutical effects of soy protein in treating CHD, CVDs, osteoporosis, and breast cancer. 

Based on these proven health benefits, the engineered soy scaffolds can be further implanted into 

the damaged regions of heart, bone, or breast to provide biochemical and physical support to 

enhance tissue regeneration. Additionally, biomimetic soy scaffolds can be used as a substrate 

for disease modeling. Recent studies showed that fibrous scaffolds were engineered to provide a 



 

 

24 

 

3D biomimetic microenvironment to study the cause and treatment of diseases in vitro without 

sacrificing animals and utilizing suboptimal 2D models.
113, 114

 

 

1.8 Conclusions 

In this chapter, we address the following question: how can we engineer soy-based 

scaffolds to improve the treatment of cutaneous wounds while reducing financial, environmental, 

and ethical burdens? Severe cutaneous wounds caused by burns or chronic skin ulcers are a 

global health problem, affecting 6 million patients worldwide.
10

 Naturally healed wounds do not 

perfectly regenerate cutaneous connective tissue, and they can often lead to extensive scarring 

(non-chronic) or can remain unhealed (chronic). As a result, engineering regenerative and cost-

effective wound dressings, which is a $10 billion market globally, still remains a challenge for 

primary healthcare.
10

 

Current regenerative dressings rely on synthetic and/or animal-derived materials that are 

suboptimal for healing outcomes and commercialization, and thus, improved dressing materials 

are needed. We argue that biomimetic and estrogenic soy nanofiber scaffolds can overcome the 

limitations of current wound dressings by providing a well-recapitulated microenvironment and 

triggering ER-β signaling pathways for high-quality healing outcomes. In addition, we reviewed 

the microenvironmental cues to direct the design criteria of ideal dressings as well as the current 

status and limitations of soy-based dressings. The biomimetic and estrogen soy scaffolds will be 

a new generation of regenerative, cost-effective, and versatile scaffolds for wound healing and 

further biomedical applications. 
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2 Soy Protein/Cellulose Nanofiber Scaffolds Mimicking Skin 

Extracellular Matrix for Enhanced Wound Healing 

Historically, soy protein and extracts have been used extensively in foods due to their 

high protein and mineral content. More recently, soy protein has received attention for a variety 

of its potential health benefits, including enhanced skin regeneration. It has been reported that 

soy protein possesses bioactive molecules similar to extracellular matrix (ECM) proteins and 

estrogen. In wound healing, oral and topical soy has been heralded as a safe and cost-effective 

alternative to animal protein and endogenous estrogen. However, engineering soy protein-based 

fibrous dressings, whilst recapitulating ECM microenvironment and maintaining a moist 

environment, remains a challenge. Here, we describe the development of an entirely plant-based 

nanofibrous dressing comprised of cellulose acetate (CA) and soy protein hydrolysate (SPH) 

using rotary jet spinning. The spun nanofibers successfully mimic physicochemical properties of 

the native skin ECM and exhibit high water-retaining capability. In vitro, CA/SPH nanofibers 

promote fibroblast proliferation, migration, infiltration, and integrin β1 expression. In vivo, 

CA/SPH scaffolds accelerate re-epithelialization and epidermal thinning as well as reduce scar 

formation and collagen anisotropy in a similar fashion to other fibrous scaffolds, but without the 

use of animal proteins or synthetic polymers. These results affirm the potential of CA/SPH 

nanofibers as a novel wound dressing. 
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2.1 Introduction 

Soy protein is a dietary protein extracted from the soy beans, which have received 

considerable attention in the last couple of decades for their potential health benefits. 

Epidemiological and clinical studies supporting this claim ultimately enabled US Food and Drug 

Administration (FDA) approval in 1999 of soy protein for protective effects on coronary heart 

disease.
73, 74

 Alternatively, soy protein has also been explored more recently as a “green” and 

renewable substitute for petroleum- or animal-derived polymers in biomedical applications.
4, 105

 

It was found that soy protein has bioactive peptides similar to extracellular matrix (ECM) 

proteins, present in human tissues.
93

 These ECM-mimetic peptides can promote cell adhesion, 

proliferation, and migration critical for supporting tissue regeneration.
93, 101, 103

 Furthermore, soy 

protein carries phytoestrogens that act as a structural and functional analogue to the female sex 

hormone estrogen,
5, 115

 which affects the regulation and development of various organs by 

binding to estrogen receptors (ERs).
95

 Binding of estrogen to ERs forms dimers that perform as 

co-activators to stimulate transcription of target gene expressions in various regions 
116

.  

Interestingly, soy phytoestrogens preferentially bind to an ER that has been shown to have 

positive effects on age-related diseases, including delayed wound healing.
43, 117, 118

 In cutaneous 

wound healing, soy protein has attracted increased attention as a safe and cost-effective 

alternative to animal protein and endogenous estrogen.
43, 93, 119-121

 Previous studies have shown 

that cryptic peptides in soy protein improved wound healing by increasing dermal ECM 

synthesis and stimulating re-epithelialization.
93, 120, 121

 Soy phytoestrogens have demonstrated to 

accelerate the healing process via ER-mediated signaling pathways.
43, 118, 122, 123

 They also 

possess anti-bacterial,
4, 124, 125

 anti-inflammatory,
126

 and anti-oxidant properties 
80, 127

 that support 

and enhance wound healing. Moreover, clinical trials have reported that oral intake of soy (both 



 

 

27 

 

protein and phytoestrogens) accelerates skin regeneration in aged women and burn patients.
76, 77, 

80
 

Nanofibrous scaffolds have emerged as a promising approach to develop wound 

dressings,
60, 128

 as they can replicate the fibrous dermal ECM microenvironment that provides 

structural support for wound healing and functional cues for directing tissue regeneration.
37, 60, 128

 

Biodegradable synthetic polymers such as polycaprolactone (PCL) have been widely used to 

produce nanofibers due to their versatile spinning capabilities.
37, 60, 128

 Yet, they remain poorly-

suited building blocks for developing wound dressings as they are much stiffer than natural 

skin.
129, 130

 Furthermore, many of them are hydrophobic, limiting their ability to keep wounds 

hydrated.
129, 130

 Synthetic polymers also lack cell binding domains and therefore cannot enhance 

cellular attachment or functionality.
131

 Nanofibers spun from animal-sourced ECM proteins, such 

as gelatin and collagen in combination with synthetic polymers, have been previously reported in 

literature to contain bioactive molecules which support healing.
60, 130

 Whilst adding ECM 

proteins to a nanofibrous scaffold enhances its biological and mechanical properties, ECM 

proteins are costly and susceptible to common liabilities of animal-derived products: 

immunogenicity, antigenicity, disease transmission, and pathogen contamination.
4, 132, 133

 

Furthermore, the utilization of collagen alone, the most common ECM protein used in wound 

dressings, has been shown to cause extensive wound contraction and scarring.
10

 

Because of its pro-regenerative traits, soy protein-based nanofiber wound dressings 

have recently been developed as an alternative to the animal-derived ECM protein nanofibers.
99, 

105, 106, 121
 By mimicking the fibrous dermal ECM microenvironment, they can provide potent 

structural and functional cues for directing tissue regeneration.
10, 134

 However, current methods 

for engineering soy protein nanofibers require the use of synthetic polymers as carriers, due to 
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the low molecular weight of soy protein that inhibits the production of nanofibers alone.
104-107, 135

 

As described above, synthetic polymers are not ideal for developing wound dressings as they 

possess physicochemical properties different from the native skin.
129, 130

 Soy protein hydrogels 

necessitate additional crosslinking agents that can be toxic and can alter the original structure of 

soy peptides.
99, 101, 103

 As such, the development and validation of effective soy protein-based 

nanofiber scaffolds for wound healing applications remain an essential challenge. 

In this study, we report the fabrication of plant hybrid cellulose acetate (CA) / soy 

protein hydrolysate (SPH) nanofibers for wound healing applications. We hypothesized that 

CA/SPH nanofibers could recapitulate the dermal ECM microenvironment and maintain a moist 

environment while delivering soy protein to potentiate skin regeneration.  Cellulose acetate was 

selected as a co-spinning polymer because it readily dissolves in various solvents and self-

assembles into nanofibers, enabling recapitulation of the native ECM fibrous structure and high 

water retention ability.
136-139

 It is also abundant and exhibits low immunogenicity to humans 

because of its non-animal origins.
4, 119, 136, 138

 Dermal ECM-mimetic CA and SPH nanofibers 

were manufactured via rotary jet spinning (RJS) system that utilizes centrifugal forces to extrude 

fibers in the nanometer range. We optimized physicochemical properties of the spun nanofibers 

by functionalizing the CA nanofibers with SPH. The RJS-spun CA/SPH nanofibers have higher 

production rate and better control of fiber morphology without an additional modification or 

high-voltage electric fields in the system, when compared to the existing electro-spun soy-based 

nanofibers.
25, 50

 Lastly, in vitro and in vivo functionalities of our dressings were tested by 

investigating dermal fibroblast behaviors and then further assessing wound closure rate and skin 

regeneration in an excisional wound splinting mice model, respectively. In comparison with the 

current fibrous scaffolds, the CA/SPH nanofibers have a healing ability similar to or better than 
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other fibrous dressings, but our scaffolds are free of animal-derived proteins or synthetic 

polymers that are suboptimal. Our results underscored the potential of such soy-based nanofiber 

scaffolds as potent and cost-effective alternative to existing pro-regenerative strategies. 

 

2.2 Results and Discussion 

2.2.1 Fabrication of Plant Hybrid Nanofibers 

Plant-based hybrid nanofibers were fabricated by co-spinning CA and SPH in 

hexafluoroisopropanol (HFIP) using a RJS system, which produces defect-free nanofibers under 

centrifugally induced shear forces (Figure 2-1).
25, 50, 68, 140-142

 CA was chosen to supplement the 

low molecular weight of soy protein, and SPH was chosen as the soy protein source. SPH is a 

mixture of amino acids, peptides, phytoestrogens, and soy derivatives obtained by hydrolyzing 

soy protein isolate to minimize inorganic ions and to maximize protein content.
143

 Continuous 

CA and CA/SPH nanofibers were spun at a centimeter scale by extruding polymer solution from 

a rotating reservoir (Figure 2-1a-b).  
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Figure 2-1. Fabrication and chemical composition of plant hybrid nanofiber.  

(a) Schematic for nanofiber fabrication by RJS. (b) Bright field image of CA/SPH (10:5) 

nanofiber scaffolds. Scales are 5mm. (c–h) SEM images of CA and CA/SPH. The red arrows 

indicate beading. Scales are 50 μm. (i) FT-IR spectrum of different CA/SPH nanofibers and SPH 

powder. (j) High resolution XPS spectra of N1s for different CA/SPH nanofibers. (k–l) 

Elemental analysis by Energy-dispersive X-ray spectroscopy (EDS) for nitrogen (NK) and 
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(continued) carbon (CK) together with corresponding secondary electron (SE2) images in (k) 

CA (10 wt/v%) and (l) CA/SPH (10 wt/v% / 5 wt/v%) nanofibers. The white dots indicate the 

shape of nanofibers. Scales are 500 nm. 

