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Abstract 
 

  

 Skin is the largest organ of the human body, being crucial on its protection from 

foreign objects and microorganisms thus playing an important role for the homeostasis of the 

organism. It is composed by three layers, epidermis, dermis and hypodermis that together 

form the outmost layer of the body. Once this layer is damaged, human life could be at risk. 

The lack of viable donors leads to the urgency of developing skin substitutes. One of the 

strategies proposed by Tissue Engineering for the treatment of skin lesions is the 

development of skin substitutes made by natural or synthetic polymer or even a blend of 

both. Silk fibroin is a natural polymer with good biocompatibility and profiles already explored 

in the literature. Scaffolds based on this natural polymer have attracted great attention on the 

last decades due to its characteristics for tissue engineering (TE) applications. 

    In the present work, silk fibroin based scaffolds were obtained through 

electrospinning processing technique, using silk fibroin solutions with a concentration of 12% 

(w/v) and formic acid as spinning solvent. Silk fibroin electrospun matrices were further 

treated with methanol at different concentrations and incubation times (50% (v/v), 75% (v/v), 

100% (v/v) with a time length of 10 and 60 minutes each). The physico-chemical properties 

of silk fibroin were investigated, as well as human fibroblast cellular behavior (cytotoxicity 

and adhesion assays). The results demonstrated that the electrospun membranes treated 

with different methanol concentrations present 𝛽 -sheet conformation, high water vapor 

transmission rate, similar to the control group, which is regarded as a crucial parameter for 

wound dressing. Cytotoxicity of the silk fibroin electrospun meshes was evaluated using 

hDNFs showing normal metabolic activity. We were able to successfully produce silk fibroin 

electrospun matrices that demonstrated no cytotoxic effect and presented suitable 

characteristics for the use in the context of skin regeneration.   

 

 

 

 

 

 



      

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

 

 
 

Resumo 

 

  A pele é o maior órgão humano, crucial na proteção do corpo humano de objetos 

prejudiciais e microrganismos. Figurando como principal responsável pela homeostasia do 

organismo, é composto por três camadas, epiderme, derme e hipoderme, as quais em 

conjunto formam o revestimento mais externo do corpo. Quando danificada a vida humana 

pode estar em risco. A falta de dadores viáveis leva à necessidade de desenvolver 

substitutos para a pele. Neste contexto, a Engenharia de Tecidos, surge como uma 

tecnologia promissora para o tratamento de lesões a nível cutâneo através do 

desenvolvimento de substitutos produzidos a partir de polímeros naturas, sintéticos ou uma 

mistura dos dois. Fibroína de seda é um polímero natural, que apresenta elevada 

biocompatibilidade e biodegradabilidade. Scaffolds com base neste polímero natural, têm 

atraído considerável atenção nas últimas décadas devido às suas características para 

aplicações em Engenharia de Tecidos.  

 No presente trabalho, scaffolds à base de fibroína de seda foram obtidos através  do 

método de electrofiação. Com este objectivo, foram utilizadas soluções de fibroína de seda 

com uma concentração de 12% (w/v) em ácido fórmico. Matrizes de fibroína de seda, 

obtidas através do método de electrofiação, foram posteriormente tratadas com metanol em 

diferentes concentrações (50% (v/v), 75% (v/v),100% (v/v)) durante 10 e 60 minutos. As 

propriedades físico-químicas da fibroína de seda foram estudadas e o seu comportamento 

celular investigado através de ensaios de cito-toxicidade e de adesão celular. Os resultados 

demonstraram que, após o tratamento com metanol, as membranas apresentavam 

conformação β-folheada, taxas de transmissão de vapor de água elevadas, semelhantes ao 

grupo de controlo, figurando como um parâmetro fundamental no tratamento de feridas. A 

cito-toxicidade das membranas de fibroína de seda foi avaliada através da utilização de 

hDNFs, apresentando boa atividade metabólica. Conseguiu-se produzir, de forma bem 

sucedida, matrizes de fibroína de seda através do método de electrofiação, que não 

demonstraram efeitos cito-tóxicos e apresentavam características apropriadas para o uso no 

contexto de regeneração da pele.  
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Chapter 1 