 

For the RJS system, the spinnability and beading of CA and SPH nanofibers were 

significantly influenced by their polymer concentrations (w/v%). It was found that SPH alone 

could not be spun into nanofibers because its molecular weight is too low. The short chains of 

SPH molecules cannot overlap and entangle, suggesting that SPH would require a co-spinning 

polymer with longer chains.
25, 104

 Experimentation with fixed rotation and injection speeds 

showed that adding 10 w/v% of CA to various concentrations of SPH (1, 3, 5 w/v%) resulted in 

continuous nanofiber formation without beading (Figure 2-1c-d). A higher concentration of SPH 

(10 w/v%) in contrast showed beading in fibers (Figure 2-1e-h). Moving forward, 10 w/v% of 

CA was therefore selected as the carrier polymer for SPH. The developed continuous nanofibers 

had an intercalated nanofibrous structure that resembles the native extracellular matrix. This 

morphological similarity supports cell–fiber interactions that promote wound healing.
10, 134

 

 

2.2.2 Chemical Characterization of Plant Hybrid Nanofibers 

To ensure a uniform structure, elements must be homogenously dispersed at the 

nanofiber surface.
19

 ATR-FTIR spectroscopy was performed to determine the relative amounts 

of proteins in the spun nanofibers. In the FTIR spectrum, amide I peaks (1600–1700 cm
-1

) are 

representative of the secondary structure of amino acids in SPH, and acetyl peaks (1700–1800 

cm
-1

) are representative of C=O stretching of acetyl groups in CA (Figure 2-1i). After subtracting 

background intensity from CA in the amide I peak, the peak area-to-peak area ratios (amide I 
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peak over acetyl peak) were linearly related to the amounts of SPH, showing that SPH can be 

added into fibers in an amount up to 5 w/v% without causing the loss of soy protein molecules.  

XPS was performed to confirm the elemental composition of the nanofiber surfaces. 

The nitrogen content gradually increased as the concentration of SPH increased (Figure 2-1j), 

confirming that SPH was incorporated into CA nanofibers. High resolution analysis of the C1s 

peaks additionally confirmed the increasing protein content on the nanofiber surface. This peak 

was deconvoluted, into four peaks corresponding to the following chemical bonds: C–C, C–O, 

O–C–O/N–C=O, and O–C=O. Increasing SPH content thus led to relatively higher 

concentrations of C–C and O–C–O/N–C=O bonds. More amino acids and phytoestrogens in 

higher concentration of SPH ascribe to the increase of C–C and O–C–O/N–C=O bonds. These 

results demonstrated that SPH successfully integrated with CA. 

To analyze the distribution of CA and SPH in individual fibers, EDS was performed to 

obtain an elemental mapping of nitrogen and carbon atoms (Figure 2-1k-l). Carbon mapping 

showed uniform distribution of carbon atoms on the spun nanofibers, matching the 

corresponding secondary electron (SE2) images. Nitrogen atoms appeared exclusively on 

CA/SPH nanofibers owing to the presence of SPH and were homogeneously distributed 

throughout individual fibers. This confirms and concludes that spinning CA at 10 w/v% and SPH 

at 5 w/v% improved fiber spinnability and yielded fibers with high concentrations of uniformly 

distributed protein. In the following studies, CA (10 w/v%) and CA/SPH (10 w/v% / 5 w/v%) 

nanofibers were selected as pure CA nanofibers and CA/SPH nanofibers, respectively.  

 

2.2.3 Characterization of Mechanical Properties and Surface Chemistry 
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The physico-mechanical properties of nanofibers—fiber diameter, pore diameter, and 

stiffness—influence wound healing. Recent studies have shown that fiber diameter (200–400 

nm) and scaffold pore diameter (6–20 μm), similar to the native ECM, enhance adhesion, 

proliferation, and infiltration of human dermal fibroblasts, while minimizing bacterial 

infiltration.
27, 28, 144

 Fiber stiffness has also been shown to affect cell behavior.
145, 146

 To 

encourage assembly of new ECM, the stiffness of wound dressing materials should mimic the 

stiffness of the native ECM microenvironment (5–600 kPa),
29-33

 however the stiffness of 

common synthetic polymer nanofiber scaffolds is usually one to several orders of magnitude 

higher.
129, 130

 

It was observed that fiber diameter ranges from 300.30 ± 0.76 nm in CA nanofibers and 

to 396.66 ± 0.90 nm in CA/SPH nanofibers (Figure 2-2a-b). In contrast, PCL nanofibers showed 

thicker fiber diameter (644.04 ± 5.20 nm) than CA-based nanofibers. Pore diameter ranges from 

6.63 ± 0.14 μm in CA scaffolds to 6.13 ± 0.17 μm in CA/SPH scaffolds, while for PCL scaffold 

pore size decreased to 3.82 ± 0.38 μm. Next, scaffold thickness can be controlled by spinning a 

different amount of polymer solution. Our system is able to produce fiber scaffolds with 

thickness ranging from a couple hundred micrometers to several millimeters. However, scaffold 

thickness does not significantly change pore diameters of nanofiber scaffolds. The stiffness of 

the CA and the CA/SPH nanofibers was between 100 and 600 kPa in the longitudinal and 

transverse directions respectively (Figure 2-2c). On the other hand, the stiffness of the PCL 

nanofibers was in a MPa range, much stiffer when compared to native skin or CA-based 

nanofibers. These results suggest that fiber and pore diameter of both CA and CA/SPH 

nanofibers are well suited to support growth and migration of human dermal fibroblasts and that 

their stiffness resembles that of human skin ECM.
29-33
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Figure 2-2. Characterization of mechanical properties and surface chemistry.  

(a–b) Fiber diameter and pore diameter analysis for PCL (6 wt/v%), CA (10 wt/v%), and 

CA/SPH (10 wt/v% / 5 wt/v%) nanofiber scaffolds. Bars represent standard error, n=10 from 3 

productions. (c) Stiffness measurement for PCL (6 wt/v%), CA (10 wt/v%), and CA/SPH (10 

wt/v% / 5 wt/v%) nanofibers in the wet state on the longitudinal and transverse directions. Bars 

represent standard error, n=5 from 3 productions, * indicates p < 0.05. (d–f)AFM images of (d) 
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(continued) CA (10 wt/v%) and (e) CA/SPH (10 wt/v% / 5 wt/v%) nanofibers with (f) 

roughness (Ra) of nanofibers (n=3, FOV=3 from 3 productions). (g) Bright field images of water 

droplets on CA (10 wt/v%) and CA/SPH (10 wt/v% / 5 wt/v%) cast films with contact angle 

analysis (n=3 from 3 productions). Dots delimit water droplet and film. Scales are 5 mm. (h) In 

vitro water absorption measurements by weight gain (n=6 from 3 productions). Bars represent 

standard error, * indicates p < 0.05. 

 

Next, we investigated the fiber surface roughness that affects cellular behaviors at both 

nano- and micro-scales since cells sense and react differently on various micro-topographies.
34, 35

 

Current studies have reported that rough surfaces enhance cell adhesion, migration, and growth 

by triggering expression of integrin receptors and production of growth factors and ECM 

proteins.
34, 35

 To estimate the effect of the addition of SPH on the surface roughness of CA 

nanofibers, the average deviation (Ra) of the surface roughness was calculated from atomic force 

microscopy images (Figure 2-2d-e). Figure 2-2f showed that the Ra value for the CA/SPH 

nanofibers (68.19 ± 4.13 nm) was significantly higher than that of the CA nanofibers (38.06 ± 

7.98 nm). Several factors may account for the effect of SPH on fiber roughness: the distribution 

of proteins throughout the surface and inside the nanofibers (Figure 2-1i-l), the aggregation of 

different materials within the nanofibers, and the short peptides that SPH carries. 

The incorporation of SPH introduces polar moieties such as hydroxyl, amino, and 

carboxylic groups into the fibers. This increases the hydrophilicity as well as improves cell 

attachment by providing cell-binding functional groups.
39,

 
104

 High hydrophilicity and water 

retaining properties are vital for removing wound exudates and providing a moist environment 

for cell growth.
37, 39

 To evaluate the chemical composition influence on the hydrophilicity of the 
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materials, we performed contact angle measurement of uniform cast films (Figure 2-2g). The 

contact angles were significantly reduced by raising the ratio of SPH in the films, indicative of 

increased hydrophilicity. A similar trend was seen for fibrous samples, though rapid diffusion of 

water into the samples was seen for all samples. The increased hydrophilicity was reflected by an 

increased water absorption capacity (Figure 2-2h). When CA was used as a backbone in 

nanofibers, their water-absorbing capabilities were significantly greater than that of hydrophobic 

PCL nanofibers which are frequently used as a backbone polymer to spin nanofiber scaffolds. 

The addition of SPH to the CA backbone further increased the water uptake. 

An ideal nanofibrous scaffolds should be highly biodegradable so that it is gradually 

replaced by natural tissues during wound healing.
147, 148

 Over a 15-day period CA/SPH 

nanofibers lost significantly more mass than CA or PCL nanofibers due to hydrolysis of soy 

proteins. The rate of soy protein hydrolysis within the hybrid nanofibers resulted in the 

degradation, which correlates with the rate of protein breakdown.
105, 148

 The lower mechanical 

strength and higher surface wettability of the hybrid nanofibers also contributed to their rate of 

degradation.
105, 148

 In addition, the release kinetics of soy protein from CA/SPH nanofiber 

scaffolds resulted in a burst release of soy protein within 24 hours due to the fast hydrolysis of 

soy protein and high hydrophilicity. After the initial burst release, a sustained soy release over 2 

weeks was observed. The two phases of in vitro release (the initial burst and the sustained release 

over a long period) are typical release profiles of nanofiber-loaded molecules.
149

 Therefore, a 

dressing made from plant-based hybrid nanofibers could provide structural cues until wound 

healing is completed and be naturally replaced by native tissue. 
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2.2.4 In Vitro Fibroblast Study 

We hypothesized that the addition of SPH into CA nanofibers could promote wound 

healing-relevant cellular activity of human dermal fibroblasts (HNDF) via the presence of 

bioactive molecules, increased roughness, and enhanced water-retaining capabilities. In an effort 

to test this hypothesis, we began by analyzing several indicative markers for wound closure and 

tissue regeneration, including proliferation, surface coverage, migration, and infiltration of 

HNDFs (Figure 2-3).
2, 85, 150, 151

 The behaviors of dermal fibroblasts were tested in vitro because 

they are a critical skin cell type that remodels the dermal ECM, communicates with other skin 

cells (such as keratinocytes), and thus regulates dermal function.
81, 82, 85, 91

 Cytotoxicity tests of 

the nanofiber scaffolds were likewise conducted as a standard pre-clinical experiment.
152

 PCL 

nanofibers were used as a reference since it is one of the most common biocompatible and 

biodegradable synthetic polymers in nanofiber fabrication for biomedical applications.
19
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Figure 2-3. In vitro fibroblast coverage, migration, and infiltration. 

(a–b) (a) Representative confocal microscopy images of GFP-expressing human neonatal dermal 

fibroblasts (HNDF) on nanofibers with (b) analysis of surface area covered by cells at day 0, 5, 

10, and 15. Scales are 50 μm. Bars represent standard error, n=5, FOV=5 from 3 productions, * 

indicates p < 0.05. (c–d) (c) Representative binary images of tracking a single cell on nanofibers 

at day 0, 5, 10, and 15 for calculating (d) migration speed of HNDF. Scales are 50 μm. Bars 
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(continued) represent standard error, n=5, FOV=5 from 3 productions, * indicates p < 0.05. (e-f) 

(e) Representative 3D-recontructed confocal microscopy images of HNDF on nanofibers after 15 

days of cell culture with (f) quantitative analysis of cell infiltration depth. Bars represent 

standard error, n=5 for PCL and n=8 for CA and CA/SPH, FOV=3 from 3 productions, * 

indicates p < 0.05. 

 

Immunostaining analysis with the Ki-67 antibody – a marker specific to proliferative 

nuclei 
153

 – showed that CA/SPH nanofibers induced higher cell proliferation than PCL or CA 

nanofibers. Nanofiber cytotoxicity was calculated by using a common LDH assay.
50, 152

 Both CA 

and CA/SPH nanofiber scaffolds exhibited low cytotoxicity, with similar values to PCL 

nanofibers. Furthermore, we observed that the cell surface coverage on the CA/SPH nanofibers 

was significantly higher than on the PCL and CA nanofibers after 5 days in culture (Figure 2-3a-

b). The CA nanofibers showed greater cell coverage at day 5 and day 15 versus the PCL 

nanofibers. HNDFs migrated faster on CA-based nanofibers than on PCL nanofibers (Figure 2-

3c-d), whilst the addition of bioactive SPH into CA nanofibers resulted in increased cell 

migration compared to pure CA nanofibers. These results reflect the preferential properties of 

dermal ECM-mimetic CA-based nanofibers (fiber diameter, pore diameter, and stiffness as 

shown in Figure 2-2), and underscore the suboptimal properties of PCL. In addition, soy protein 

has been reported to trigger the expression of extracellular signal-regulated kinase (ERK), 

transforming growth factor (TGF β1), and integrin β1 that promote cell migration.
105, 120

 In an 

effort to assess cell infiltration, cells were seeded on the surface of nanofiber scaffolds. Cells 

adhered to nanofibers and started to grow. At day 0, there is no significant difference in cell 

infiltration between different nanofibers. After 15 days of cell culture, CA-based nanofibers 
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showed an increase in cell infiltration depth compared to PCL nanofibers (Figure 2-3e-f) which 

was again further increased by functionalizing CA nanofibers with SPH. As CA-based nanofiber 

scaffolds have higher pore diameters than PCL nanofibers (Figure 2-2b), cells infiltrate faster on 

CA-based nanofibers.
28

 However, there is no significant difference in pore diameters between 

CA and CA/SPH nanofiber scaffolds, suggesting that the existence of SPH promoted cell 

migration (Figure 2-3c-d) and thus cells on CA/SPH nanofibers penetrated faster than CA 

nanofibers. 

 

 

Figure 2-4. In vitro integrin β1 expression by fibroblast. 
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(continued) (a) Representative immunostaining and (b) Western blotting images for integrin β1 

with (c) quantitative analysis from Western blotting. Scales are 100 μm. Bars represent standard 

error, n=6 for CA and n=7 for CA/SPH from 3 productions, * indicates p < 0.05. 

 

Next, immunocytochemical and WSestern blot analysis for integrin β1 were performed 

to understand the effect of SPH on cell growth and migration. The integrin β1 is ECM protein 

receptors which regulates the behavior of ECM proteins and cells.
89, 154-156

 It also enables 

crosstalk with other growth factors and plays a crucial role in tissue repair 
157

. During wound 

healing, dermal fibroblasts migrate to the wound site and express integrin β1 to mature the 

developing matrix.
157

 It has been found that decreased expression of integrin β1 reduces the 

ability of fibroblasts and keratinocytes to migrate, lay down a collagen matrix, and ultimately 

enable wound closure.
89, 154-156

 After 15 days of cell culture, immunocytochemical (Figure 2-4a) 

and western blot (Figure 2-4b-c) analysis indicated that the integrin β1 expression was 

significantly increased on CA/SPH nanofibers, compared to CA nanofibers. These results 

indicate that soy protein in our scaffolds can trigger the expression of integrin β1 that in turn 

accelerates the cell migration and the production of new ECM proteins for wound closure. The 

increased integrin β1 expression by functionalizing CA nanofibers with SPH is in line with 

previously published work that reported that soy protein peptides up-regulated the expression of 

integrin β1 in fibroblasts.
105

 

In summary, our in vitro fibroblast study demonstrated that CA nanofibers supported 

stronger cell growth, proliferation, migration, and infiltration than PCL nanofibers. These 

enhanced cellular activities occurred because CA provides a soft and hydrophilic backbone 

similar to that of a collagen matrix found in native dermal tissue. Further functionalization of CA 
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nanofibers with SPH accelerated proliferation, growth, migration, infiltration, and integrin β1 

expression of HNDFs. Accordingly, it can be extrapolated that CA/SPH nanofibers should 

possess the ability to provide structural and biological cues to promote wound healing in vivo. 

 

2.2.5 In Vivo Wound Healing Study in a Rodent Model 

To investigate the potency of CA/SPH in vivo, we tested our nanofiber scaffolds on a 

mouse excisional wound splinting model.
158

 Wound contraction was inhibited by suturing a 

silicon splint to the peripheral edge of the wound in an effort to study the healing process via re-

epithelialization and thus improving recapitulation of the wound healing process of humans 

(Figure 2-5a).
159, 160

 Nanofiber scaffolds were held in place with a Tegaderm
TM

 film. The control 

group wounds received no nanofiber treatment and were only covered with the Tegaderm
TM

 film. 

It was observed that CA/SPH nanofibers significantly accelerated wound closure (Figure 2-5b-c). 

On Day 7 after surgery, CA nanofibers showed 42% faster wound closure than our control. The 

addition of SPH in the CA nanofibers further accelerated wound closure by 21% and showed an 

overall 72% increase when compared to the non-treated control. After 14 days, the wounds 

treated with CA/SPH nanofibers were fully closed (Figure 2-5b-c). Moreover, the wound closure 

potentiated by CA/SPH nanofibers significantly higher than both the control and CA nanofibers. 
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Figure 2-5. In vivo wound healing study with a mouse excisional wound splinting model. 

All wounds were covered with the Tegaderm
TM

 film. Control wounds received no nanofibers. (a) 

Schematic representation of in vivo wound healing experiment. (b) Representative images of 

wounds from the study groups: untreated control, treated with CA nanofibers, and treated with 

CA/SPH nanofibers at Day 0, 7, and 14. Scales are 5 mm. (c) Analysis of wound closure. Fiber 

wound dressings were prepared from 3 productions for each condition. Bars represent standard 

error, n=4 wounds and 3 mice for control, n=5 wounds and 3 mice for CA and CA/SPH. * 

indicates p < 0.05. 
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Figure 2-6: Histology analysis. 

(a) H&E staining of wounds after 14 day post-surgery (untreated control, treated with CA 

nanofibers, and treated with CA/SPH nanofibers). In the top panel, the yellow arrows indicate 

the edge of the epidermal layer and the yellow dots outline the scar area. The yellow lines in the 
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(continued) bottom panels of the zoom-in images delimit the epidermal layer in the skin tissue. 

Scales in the top and bottom panels are 500 μm and 200 μm, respectively. (b–e) Quantitative 

analysis of b) epithelial gap, c) epithelial thickness, d) scar index, and e) collagen alignment from 

H&E staining images. Fiber wound dressings were prepared from 3 productions for each 

condition Bars represent standard error, n=3 wounds and 3 mice for control, n=4 wounds and 3 

mice for CA and CA/SPH nanofibers, n=5 wounds and 5 mice for healthy tissue, at least 3 

sections per wound, * indicates p < 0.05. 

 

In an effort to further assess the regenerative capacity of our treatment conditions, 

histological analysis of healed tissues was performed at day 14 post surgery (Figure 2-6a). 

Restoration of the dermal and epidermal layers are key parameters for evaluating wound healing 

and tissue regeneration.
158, 161

 It is commonly analyzed by quantifying the epithelial gap, 

epithelial thickness, and scar size.
158, 161

 H&E staining confirmed our previous macroscopic 

observation that CA/SPH nanofiber-treated wounds were re-epithelialized at day14 post-surgery. 

However, wounds from the control and CA nanofiber-treated groups remained open, resulting in 

epithelial gaps a few hundred micrometers in diameter after 14 days of treatment (Figure 2-6b). 

In addition, the control or CA nanofibers-treated wounds exhibited significantly thicker 

epidermises than CA/SPH nanofibers-treated wounds, indicating slower regeneration of the 

epidermis (Figure 2-6c). It should nonetheless be noted that the epidermal thicknesses of 

CA/SPH nanofibers-treated wounds were still higher than that of healthy tissues (Figure 2-6c). 

We also measured the scar size using a quantitative scar index (Figure 2-6d),
161

 which found that 

CA/SPH nanofibers significantly reduced the scar size compared to the control or CA nanofibers 

after 14 days treatment. Lastly, the alignment of the newly synthesized collagen in the dermis 
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was calculated (Figure 2-6e). The dermal collagen was significantly less aligned in CA/SPH 

nanofiber-treated wounds than control or CA nanofiber-treated wounds. However, the alignment 

of CA/SPH nanofiber–treated wounds was still higher than that of healthy tissues that possess 

typically basket-woven fiber organization. In line with our in vitro results, the in vivo data 

supported our hypothesis that both a nanofibrous architecture and bioactive soy protein 

accelerated wound closure and supported regeneration of the dermal and epidermal layers. These 

observation also corroborate previously published results in which ECM-mimetic peptide 
80, 121

 

and phytoestrogens 
43, 111, 162, 163

 in soy protein promoted re-epithelialization and dermal tissue 

regeneration. When comparing our results to other reports of pro-regenerative fibrous scaffolds 

that consist of natural materials (such as ECM proteins, silk, and chitosan),
164-168

 similar trends 

can be established for both wound closure rate and tissue regeneration (re-epithelialization, 

epidermal thinning, collagen alignment, and scar formation). Yet our scaffolds present a 

significant advantage gained by their inherent plant-based origin as they are free of animal-

derived materials or synthetic carrier polymers that raise manufacturing cost, immunogenicity, 

and ethical concerns. 