Introduction 

 
 
 

1.1. Framework 

 
 Since the early days that regeneration of tissues is an important topic on biomedical 

field. Currently Tissue Engineering is one of the most emergent fields, which consists on 

development of 2D or 3D structures providing a sustainable answer for all the limitations of 

transplantation. Tissue Engineering is a branch of Regenerative Medicine, an 

interdisciplinary field that combines engineering, biology and chemistry in order to obtain a 

viable biological substitute that restores or maintain the structure of the natural tissue. The 

progress on this field allows the transplantation of whole-organs or entire tissues, which can 

restore the structure and functions of the native damaged parts. The major setbacks 

concerning organ transplantation are very well know and include the risk of an adverse 

immunological response and the shortage of available donor material. Skin is the largest 

organ of the human body, crucial in protecting the body against the external environment, 

being composed by three layers: epidermis, dermis and hypodermis (Zhang et al., 2009; 

Ratner et al., 2004). When damaged, the human life could be at risk. One of the major 

causes of skin damage is burn injury, which always care for medical attention. Besides 

burnings there are other conditions responsible for skin damage like chronic wounds, tumors, 

acute trauma and other dermatological conditions such as pressure and diabetic ulcers (Dias 

et al., 2016). The consequence of these damages on the skin integrity includes the loss of 

the native tissue, structure and self-renewal ability, leading to scarring. To overcome these 

limitations the development of new technologies emerged as a potential solution. Wound 

healing process, is the natural response of the human body to injuries. It is divided in four 

phases (hemostasis, inflammation, proliferation and maturation), occurring sequentially after 

skin damage and leading to the restoration of tissue structure and functions. Mimicking the 

natural extracellular matrix (ECM) is one of the major goals of skin tissue engineering, since 
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it provides support to the wound healing process and facilitates the migration and 

proliferation of cells, as well as the exchange of nutrients and oxygen (Martin, 1997).  

 Three-dimensional structures should fulfill some parameters, for example, (1) it must 

display a porous structure with the adequate pore size and interconnectivity; (2) the 

mechanical properties should be similar to the native tissue of the implantation site; (3) the 

degradation rate should be proportional to the regeneration of the tissue, (4) it must be 

biocompatible, which means the ability to promote cell adhesion and support native cell 

activity without causing an immune response. Scaffolds should be able to promote cells 

migration, proliferation, differentiation and further vascularization of the tissue (Zhang et al., 

2009). The choice of the material and method to the construction of the scaffold is of extreme 

importance, since it has to satisfy all these requirements. Electrospinning is a well-known 

method for fabrication of biomaterials scaffolds that are able to mimic some of the nanoscale 

properties of native ECM (Vepari & Kaplan, 2007). 

 Skin tissue engineering has emerged on the last decades as a source of 

development of materials for skin substitutes. Most of the materials that meet the necessary 

requirements for skin substitutes belong to polymers group. Among this group there are 

natural or synthetic materials, such as synthetic PLA (poly (latic acid)), PLGA (poly (lactic-co-

glycolic) or natural collagen, gelatin, hyaluronic acid and silk. This group of biomaterials is 

versatile on biochemical composition and the processing method, presenting a good 

biodegradability and cell adhesive properties (Yang et al., 2001). Silk-fibroin is a natural 

polymer directly extracted from the silkworm cocoons, presents minimal inflammatory 

response and it is a continuous, strong and easy to handle natural fiber (Vepari & Kaplan, 

2007). To overcome individual limitations of natural and synthetic polymers some studies 

blend both of them in order to obtain good characteristics, (O'Brien, 2011) for example 

biocompatibility of naturals and mechanical force of synthetics, and easy handling when 

comes to process methods and further implantation. 