 

2.3 Conclusions 

To the best of our knowledge, the present study reports the first fabrication and 

optimization of CA/SPH nanofibers produced using an RJS system. CA and SPH molecules were 

homogeneously distributed along the nanofibers for equal functionality at the fiber surface. 

Using CA as a co-spinning polymer enabled recapitulation of fiber morphology, fiber diameter, 

pore diameter, and stiffness of the native ECM thus creating optimal conditions for dermal 

fibroblasts to thrive. Functionalization of CA nanofibers with SPH enhanced surface roughness, 
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hydrophilicity, and water absorption capacity. The in vitro study indicated that CA/SPH 

nanofibers increased proliferation, growth, migration, and infiltration of fibroblasts and exhibited 

low cytotoxicity, compared to both PCL and CA nanofibers. The addition of SPH into CA 

nanofibers further up-regulated the expression of integrin β1, which has been attributed to 

enhanced cell migration and tissue regeneration. Finally, the in vivo mouse study revealed that 

CA/SPH nanofibers accelerated wound closure and tissue regeneration in comparison to CA 

nanofibers or the non-treated control. Altogether, these findings confirmed the utility of CA/SPH 

nanofibers for enhanced wound healing. We envision that our one-step, cost-effective, and 

regenerative scaffolds comprised of plant-based materials will be the next generation of 

regenerative dressings to push the envelope of nanofiber technology and the wound care market. 

 

2.4 Material and Methods 

2.4.1 Materials 

PCL (Mn 70,000-90,000; Sigma-Aldrich), CA (Mn 50,000; Sigma-Aldrich), SPH 

(Amisoy
TM

; Sigma-Aldrich), and Hexafluoroisopropanol (HFIP, Oakwood Chemical) were used 

as received. 

2.4.2 Fiber Fabrication by Rotary Jet Spinning 

Nanofibers were spun by using rotary jet spinning (RJS) system as described in 

previous studies.
25, 50, 140, 141

 Briefly, CA and CA/SPH with different compositions and 

concentrations (weight per volume percent, wt/v %) were dissolved in HFIP and stirred for 

overnight. As a reference group, PCL (6 wt/v %) was also dissolved in HFIP. After mixing, 

solutions were flowed to the rotating reservoir through polyfluoroalkoxy alkane tubing (Saint-

Gobain) at 2 mL/min by using an automatic syringe pump (Harvard Apparatus). Then, the 
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solutions (10 mL in total) were sprayed from the reservoir at at 60,000 rpm for 5 min, elongating 

polymers into nanofibers and evaporating HFIP rapidly in the air from the orifice (diameter of 

360 µm). The spun nanofibers were dried overnight in a desiccator to fully remove excess 

solvent. For cell culture, the spun nanofibers were collected on coverslips and sterilized 

overnight under UV-light. 

2.4.3 Scanning Electron Microscopy (SEM) 

Fiber samples were imaged by using a field emission scanning electron microscopy 

(FESEM, Carl Zeiss). The fiber samples were mounted on sample stubs, sputter-coated with 5 

nm thickness of Pt/PD (Denton Vacuum), and imaged by using FESEM. 

2.4.4 Characterization of Chemical Compositions 

Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR, 

Bruker) was used to obtain FT-IR spectra of nanofibers over 600–4000 cm
-1 

at a resolution of 2 

cm
-1

 with 16 scans. The samples were mounted on sample stage and contacted with ATR-crystal 

for measurement. The FT-IR spectrum of the dried samples were measured and normalized from 

0 to 1. For Gaussian curve fitting and area analysis, OriginPro 8.6 software (Origin Lab 

Corporation) was used. For statistical analysis, n=3 from 3 productions for each condition. X-ray 

photoelectron spectrometer (XPS, K-Alpha XPS system, Thermo Scientific) was used to further 

evaluate fiber surface composition. Fibrous test samples were prepared on silicon wafer 

substrates. Survey and high resolution elemental spectra were obtained using monochromatized 

aluminum Kα radiation (pass energy 200 eV). An argon flood gun was applied to offset sample 

charging. Peak detection and high resolution C1s peaks were deconvoluted using 

Lorentzian/Gaussian product mix (30% L) functions. For statistical analysis, n=3 from 3 

productions for each condition. Energy-dispersive X-ray spectroscopy (EDS) in FESEM was 
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used to investigate elemental mapping of nitrogen (NK near 0.392 eV) and carbon (CK near 0.277 

eV) atoms, together with corresponding type II secondary electron (SE2) images. The fiber 

sample was also sputter-coated with Pd/Pt on sample stub and imaged by using EDS. 

2.4.5 Characterization of Structural Properties 

Fiber diameter, pore diameter, and fiber thickness were analyzed by using SEM images 

of the nanofibers and ImageJ (NIH) with the plug-in DiameterJ.
169

 For fiber thickness analysis, 

nanofiber scaffolds were prepared from different injection volume (10, 30, and 60 mL in total) 

and the cross-sectioned scaffolds were imaged and analyzed. DiameterJ was used to determine 

fiber and pore diameters by using algorithm as described in previous study.
169

 Here, the pore 

diameters refer to the pores of the fibrous scaffolds (between fibers). For statistical analysis, 

n=10 from 3 productions for each condition. 

2.4.6 Biaxial Tensile Test for Stiffness Measurement 

The stiffness in the wet state was determined by using biaxial tensile tester (CellScale). 

The spun fiber scaffolds were loaded by using clamps to hold the samples and immersed in 

phosphate buffered saline (PBS, ThermoFisher Scientific) at 37°C. Sample was loaded 

equibiaxially at a strain rate of 5% per second to 20% strain. A built-in software (CellScale) was 

used to record force/displacement measurements and images at 15 Hz. By using these 

measurements and the thickness of the samples, stress-strain curves were then produced. 

Stiffness was determined by calculating the slope of the stress-strain curves. For statistical 

analysis, n=5 from 3 productions for each condition. 

2.4.7 Atomic Force Microscopy (AFM) for Roughness Measurement 

Roughness (average deviation, Ra) was calculated by using built-in software in atomic 

force microscopy (AFM, MFP-3D
TM

, Asylum). The fiber samples were mounted on sample 
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stage and imaged with tapping mode.
170

 For statistical analysis, n=3 (field of view (FOV)=3) 

from 3 productions for each condition. 

2.4.8 Contact Angle and Water Absorption Measurements 

The cast film samples were prepared on coverslips using spin coater (at 2000 rpm for 1 

min). The nanofiber samples were directly spun onto coverslips. A camera was used to record 

water droplet formation on the surfaces of the substrates. Contact angle was calculated by using 

ImageJ with the plug-in Drop Shape Analysis.
171

 For statistical analysis, n=3 from 3 productions 

for each condition. Water absorbency was measured as % mass gain like a standard method 

reported before.
172

 First, dry weight of the samples was recorded. The samples were immersed in 

PBS for 24 h at 37°C. The excess PBS on the wet samples was removed by placing it on a paper 

towel. Then, weight of the water-absorbing samples was measured. The water absorption ability 

was defined as described below;   

A = 100 × (W2 - W1)/W1                                                                                                 (1) 

where A is the water absorption ability (%), W1 is the weight before wet, and W2 is the weight 

after wet. For statistical analysis, n=3 from 3 productions for each condition. 

2.4.9 Biodegradation Measurement 

In vitro biodegradation was measured as % mass loss as detailed in previous studies.
105, 

148, 173
 The initial weight of the scaffold was measured, after which the samples were immersed in 

PBS at 37°C and 5% CO2. At day 5, 10, and 15, the samples were washed three times with fresh 

PBS and dried in an oven at 60°C overnight. After complete dehydration, the weight of the dried 

samples was measured. The in vitro biodegradation was defined as follows: 

D = 100 × (W3 - W1)/W1                                                                                                 (2) 
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where D is the in vitro biodegradation (%), W1 is the initial weight, and W3 is the final weight 

after degradation. For statistical analysis, n=3 from 3 productions for each condition. 

2.4.10 Soy Protein Release Kinetics 

In vitro release profile of soy protein from the nanofibers was measured as % loss of 

amide I peaks. The samples were immersed in PBS at 37°C and 5% CO2. At day 0, 3, 5, 7, and 

15, the samples were washed three times with fresh PBS and freeze-dried. The FT-IR spectrum 

of the dried samples were measured and normalized from 0 to 1. The relative areas of amide I 

peaks were analyzed from the normalized spectrum to calculate the % release of soy protein 

from the scaffolds. For statistical analysis, n=3 from 3 productions for each condition. 

2.4.11 Cell Culture 

Green fluorescent protein (GFP)-expressing human neonatal dermal fibroblasts (HNDFs, 

Angio-Proteomie) were properly treated as described in protocol from the manufacturer (Angio-

Proteomie) for cell culture. Briefly, HNDFs were delivered at passage 3 in a frozen vial and 

stored in a liquid nitrogen tank before use.  Cells were subcultured to passage 7 with Dulbecco’s 

modified eagle medium (DMEM, ThermoFisher Scientific) containing Fetal Bovine Serum (FBS, 

5%) and antibiotics (penicillin-streptomycin, ThermoFisher Scientific, 1%) in a T25 flask at 

37°C incubator with 5% CO2 and 21% O2. Once the cells reach passage 7, trypsin/ 

ethylenediaminetetraacetic acid solution (trypsin/EDTA, Lonza, 2 mL) was added to the T25 

flask. Seeding density was fixed at 30,000 cells per sample. Cell media was changed every 2 

days before imaging and fixation. 

2.4.12 Analysis of In Vitro Cell Behavior 

GFP-expressing HDNFs on the fibers were imaged by using confocal microscopy 

(Zeiss LSM 5 LIVE) at 37 °C in a temperature controlled chamber. 4-(2-hydroxyethly)-1-
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piperazineethanesulfonic acid (HEPES, ThermoFisher Scientific, 2.5 %) buffer was added to the 

media during imaging in an effort to keep the pH constant. For cellular growth study, the 

intensity of GFP-expressing HNDF per area was calculated from the confocal images by using 

ImageJ. For cellular migration study, the migration of GFP-expressing cells on fibers was 

tracked (1 frame/10 min for at least 40 frames). Once all images were collected, ImageJ plug-in 

StackReg was used to correct the center of each image.
174

 For statistical analysis, n=5 (field of 

view (FOV)=5) from 3 productions for each condition. Migration of each cell was analyzed by 

using the plug-in Mtrack2 in ImageJ.
175

  The Mtrack2 calculates the total distance each cell has 

migrated. Migration speed of cells was calculated by dividing the total distance by total imaging 

time. For statistical analysis, n=5 (field of view (FOV)=5) from 3 productions for each condition. 