 The processing technique is another important parameter on TE, since it should not 

influence negatively the biomaterial in order to maintain its natural characteristics. 

Electrospinning is a technique that allows the fabrication of nanoscale scaffolds suitable for 

skin TE. Nanofiber meshes obtained by this technique present high level of surface area with 

the three dimensional feature for the attachment of cells. On the other hand, silk fibroin is a 

versatile material with a known amino acid sequence, which allows the possibility of 

conjugation with other natural/synthetic polymers, building innovative materials that can be 

further processed by electrospinning for skin tissue engineering.  
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1.2. Objectives 

 

 The present work aims to develop electrospun meshes of a natural polymer (silk-

fibroin) and study of its mechanical and biological properties to evaluate the suitability of the 

developed scaffold for skin tissue engineering applications.   

 The specific objectives consist on: (1) extraction and purification of silk-fibroin from 

silkworm cocoons; (2) optimization of the processing method; (3) physico-chemical and 

structural characterization of the material through swelling tests, water vapor transmission 

rate, degradation rate and ATR-FITR; (3) evaluation of biological behavior through in vitro 

assays of cytotoxicity, metabolic behavior. 

 

 

1.3. Dissertation structure 

 
 The present dissertation is divided in five main chapters. Chapter 1 corresponds to 

the framework of dissertation, its structure and objectives. In Chapter 2 the literature has 

been reviewed, in order to provide context about the dissertation theme and its relevance. 

Chapter 3 includes the materials and methods used along the experimental part of this 

project, as well as full description of the protocols used.  In Chapter 4 the obtained results 

are presented, analyzed and discussed. Finally, conclusions and futures perspectives of this 

work are presented in Chapter 5. 
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Chapter 2 

Literature Review 

 

 

2.1. Skin 

 
 Skin is the external coating of the human body, being considered the largest human 

organ. It acts as a barrier against microorganisms, protects internal organs by limiting the 

penetration of harmful objects, allows the regulation of fluids, control of body temperature, 

synthesis of vitamin D, and has a sensory function being able to detect pain, excess of 

temperature and pressure (B. Kundu et al., 2013; Sorg et al., 2017). Although it has the 

capacity to regenerate itself, it is limited. When injury occurs leads to a modification of its 

integrity, providing a physiological imbalance of the body that may result in several health 

problems and even death (Chouhan et al., 2017) 

 Three important layers compose the human skin: epidermis, dermis and hypodermis. 

The most external layer is the epidermis, it is thin and totally cellular, being mainly composed 

of keratinocytes but also containing other cell types, such as melanocytes, and Langerhans 

cells. This barrier acts mostly against microorganisms due to the constant exposure, and 

homeostasis is achieved by constant substitution of the environment-exposed cells by cell 

migration from the basal layers, which, in turn, are composed of epidermal stem cells able of 

self-renewal and repair (Metcalfe & Ferguson, 2007; Alonso et al., 2003; Chunmeng & 

Tianmin, 2004) In addition, the skin appendages (e.g hair, nails, sweat glands and 

sebaceous glands) are derived from and linked to the epidermal layer presenting however 

deep projections into the dermal layer (Martin, 1997).  The dermal layer constitutes the bulk 

of the skin and is located directly below the epidermis, being responsible for maintaining the 

elasticity and the mechanical strength of the tissue. It contains vascularized extracellular 

matrix (ECM) rich in fibroblasts, elastin and glycosaminoglycans (GAGs), being responsible 

for the elasticity and mechanical integrity (Groeber et al., 2011; Metcalfe & Ferguson, 2007; 