In cellular infiltration study, z-stack confocal images of GFP-expressing cells on fibers were 

captured at 15 days of cell culture. The cell infiltration depth from the z-stack images was 

calculated using the z-axis profile function in ImageJ as previously reported.
142

 The cross-

sectional view (in yz plane) of cells was processed from ImageJ by using the orthogonal view 

function. For statistical analysis, n=5 for PCL and n=8 for CA and CA/SPH nanofibers (field of 

view (FOV) =3) from 3 productions for each condition. 

2.4.13 Cytotoxicity Measurement 

In vitro cytotoxicity of cells on the fibers was measured by using lactate dehydrogenase 

(LDH) cytotoxicity assay (Promega) as described previously.
50, 152

 Briefly, HNDFs were cultured 

on nanofibers for 15 days and successively incubated with reaction solution and stop solution (1 

M acetic acid) from the assay kit. A commercial plate reader was used to measure absorbance at 

490 nm. The % cytotoxicity was defined as follows; 
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% Cytotoxicity = 100 × (S - C)/(M - C)                                                                            

(3) 

where S is the readout from the sample, C is the readout from the control (medium only without 

cell), and M is the readout from maximum LDH release.
50, 152 

For statistical analysis, n=17 in 

triplicate from 3 productions for each condition. For box plot, the box range is 25–75%, the 

whisker range is 10–90% using OriginPro 8.6 software. 

2.4.14 Immunocytochemical Analysis 

After 15 days of culture, HNDFs grown on nanofibers were fixed in paraformaldehyde 

(PFA, 4%) and Triton-X (0.05%) for 10 min. Following fixation, samples were incubated with 

primary antibody (rabbit polyclonal anti-Ki67 with 4′,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) for proliferation study or rabbit monoclonal anti-integrin β1 antibody, 

Abcam) and with secondary antibody (goat anti-rabbit IgG (H+L) secondary antibody with 

Alexa fluor®  546, Invitrogen) during 1 h at room temperature for both primary and secondary 

antibody incubation. Following immunostaining, samples were mounted on glass slides by using 

Prolong Gold anti-fade agent (Invitrogen) and imaged on the confocal microscopy. Cell 

proliferation was calculated by dividing the number of Ki-67 positive cells by the number of 

DAPI-positive cells. For statistical analysis, n=5 for PCL and n=6 for CA and CA/SPH (field of 

view (FOV)=25) from 3 productions for each condition. 

2.4.15 Western Blot Analysis 

HNDFs were cultured on nanofibers for 15 days and were lysed at 4 ºC using 

radioimmunoprecipitation assay (RIPA) lysis buffer (SLBG8489, Sigma) with Complete Mini 

(11836153001, Roche Diagnostic) and Halt-Protease and Phosphotase Inhibitor (1861281, 

ThermoFisher Scientific). A capillary-based Wes Simple Western (ProteinSimple) was used to 
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detect and quantify the expression of integrin β1 in cell lysates following the manufacturer’s 

protocol. In brief, each capillary loaded 5 µg of sample lysates and separated proteins by size. 

The samples were incubated with primary antibodies for Integrin β1 and Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) as a loading control (ab52971 and ab9485 respectively, 

ABCAM). Target proteins were labeled with secondary antibodies and chemiluminescent 

reagents provided by the manufacturer (ProteinSimple). Signals were detected and quantified 

using CompassSoftware (ProteinSimple).  Expression of integrin β1 was normalized to GAPDH 

loading control and compared across sample conditions. For statistical analysis, n=6 for CA and 

n=7 for CA/SPH from 3 productions for each condition. 

2.4.16 Mouse Excisional Wound Splinting Model 

All mouse wound healing experiments were performed using IACUC approved 

protocols (Protocol ID 11-11). Based on the previous publications,
159, 160

 the mouse excisional 

splinting model was carried out in order to analyze cutaneous wound closure in murine skin by 

excluding wound contraction.  Briefly, splinting rings were prepared by cutting 8 mm holes in a 

0.5 mm-thick silicon sheet (Grace Bio-Labs) using a sterile biopsy punch (Integra
®
 Miltex

®
). 

The prepared rings were washed and sterilized by ethanol (70 % vol/vol), and then were air-dried 

in a sterile culture hood before surgery. C57BL/6 male mice (Charles River Laboratories, 52 

days old) were anesthetized with isofurane through the duration of procedure. Once anesthesia 

was confirmed by a toe pinch test, the dorsal side of mice was shaved using electric and manual 

razor. After hair removal, the skin was cleaned with betadine (Santa Cruz Biotechnology) and 

ethanol (70 % vol/vol). The full-thickness excisional wounds were created on the midline by 

punching through the skin with a 6-mm-diameter sterile biopsy punch. The punched tissues were 

used for histological analysis of healthy skin (Day 0). An instant-bonding adhesive (Krazy glue) 
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was put on one side of a splint. The splints were fixed into place around the wound with instant 

bonding adhesive followed by suturing with nylon suture (Ethicon). Nanofiber wound dressings 

were applied to the wound and covered with Tegaderm
TM 

(Nexcare
TM

) patches to keep the 

scaffolds in place and the surgical area clean. Control wounds received no nanofibers and were 

covered with Tegaderm
TM

 patches only. Tegaderm
TM

 is a clinical standard wound dressing.
159, 160

 

The mice were monitored daily. Before tissue harvest on Day 7 and 14, mice were sacrificed via 

IACUC approved methods.   

2.4.17 In Vivo Wound Closure Analysis 

Wound area was photographed with a digital camera on Day 0, 7, and 14. The wound 

area was manually quantified using ImageJ. Wound closure was defined as described below;
159

 

Wound closure (%)=100 × (O - A)/O                                                                         (4) 

where O is the area of the original wound and A is the area of the wound at a given time point. 

Fiber wound dressings were prepared from 3 productions for each condition. For statistical 

analysis, n=4 wounds and 3 mice for control, n=5 wounds and 3 mice for CA and CA/SPH. 

2.4.18 Histological Analysis 

Histological analysis was preformed based on previously published methods.
159

 Tissues 

were harvested from Day 0 and 14 and fixed with PFA (4%) at 4 ºC overnight. The fixed tissue 

was washed using PBS five times for 30 min each. The tissue was incubated with sucrose (Sigma, 

20% and 40% wt/vol) in PBS at room temperature for 2 h each. Then, the tissue was embedded 

in O.C.T. compound (Electron Microscopy Science) with cryomold (Tissue-Tek
®
). The frozen 

wound tissues were sectioned with 10 μm thickness, stained with hematoxylin and eosin (H&E), 

and imaged by slide scanner (Olympus VS120). Re-epithelialization was analyzed by manually 

calculating distance among the newly synthesized epithelial layers from H&E staining tissue 
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sections (marked as yellow arrows in Figure 2-6a).
158

 Epithelial thickness was also manually 

measured using ImageJ. Scar index was quantified by using a previously published method.
161

 

Briefly, scar area (yellow dotted area in Figure 2-6a) and dermal thickness were manually 

measured using ImageJ. Then, scar index was defined as described below;
161

 

Scar index (μm) = S/D                                                                                                      (5) 

where S is the scar area (μm
2
) and D is the average dermal thickness (μm). Dermal collagen 

alignment in the wounds was calculated by using OrientationJ in ImageJ as previously 

published.
176

 The OrientationJ computes the coherency that is between 0 (isotropic) and 1 

(anisotropic). Fiber wound dressings were prepared from 3 productions for each condition. For 

statistical analysis, n=3 wounds and 3 mice for control, n=4 wounds and 3 mice for CA and 

CA/SPH nanofibers, n=5 wounds and 5 mice for healthy tissue, at least 3 sections per wound.  

2.4.19 Statistical Analysis 

All data is displayed as mean ± standard error of mean (SEM). One-way analysis of 

variance (ANOVA) in OriginPro 8.6 software was used for statistical comparisons. Statistical 

significance was determined at * p < 0.05. 
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3 Biomimetic and Estrogenic Fibers Promote Regeneration in 

Mice and Human Skin via Estrogen Receptor β  

Morbidity associated with cutaneous wound healing has become a major challenge in 

global healthcare as aging populations increase.
2
 Estrogen has been used to promote healing 

processes via the estrogen receptor (ER) β pathway.
42, 177

 However, this hormone could also 

increase the risk of other diseases via the ER-α pathway, indicating that the use of estrogen is 

problematic.
95

 Recently, soy phytoestrogens have been suggested as a better alternative to 

estrogen to preferentially trigger the ER-β pathway.
5
 However, the development and evaluation 

of regenerative soy-based dressings as ER-β modulators remain largely unexplored. Here, we 

engineered biomimetic and estrogenic hyaluronic acid (HA)/soy protein nanofiber dressings. The 

engineered scaffolds successfully recapitulated the native dermal microenvironment. We 

confirmed the presence of an ER-β-triggering phytoestrogen (genistein) within our scaffolds. We 

demonstrated that the scaffolds promoted wound closure and skin appendage regeneration via the 

ER-β pathway in both mouse and human skins. 

 

3.1 Introduction 

Estrogen, a primary female sex hormone, affects the regulation and development of 

various organs by binding to different estrogen receptors (ERs, ER-α or ER-β).
117

 This hormone 

has been used in hormone replacement therapy (HRT) to treat age-related diseases, including 

delayed wound healing.
178

 Estrogen accelerates normoxic and ischemic wound healing via the 

ER-β signaling pathway.
118, 177

 ER-α, another signaling pathway activated by estrogen, triggers 
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certain breast cancers, indicating that the use of estrogen is problematic.
179

 A better alternative to 

estrogen is an estrogenic material that can selectively activate the ER-β signaling pathway for 

enhanced wound healing without a high risk of triggering ER-α-positive cancers. 

Soy protein possesses phytoestrogens that have a structure and function similar to 

estrogen.
74

 Interestingly, among phytoestrogens, genistein preferentially triggers the ER-β 

pathway and is known to modulate inflammation and antibacterial activity.
43

 Preclinical and 

clinical studies have shown that topical and oral intakes of genistein accelerate skin tissue 

regeneration (e.g., new granulation tissue and hair follicle formation) in an estrogen-deficient 

animal model (e.g., ovariectomized mice) and skin samples from patients with chronic 

conditions.
78, 80, 102

 While these studies elucidated the protective roles of genistein in healing, 

engineering soy phytoestrogen scaffolds remains largely unexplored. Nanofibers have attracted 

interest because they can provide an extracellular matrix (ECM)-mimetic microenvironment and 

efficiently deliver molecules into a target region.
10

 Studies on the current soy-based nanofiber 

scaffolds have only focused on the effects of peptide contents in soy on fabricating wound 

dressings.
4
 Accordingly, validation of phytoestrogens within dressings and elucidation of the 

physiological effects of phytoestrogens in soy-based scaffolds on skin regeneration through ER-β 

are lacking. The functionality of the engineered dressings has been assessed for minimal healing 

outcomes (e.g., wound closure, re-epithelialization, and granulation tissue formation), but their 

effects on major healing outcomes, such as new hair follicle formation, which is absent during 

normal wound healing, have not been fully elucidated. The animal wound models used for 

evaluating current wound dressings are mostly limited to rodent or porcine models that cannot 

fully simulate the healing processes and results in humans.
180
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Herein, we hypothesized that plant, estrogenic, and ECM-mimetic soy fiber scaffolds 

will promote cutaneous wound healing by providing a suitable biomimetic microenvironment 

and altering the ER-β-mediated signaling pathways in both mouse and human skins. We 

developed a force-induced nanofiber fabrication technology (immersion rotary jet spinning or 

iRJS) to design fibrous scaffolds that can integrate soy phytoestrogens and carrier polymers.
68

 

Specifically, we used HA as a carrier polymer. HA is a water-soluble glycosaminoglycan that 

forms fibrous networks to provide structural support and retain moisture in the native skin 

microenvironment.
181

 HA/soy protein isolate (SPI) composite fibers were successfully spun from 

water-based solvents and chemically crosslinked, resulting in biostable microfibers composed of 

nanofibrils similar to collagen fibrils in skin. The physicochemical properties of the scaffolds 

were characterized under different fabrication conditions. Furthermore, we verified the presence 

of proteins and phytoestrogens (genistein) in the scaffolds. When applied to ovariectomized mice, 

HA/SPI scaffolds reduced epidermal thickness and scar formation and promoted new hair follicle 

formation. The correlation between ER-β expression and hair follicle formation was further 

confirmed by quantifying the immunofluorescence intensity of ER-β and keratin 14 (K14) 

expression. Finally, HA/SPI scaffolds promoted re-epithelialization in human skin ex vivo, but 

this beneficial effect was prevented by inhibiting the ER-β signaling pathway with an ER-β 

antagonist. These data support our hypothesis that biomimetic and estrogenic HA/SPI fibrous 

scaffolds enhance skin regeneration via ER-β. 
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3.2 Results and Discussion 

3.2.1 Fiber Scaffold Fabrication and Characterization 

We developed a force-induced nanofiber fabrication technology (iRJS, Figure 3-1a), 

enabling us to design fibrous scaffolds that can integrate soy phytoestrogens and carrier 

polymers.
68

 Specifically, we used HA as a carrier polymer for SPI, which possesses bioactive 

molecules, including genistein. HA is a water-soluble glycosaminoglycan that forms fibrous 

networks to provide structural support and retain moisture in the native skin 

microenvironment.
181

 HA and SPI were dissolved in water/dimethyl sulfoxide (DMSO) (6:1) to 

fully dissolve soy phytoestrogens prior to the spinning processes because phytoestrogens are 

only slightly soluble in pure water.
182, 183

 The polymer solution was ejected at a high injection 

rate (10 mL/min) and high centrifugal forces (15,000 rpm) to form a polymer jet, the jet entered 

a precipitate bath (80% ethanol), and the solidified nanofibers were collected on a rotating 

mandrel (Figure 3-1a). The spun fibers were then freeze-dried for further characterization, 

resulting in a scaffold with a scale of a few millimeters developed in a high-throughput process 

(Figure 3-1b). 
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Figure 3-1. Fiber fabrication. 

(a) Schematic illustration of the iRJS machine. (b) Spun, crosslinked, and freeze-dried HA/SPI 

fiber scaffold. The scale is 1 mm. (c–k) SEM images of the engineered fibers. The scales of the 

top and bottom panels are 50 μm and 500 nm, respectively. (g) Schematic illustration of the 

fibrillary structure of the engineered scaffold at different spatial scales. 
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We varied the concentration of SPI (0, 2, and 4 wt/v %) to identify an optimal 

concentration for continuous and bead-free fibers with a fixed concentration of the HA backbone 

(2 wt/v %). Pure HA (2 wt/v %) and HA/SPI (2 wt/v %/2 wt/v %) solutions exhibited bead-free 

microfibers (Figure 3-1c-d), whereas HA/SPI (2 wt/v %/4 wt/v %) solution showed beading in 

the microfibers. Accordingly, for further characterization and assessment, we used HA/SPI (2 

wt/v %/2 wt/v %) fibers as our sample and pure HA (2 wt/v %) fibers as a control. Interestingly, 

the spun microfibers were composed of nanofibrils whose diameters were a few tens of 

nanometers (Figure 3-1e-f), mimicking the multiscale architecture of collagen fibers in the native 

skin microenvironment (Figure 3-1g).
184

 However, the spun fibers were quickly dissolved in 

physiological conditions [phosphate-buffered saline (PBS) and cell culture medium] due to the 

lack of strong bonds among the molecules. The spun fibers were crosslinked using 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to improve their 

biostability.
185

 The crosslinked fibers were stable in the physiological medium for at least a few 

days. The biomimetic fibrillary structure was also preserved in the crosslinked fibers (Figure 3-

1h-k).  
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Figure 3-2. Scaffold characterization. 

(a–b) Fiber diameter and scaffold porosity analysis by the Diameter J plug-in. For statistical 

analysis, n≥5, field of view (FOV) ≥2. (c) Mechanical strength of scaffolds. For statistical 

analysis, n=5. (d) FT-IR spectra of HA powder and scaffolds. The black and gray arrows indicate 

amide and ester bond-specific peaks, respectively. (e–g) LC-MS analysis of genistein in 

scaffolds. (e) Chemical structure of genistein. (f) Full MS spectra of genistein showing the major 

peak at m/z 271. (g) LC-MS spectra of samples with SIM mode. The gray area indicates the 

genistein-specific peaks that were found at a retention time of 7 min. 

 

We further characterized the structural properties of the engineered fiber scaffolds to 

study the effects of the addition of SPI to the HA backbone and EDC/NHS crosslinking on fiber 

diameter, porosity, and mechanical strength, which are known to be crucial for determining skin 

cell fate during wound healing.
28, 145

 First, fiber diameters increased after the crosslinking 
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reaction, whereas the addition of SPI to the fibers barely influenced the fiber diameter (Figure 3-

2a). In all cases, fiber diameters ranged from 1 to 3 μm, similar to that of in vivo collagen 

microfibrils.
184

 Regardless of the presence of SPI and the use of the crosslinker, the engineered 

scaffolds possessed a highly porous morphology (>50% porosity) that promoted cell infiltration 

and growth and inhibited bacterial penetration (Figure 3-2b).
28

 Moreover, Young’s modulus of 

the scaffolds increased after crosslinking and slightly decreased after the addition of SPI due to 

hydrophilic molecules from SPI (Figure 3-2c).
22

 The Young’s modulus of the scaffolds was 

between 1 and 10 kPa, similar to that of healthy human skin.
30

 Due to the favorable biostability 

and structural cues, the crosslinked HA and HA/SPI fiber scaffolds were used as our controls and 

samples in the following studies. 

Next, we analyzed the biochemical components in the scaffolds. In particular, we 

performed FT-IR measurements to confirm the chemical crosslinking among molecules and the 

macroscopic distribution of SPI within the scaffolds (Figure 3-2d). The EDC/NHS reagent 

enables the formation of ester bonds from carboxylic groups and hydroxyl groups (between HA-

HA, HA-SPI, or SPI-SPI) and amide bonds from carboxylic groups and amine groups (between 

HA-SPI or SPI-SPI). The increase in peaks specific to ester (at 1700–1800 cm
-1

) and amide (at 

1600–1700 cm
-1

) bonds confirmed the crosslinking reaction among HA and SPI. In addition, the 

increase in the amide peak in HA/SPI fiber scaffolds compared to pure HA fiber scaffolds 

indicated that SPI was successfully integrated into the HA backbone. More importantly, we 

detected phytoestrogens in the scaffolds by using liquid chromatography–mass spectrometry 

(LC-MS) (Figure 3-2e-g). Specifically, we focused on measuring genistein, which is one of the 

main soy phytoestrogens known to trigger ER-β signaling pathways to enhance skin regeneration 

(e.g., ECM synthesis and hair reformation). The major peak of the positively ionized genistein 
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molecule was observed at m/z 271 (Figure 3-2f). The genistein standard produced a peak at a 

retention time of 7 min in LC (Figure 3-2g). The genistein peak was found in raw SPI powder 

and HA/SPI fiber scaffolds but not in pure HA fiber scaffolds. These data revealed that HA/SPI 

scaffolds possess genistein and therefore can induce ER-β signaling pathways. 

 

3.2.2 Enhanced Skin Regeneration in Mice Skin via Estrogen Receptor β 

Due to the biomimetic and estrogenic cues of our scaffolds, we hypothesized that 

HA/SPI scaffolds will promote skin regeneration via the ER-β signaling pathways. To test our 

hypothesis, we used full-thickness excisional splinting wounds in ovariectomized mice (Figure 

3-3a). The mouse wound splinting model helps to recapitulate the healing processes occurring in 

humans by preventing local wound contraction in mice.
159

 Moreover, all mice underwent 

ovariectomy (OVX) surgery and were fed soy-free special diets to hinder endogenous and 

external sources of estrogen and phytoestrogens except our scaffolds in an effort to study the 

effects of our scaffolds on cutaneous regeneration via the ER-β signaling pathways. We created 6 

mm wounds on Day 0 and collected tissues on Day 20 to assess skin reformation. As a control, 

wounds received no treatment. Twenty days after the surgery, all wounds were fully closed. The 

HA/SPI scaffolds significantly reduced epidermal thickness and scar formation and accelerated 

new hair follicle formation compared to control and HA scaffolds (Figure 3-3b-g). 
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Figure 3-3. In vivo mouse wound healing and histological studies. 

(a) Schematic illustration of the experimental timeline. (b–d) Masson’s trichrome images of day 

20 post-injury tissues. Scales are 500 μm. (e–g) Quantitative analysis of skin appendage 

regeneration (f, epidermal thickness, g, scar index, and h, hair follicle density). For statistical 

analysis, *p<0.05, n=12 for the control group, n=8 for the HA group, and n=11 for the HA/SPI 

group. 
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Figure 3-4. Hair follicle formation via estrogen receptor β in mouse skin.  

Immunofluorescence images of day 20 post-injury mouse skin stained with DAPI (for nuclei), 

anti-ER-β antibodies, and anti-K14 (for epidermal keratinocytes and hair follicles) antibodies. 

Scales are 100 μm. 