Jones et al., 2002). These properties are modulated by fibroblasts, the main cell type in the 
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dermal layer and the main source of ECM (Berthod et al., 2006). Furthermore, fibroblasts 

also produce remodeling enzymes, such as proteases and collagenases, playing an 

important role in wound healing (Ratner et al., 2004). Present in this layer, but in lesser 

amounts, are also endothelial cells and smooth muscle cells, building a vascular system 

responsible for providing nutrients to cells, and mats cells, which are part of the immune 

system and are responsible for the early recognition of pathogens (Metcalfe & Ferguson, 

2007; R. F. Pereira et al., 2013). ECM provides structure to this tissue, its molecules 

influence the cellular adhesion, migration and differentiation, and its composition is based on 

a nanometer scale of fibrillar nature. The third layer, hypodermis, is a well vascularized area 

mostly composed of adipose tissue, that works as energy source and contributes for the 

mechanical and thermoregulatory properties of the skin (Bottcher-Haberzeth et al., 2010; R. 

F. Pereira et al., 2013)  (Figure 1). 

 Since this tissue is the outmost barrier that protects the human body it is very 

important to understand the different parameters that influence the healing process in order 

to recover from possible lesions. Damaging of this tissue can be caused by different factors 

such as acute trauma, chronic wounds, burn injuries, tumours, ulcers as well as other 

dermatological conditions (R. F. Pereira et al., 2013; R. F. Pereira & Bartolo, 2016). Besides 

the wound type and extension, it is necessary to know the patient condition, in order to 

evaluate about the presence of diabetes or persistent infections, that enable the scarring of 

the wound (Bottcher-Haberzeth et al., 2010; R. F. Pereira et al., 2013; R. F. Pereira & 

Bartolo, 2016; Pilehvar-Soltanahmadi et al., 2016). 

 When the lesion occurs on the epidermal layer, it has the capacity of self-renewal 

provided by the basal-layer of keratinocytes stem cells, which have proliferative capacity. On 

the other hand, if the lesion affects both the epidermal and dermal layers can lead to skin 

necrosis, the required treatment is complex since the basal-layer of keratinocytes is 

destroyed and the tissue looses self-renewal capacity (Bottcher-Haberzeth et al., 2010; 

Kasoju & Bora, 2012; R. F. Pereira & Bartolo, 2016; Pilehvar-Soltanahmadi et al., 2016). In 

these cases, the treatment usually relies on the application of skin grafts. Application of 

autologous skin grafts (autografts) is the most common technique to treat skin lesions. It 

relies on the removal of skin from parts of the healthy body, providing good adhesion to 

wound site and a reduced rejection probability. Although it is considered the clinical “gold 

standard” it has limitations, (1) scar formation, (2) extended hospital stays, (3) limited 

availability of donor sites. Allografts are only used as temporary protectors of the wound, 

preventing wound dehydration and further contamination. These skin grafts are obtained 

from other individuals and can lead to immune rejection and diseases transmission. The 

application of these approaches requires the full understanding of wound healing, the natural 
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body process to recovery from injuries, (Bottcher-Haberzeth et al., 2010; R. F. Pereira et al., 

2013).  

 

Figure 1. Human skin structure. Schematic representation of the three layers of human skin. 
Epidermis, and its cellular constituents. Dermis and its two distinct regions, along side with fibroblasts 
and collagen. Hypodermis and skin appendages adapted (Rúben F. Pereira et al., 2017). 

 
 

2.1.1 Wound Healing 

 

 Wound healing is a natural response of the human body to skin injury. When the skin 

has an injury, the body undergoes a series of integrate processes that prevent a large 

damage on the tissue as necrosis (de Mayo et al., 2017; Eming et al., 2007).  

 

 

Figure 2. Phases of wound healing. Chronological representation of the phases of wound healing. 
Adapeted from (Häggström et al., 2010.) 
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 Wound healing is a dynamic process that consists in complex biological and 

molecular events of activation of several cell types, which are responsible for the deposition 

of extracellular matrix (ECM), angiogenesis, tissue remodelling, with the purpose to achieve 

tissue integrity (de Mayo et al., 2017; Pilehvar-Soltanahmadi et al., 2016) (Figure 2). 