 

To further analyze the correlation of ER-β and hair follicle expression, we conducted 

ER-β and cytokeratin 14 (K14) staining (Figure 3-4) because K14 is expressed in epidermal 

keratinocyte layers and hair follicles.
186

 Consistent with the histological analysis (Figure 3-3), 

HA/SPI scaffolds accelerated hair follicle and germ regeneration compared to control and HA 

scaffolds, as shown by K14-positive staining. In addition, we observed that ER-β was highly 

expressed in the epidermal keratinocyte layer and the hair follicles (Figure 3-4). Accordingly, the 
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ER-β-positive and K14-positive areas were highly overlapped. In addition, HA/SPI scaffolds 

exhibited the highest expression of ER-β in the wound site. 

 

3.2.3 Enhanced Human Skin Regeneration via Estrogen Receptor β 

Although human-mimetic mouse wound healing studies confirmed the efficacy of our 

scaffolds, the mouse model cannot fully recapitulate the healing processes and outcomes in 

human skins.
180

 Therefore, we questioned whether HA/SPI scaffolds can promote tissue 

regeneration in human skins. To test this premise, we investigated wound healing in ex vivo 

human skins with 2 mm wounds for 7 days (NativeSkin® , Figure 3-5a-b).
180

 Unlike tissue-

engineered human skin constructs with limited ECM components and cell types, the ex vivo 

human skin model entirely mimics the cutaneous microenvironment, resulting in accurate 

assessment of the regenerative performance of wound dressings in human skin prior to clinical 

analysis.
180

 In addition, ER-β signaling pathways were selectively inhibited by an ER-β 

antagonist (4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol, PHTPP) 

to study the effect of the scaffolds on ex vivo healing processes via ER-β.
177

 

Seven days after the injury, the HA/SPI scaffolds significantly promoted re-

epithelialization compared to control and HA scaffolds (Figure 3-5c-g). However, following 

treatment with PHTPP, the re-epithelialization rate by the HA/SPI scaffolds was significantly 

reduced (Figure 3-5e-g). We also explored the expression of ER-β in the healed skins by 

immunofluorescence. Consistent with the in vivo results (Figure 3-3 and 3-4), human skin treated 

with HA/SPI scaffolds had the largest ER-β-positive area among all the conditions (Figure 3-5h-

j). However, the expression of ER-β in the wound bed and newly formed epithelial tongues was 

retarded by PHTPP (Figure 3-5k).  
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Figure 3-5. Ex vivo human skin wound healing via estrogen receptor β. 

(a) Schematic illustration of the experimental timeline. PHTPP was introduced on day 1 to block 

the ER-β pathway. (b) Photograph of a wounded human skin biopsy on day 1 prior to scaffold 

application. (c–f) Masson’s trichrome images of day 7 post-injury tissues. The black arrows 

indicate the edges of the new epithelial tongues. Scales are 1 mm. g, Re-epithelialization analysis. 

For statistical analysis, *p<0.05, n=11 for the control group, n=9 for the HA group, n=10 for the 

HA/SPI group, and n=8 for the HA/SPI+PHTPP group, 2 sections per tissue from 3 different 
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(continued) patients. (h–k) Immunofluorescence images of day 7 post-injury tissues stained with 

DAPI (for nuclei) and anti-ER-β antibody. The white arrows indicate the edges of the new 

epithelial tongues. Scales are 1 mm. 
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Figure 3-6. Age-dependent re-epithelialization in ex vivo human skin 

Re-epithelialization analysis based on the same data set in Figure 3-5g, but separately plotted per 

each patient.  

 

 Moreover, we further analyzed re-epithelialization in human skin across the different 

ages of the donors. To this end, we separately plotted the data according to the ages of the donors 

(Figure 3-6). It was found that there was no difference in the tendency of re-epithelialization 

between the different ages, although there were not enough samples from the 23 years old female 

donor. This result is in a line with published results showing that re-epithelialization in ex vivo 

human skin model is barely affected by sex and age of the donor.
187
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3.3 Conclusions 

In conclusion, the HA/SPI fibrous scaffold presented herein overcomes the limitations 

of current soy-based dressings that use suboptimal solvents (e.g., toxic organic solvents) and co-

spinning materials (e.g., stiff and/or hydrophobic synthetic polymers derived from crude 

petroleum) as well as the lack of knowledge of the regenerative capacity in mouse and human 

skins via ER-β.
119

 Our spinning platform enables us to engineer nanofiber scaffolds from water. 

In particular, water-soluble HA provides a biodegradable and water-absorbing fibrous 

architecture similar to that in native skin, making it an optimal backbone to develop high-

throughput wound dressings. We affirmed that our scaffolds carry genistein to trigger the ER-β 

pathway. For the first time, we confirmed that HA/SPI scaffolds accelerate cutaneous 

reconstruction in both mouse and human skins via the ER-β pathway. We envision that HA/SPI 

fiber scaffolds can be used as a regenerative tissue construct for not only cutaneous wound 

healing but also ER-β-modulated diseases, such as breast cancer or cardiovascular diseases. 

Accordingly, our soy-based nanofiber fabrication approach opens new avenues for tissue 

engineering and regenerative medicine research. 

 

 

3.4 Materials and Methods 

3.4.1 Fiber Fabrication 

Soy protein isolate (PRO-FAM®  974, ADM) and hyaluronic acid sodium salt (Sigma) 

were dissolved in deionized water (Invitrogen) and DMSO (Sigma) (6:1) solution with 10 

mg/mL of sodium chloride (Sigma) and stirred overnight. The nanofibers were spun from the 

polymer solution by using iRJS as previously reported 
68

. The polymer solution were injected at 
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a speed of 10 mL/min in to the reservoir and extruded through the orifices (with a diameter of 

300 μm) into the precipitation bath (80 % ethanol) at 15,000 rpm. The precipitated fibers were 

collected on the rotating mandrel in the bath. The spun fibers were crosslinked with 10 mM EDC 

and 4mM NHS in 80% ethanol for 24 hrs on a shaker. The crosslinked fibers were washed by 

running DI water for 1 hr, frozen in DI water at -80 ºC, and freeze-dried using lyophilizer (SP 

Scientific) for further characterization and wound healing studies.  

3.4.2 Scanning Electron Microscopy (SEM) and Fiber Analysis 

The freeze-dried samples were mounted on SEM stubs and sputter-coated with Pt/Pd 

(Denton Vacuum) prior to imaging. The samples were then imaging by using a field emission 

scanning electron microscopy (FESEM, Carl Zeiss).  The SEM images of fiber samples were 

used to calculate the fiber diameter and porosity in ImageJ (NIH) software with the plug-in 

DiameterJ.  

3.4.3 Uniaxial Tensile Testing 

The freeze-dried samples were loaded by using clamps and uniaxially pulled at a strain 

rate of 5 %/s up to 60 % strain in a tensile tester (CellScale). The data were recorded by using a 

built-in software (CellScale) and analyzed by using OriginPro 8.6 software (OriginLab). 

3.4.4 Fourier-transform Infrared Spectroscopy (FTIR) 

FTIR spectra of samples were obtained by using attenuated total reflectance (ATR)-

FTIR (Bruker) in a range between 600 and 4000 cm
-1

 with 16 scans at a resolution of 2 cm
-1

. The 

recorded data were normalized to C-O-C stretching peak of HA at around 1050 cm
-1

 by 

OriginPro 8.6 software. 

3.4.5 Liquid Chromatography-mass Spectrometry (LC-MS) 
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LC-MS (Agilent) was utilized to quantify the amount of genistein within scaffolds. 

Samples were dissolved in DMSO, filtered with polytetrafluorethylene (PTFE) membranes (Pall 

Corporation), and loaded in the system. For the LC part, we used C18 LC column (ZORBAX 

RRHD C18) with a gradient of H2O and acetonitrile (ACN) at a flow rate of 0.25 mL/min. The 

chromatographically separated molecules then underwent electrospray ionization (ESI) to detect 

the charged ions according to their molecular weights. The hydrogenized genistein ions 

([genistein+H]
+
)  were detected at m/z 271 with the selected ion monitoring (SIM) mode. The 

chemical structure of genistein molecule in Fig. 2e was drawn by using ChemDraw software 

(PerkinElmer). 

3.4.6 Biostability Test 

Biostability of scaffolds were tested by submerging the scaffolds in PBS or a cell 

culture medium (Dulbecco's Modified Eagle's medium (DMEM, Thermo Fischer Scientific) in 6 

well plates at 37 ºC and 5 % CO2. We tracked the complete degradation time.  

3.4.7 Mouse Excisional Wound Splinting Model 

All animal experiments were approved by Harvard Institutional Animal Care and Use 

Committee (IACUC). As previously reported
159

, we performed the mouse excisional splinting 

model to recapitulate human-mimetic healing processes in mouse by preventing wound 

contraction in mouse skin. In short, normal female mice (7 weeks old, C57BL/6, Charles River 

Laboratories) were fed by soy-free special diets (LabDiet 5V5R 50/IF, PMI®  Nutrition 

International) and ovariectomized by manufacturers. After the ovariectomy surgery, mice were 

delivered and familiarized at the vivarium for a week. Following a week post ovariectomy 

surgery, wound clips were removed and mice recovered for a week before wound healing 

surgery. On the wound healing surgery day, isoflurane was used to anesthetize the mice during 
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all procedure. We shaved hairs on the dorsal side of mice by using electric razor and cleaned 

their skin with betadine (Santa Cruz Biotechnology) and 70% ethanol (v/v). The full thickness 

wounds were performed by using a 6-mm diameter sterile biopsy punch (Integra Miltex). Before 

the surgery, splinting rings were prepared from a silicon sheet (Grace Bio-Labs) by cutting 8 mm 

inner holes using a 8-mm sterile biopsy punch (Integra Miltex) and sterilized with 70% ethanol 

(v/v) and under UV light in a sterile cell culture hood. We applied the splinting rings to the 

wound site with an adhesive (Krazy glue) and sutures (Ethicon). Nanofiber scaffolds were placed 

to the wounds and secured with Tegaderm (Nexcare) patches. Control wounds got no treatment, 

but covered with Tegaderm. At day 20 post-injury, mice were scarified and skin tissues were 

harvested via IACUC approved protocols. 

3.4.8 Human Skin Wound Model 

Human skin biopsies with 2 mm wounds (NativeSkin® , Genoskin) were prepared by 

the manufacturer as previously reported
180

. Briefly, the skin biopsies were obtained from the 

abdomen of three different patients (23 years old, 44 years old, and 39 years old females), 

wounded with 2-mm diameter biopsy punch, and embedded within nourishing hydrogel in 

transwell inserts of 12 well plates at day 0. Upon overnight delivery, the human skin biopsies 

were incubated with dedicated culture medium for 1 h at 37 ºC, 5% CO2, and humidity. 

Afterward, nanofiber scaffolds were cut with 2-mm diameter biopsy punch and applied to the 

wound sites. Control had no treatment. The skin biopsies were cultured for 7 days (the maximum 

possible culture time) by changing the culture medium daily. At day 7 post-injury, tissues were 

harvested. In an effort to specifically block ER β pathway in vitro, we added ER β antagonist (4-

[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol, PHTPP, Sigma) to the 

culture medium. In particular, 10
-2

 M PHTPP stock solution was prepared in DMSO and 1 μL of 
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the stock solution was added to 1 mL of the culture medium per well, resulting in the final 

concentration of 10
-5

 M PHTPP in the culture medium that has been previously used in vitro
188

. 

To eliminate the effect of the vehicle (DMSO) on the healing processes, the same concentration 

of the vehicle solution was also added to the culture medium of all samples. 

3.4.9 Histological Analysis of Skin Tissues 

The harvested skin tissues were fixed by 4 % paraformaldehyde (PFA, v/v) in 

phosphate-buffered saline (PBS, Invitrogen) solution overnight at 4 ºC and washed by PBS 3 

times. The fixed tissues were processed for paraffin embedding, sectioning, and Masson’s 

trichrome staining at Harvard specialized histopathology core. We used slide scanner (Olympus 

VS120) to image the Masson’s trichrome stained tissues.  The Masson’s trichrome images along 

with image J software were used to calculate epidermal thickness, scar index, and hair follicle 

regeneration for mouse skin as well as re-epithelialization for human skin. The epidermal 

thickness was analyzed by measuring the thickness of newly formed epithelial layers in the 

wound sites (μm). Following the previously established method
161

, the scar index was measured 

by dividing the scarred area (μm
2
) by the average dermal thickness (μm). We also quantified the 

reformation of hair follicles by dividing the number of hair follicles in the wound sites (counts) 

by the area of the wound sites (mm
2
).  The re-epithelialization was calculated by measuring 

distance among the edges of newly formed epithelial layers. 

3.4.10 Immunofluorescent Analysis of Skin Tissues 

The paraffin-processed sections were de-paraffinized washing the sections by xylene, a 

gradient of ethanol, and water sequentially.  The de-praffinized sections were incubated with 5% 

bovine serum albumin (BSA, Jackson Immunoresearch) in PBS for 2 hrs at room temperature 

and then primary antibodies (anti-cytokeratin 14 (K14) and/or anti-ER β, Abcam) in 1% BSA in 
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PBS overnight at 4 ºC. After the primary antibody incubation, the samples were washed by PBS 

3 times, followed by secondary antibody incubation (Alexa Fluor 488-conjugated anti-rabbit IgG 

(H+L) secondary antibody, Alexa Fluor 594-conjugated anti-mouse IgG (H+L) secondary 

antibody, and/or 4rse IgG (H+L) sephenylindole (DAPI), Thermo Fisher Scientific)) in 1% BSA 

in PBS for 1hr at room temperature. Subsequently, the samples were washed by PBS 3times and 

mounted with Prolong Gold anti-fade agent (Invitrogen) on glass coverslips. A spinning disc 

confocal microscope (Olympus ix83) was utilized to take the immunofluorescent images. For 

coverage analysis, the positively stained area in the wound sites were measured by using ImageJ 

software and divided by the area of the wounds.  

3.4.11 Statistical Analysis 

Mean ± standard error (SEM) was used to present all data in box plots with all data 

overlap. In the box plots, the edges, middle bars, and whiskers indicated 25
th

 and 75
th
 percentiles, 

median, 5
th

 and 95
th

 percentiles, respectively. One-way analysis of variance (ANOVA) with the 

post-hoc Tukey's test was used to assess the statistical difference among samples using OriginPro 

8.6 software. *p value lower than 0.05 was counted statistically significant.  

 

 

 

 

 

 

 

 



 

 

78 

 

 

4 Conclusions 

4.1 Engineering Biomimetic and Hydrating Plant-hybrid Nanofiber Dressing 

In Chapter 1, we reviewed the current state of soy-based dressings. In particular, the use 

of synthetic polymers or animal-derived proteins in wound dressing development is a limiting 

factor.
4
 Additionally, most synthetic polymers are hydrophobic and stiff, resulting in substandard 

physicochemical properties and healing performance.
128

 Although animal proteins are effective 

in terms of healing outcomes,
2
 due to their origin, they raise financial, ethical, and immunogenic 

concerns.
3
 

In Chapter 2, we aimed to improve the dressing material and thus its performance by 

developing a plant-derived nanofiber scaffold using soy protein and cellulose acetate. Due to the 

fiber-forming capability of cellulose acetate, the resulting scaffold did not require additional 

materials or toxic crosslinkers. The plant-hybrid scaffold exhibited high hydrophilicity and high 

water retention due to the homogeneous distribution of hydrophilic soy protein compounds 

throughout the scaffold. In vitro dermal fibroblast studies showed that the scaffold promoted cell 

growth, migration, and infiltration. Additionally, the scaffold helped stimulate the expression of 

integrin β1, which is required for cell mobility and ECM remodeling.
155

 The functionality of the 

scaffold was further confirmed in vivo using a mouse model of wound healing. We utilized an 

excisional mouse splinting model known as the “human-relevant mouse wound healing model” 

by preventing wound contraction in mice to mimic healing processes in humans with minimal 

wound contraction.
159

 When tested with this mouse model, the scaffold accelerated wound 
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closure and re-epithelialization. Furthermore, the scaffold reduced collagen alignment and scar 

formation. 

Collectively, these results revealed the potential of plant hybrid nanofiber dressings for 

enhanced wound healing. Nanofibers exhibited well-established microenvironmental cues 

(optimal fiber diameter, porosity, stiffness, and water absorption) were manufactured in a high-

throughput manner. The resulting wound dressing costs approximately $1 per product with 

performance well compared to existing commercial dressings. Accordingly, we conclude that the 

questions discussed in Chapters 1.7.1 and 1.7.2 can be solved by the research described in 

Chapter 2. However, we still needed to elucidate the underlying ER-related mechanisms for 

high-quality (e.g., hair regrowth) healing. 

 

4.2 Biomimetic and Estrogenic Soy/Hyaluronic Acid Fiber Scaffold to Promote Skin 

Regeneration via Estrogen Receptor β 

In Chapter 1, we noted that the effect of soy dressings on wound healing should be 

studied in greater detail.
8
 Previous studies on soy-based dressings focused simply on protein 

content and healing outcomes mediated by the dressings. Although dressings enhanced re-

epithelialization and granulation tissue formation in rodent and porcine models, additional 

outcomes such as hair follicle or cutaneous fat tissue regeneration should be explored in 

engineered or biopsied human skin to study long-term and cosmetic impacts. In Chapter 2, we 

introduced plant-hybrid scaffolds to effectively recapitulate the native microenvironment and to 

maintain a moist environment. Although our scaffold exhibited optimal physicochemical 

properties and enhanced wound healing, we did not fully elucidate how phytoestrogens in the 

scaffolds activate ER signaling pathways. In addition, HFIP was used to dissolve cellulose 
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acetate and soy protein prior to fiber spinning and is toxic. Thus, we explored alternative 

solvents for fiber spinning. 

In Chapter 3, we hypothesized that biomimetic and estrogenic soy scaffolds will 

promote skin generation via the ER-β signaling pathway. In this study, water-soluble HA was 

used as a co-spun polymer to provide a structural cue because it is part of the native skin ECM 

network.
62

 By using iRJS, we eliminated the use of toxic organic solvents (e.g., HFIP).
68

 In iRJS, 

the polymer solution (water/DMSO mixture in this case) was extruded at high centrifugal forces 

and then precipitated into an 80% ethanol bath, resulting in microfibers composed of nanofibrils 

similar to native collagen fiber bundles. A small portion of DMSO was added to the water 

solvent to completely dissolve soy phytoestrogens that are partially soluble in pure water. As a 

result, the fiber scaffold possessed soy protein components (confirmed by FT-IR) and soy 

phytoestrogens (e.g., genistein; confirmed by LC-MS). The genistein level was quantified 

because it is one of the main phytoestrogens known to provide health benefits.  

Due to these beneficial properties, we aimed to investigate healing outcomes. To test 

our hypothesis, we again used an excisional mouse splitting model that enables us to study 

human-relevant healing in mice.
159

 To observe healing results, we monitored the mice longer (20 

days) than that of common wound healing studies (14 days). In particular, hair follicle 

regeneration was examined because hair follicles do not regenerate in normal mouse and human 

wound healing. Moreover, hair follicles are important for skin function and cosmetics.
8
 In 

addition, recent preclinical and clinical studies showed that oral and topical administration of soy 

phytoestrogens can initiate hair regrowth,
78, 79

 although the ER-related mechanism underlying 

enhanced hair reformation remains unexplored. Soy-based scaffolds promoted both hair follicle 
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and ER-β expression as well as re-epithelialization and dermal ECM remodeling in a mouse 

model. 

Although mouse wound model can help elucidate the healing outcomes of our scaffolds, 

it is unable to fully recapitulate the physiological healing capability of human skin.
180

 

Accordingly, we sought to explore the effects of our scaffolds on human skin using a 

commercially available human skin biopsy wound model. The 2-mm wounds were treated with 

our scaffolds and harvested at day 7 post-injury for histological analysis. We found that soy-

based scaffolds accelerated re-epithelialization in human skins. After treatment with an ER-β 

antagonist, enhanced re-epithelialization by our scaffolds was not observed. These data 

confirmed that our soy-based scaffolds promote wound healing in human skin via the ER-β 

pathway. 

 

4.3 Limitations and Future Directions 

This dissertation has demonstrated the development of biomimetic and estrogenic soy-

based nanofiber scaffolds for enhanced skin regeneration via the ER-β pathway. Notably, there 

are some limitations for future applications. In this study, we focused only on the ER-β pathway. 

Although soy phytoestrogens were reported to preferentially activate ER-β, the effect of our soy-

based scaffolds on wound healing via the ER-α pathway should be investigated. Furthermore, the 

binding affinity of the scaffolds for both ER-α and ER-β should be studied to alleviate the 

potential risk of ER-α-positive diseases. More importantly, due to nature of human skin wound 

models, we could only study short-term healing effects of our scaffolds in human skin. Therefore, 

long-term and advanced healing outcomes (e.g., hair follicle and adipose tissue reconstruction) 

by our scaffolds in human skin should be explored. 
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Additionally, future studies can expand the use of our scaffolds as ER-β-modulators in 

different diseases. For example, soy phytoestrogens were shown to prevent ischemic diseases 

and breast cancer.
189

 Therefore, our scaffolds can be used to partially replace damaged tissues or 

to prevent the progression of carcinogenic cells. For this purpose, fibers can be collected onto a 

premade mandrel with the 3D morphology of the target tissue. Similarly, solutions for fiber 

spinning can potentially be used for 3D printing organ-level constructs. 
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