 Natural response of body to injury consists of four phases, hemostasis, inflammation, 

proliferation and maturation. Some of these stages can overlap in time, and hemostasis and 

inflammation occurs at the same time (Eming et al., 2007; Kibe et al., 2017; Pilehvar-

Soltanahmadi et al., 2016). During the first phase, hemostasis, the damaged blood vessels 

embarks on a process of vasoconstriction, in order to decrease blood flow. Activated 

platelets interact with neutrophils and fibrillar collagens that became entrapped, lead to the 

formation of a fibrin clot. This clot protects the wound site from pathogenic organisms and 

leads to the migration of fibroblasts, formation of extracellular matrix, and activates the 

coagulation cascade (Kibe et al., 2017; Rodero & Khosrotehrani, 2010). Migration of the 

inflammatory cells, neutrophils, monocytes, fibroblasts, endothelial cells and macrophages, 

leads to the beginning of the second phase of wound healing. These cells are attracted to 

wound site by a variety of chemical signals, once inside the clot starts the release of growth 

factors, and phagocytosis of bacteria and cells debris. The first cells that reach the blood clot 

are neutrophils and monocytes, which are responsible for the removal of impurities, followed 

by cytokines, which, in turn, are responsible for the recruitment of other cells such as 

fibroblasts, keratinocytes and macrophages. Once macrophages arrive to the wound site, 

release of growth factors takes place (Koh & DiPietro, 2011; Martin, 1997; Pilehvar-

Soltanahmadi et al., 2016). These factors are responsible for the beginning of the third phase 

(proliferation), since they promote the proliferation of fibroblasts and vascular endothelial 

cells. It is the balance between the release of growth factors and cytokines that makes the 

inflammation phase the most important on the success of wound healing and scarring. 

During proliferation phase, fibroblasts, macrophages and endothelial cells form the 

granulation tissue. Angiogenesis take place at the same time and is responsible for the 

supplying of oxygen and nutrients, keratinocytes migrate to the edges of the wound 

promoting re-ephitilization and fibroblasts differentiate into myofibroblats. Myofibroblasts are 

contractible cells, responsible for the shrinking of granulation tissue and final wound 

contraction. At the final stage (maturation) collagen begins to be secreted by fibroblasts and 

myofibroblasts, allowing the wound cicatrisation (Eming et al., 2007; Kibe et al., 2017; 

Rodero & Khosrotehrani, 2010). 

 At the end two different results may happen, scarring or tissue regeneration. 

Frequently the body response to injury relies on the creation of a fibrous tissue (granulation 

tissue), to prevent infection and consequent necrosis. This leads to tissue scarring, where 
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the tissue recovers most of its tensile strength but is less elastic than normal skin and 

structure is not maintained, although the organ maintains its principal function, protecting 

internal organs (Hassiba et al., 2016) (Figure 3). Tissue regeneration, less frequent than 

scarring, happens mainly at embryonic stages. Size and depth of the wound are two 

fundamental parameters that will decide if this process can take place. At the end, tissue 

recovers its function and full structure composition (Eming et al., 2007). 

 During the healing process, the ECM plays a vital role since it provides mechanical 

support for the migration, proliferation and differentiation of cells, working also as a reservoir 

of growth factors (Chan & Leong, 2008). Because ECM is one of the most relevant structures 

on wound healing, developing new materials that mimic its design is of high interest on 

biomedical field and should result in a significant improvement on life quality of patients 

around the world (Chan & Leong, 2008). 

 When skin damage occurs the first step relies on the application of wound dressings, 

which will confer the appropriate environment to accelerate the wound healing process while 

protecting the wound of external contaminations. Dressings should give support to the wound 

and the surrounding tissues, especially on the re-epithelisation phase, and their application 

and removal should be done easily without causing injury (J. R. Dias et al., 2016). Depending 

on the wound type, depth, and extension on the patient, several strategies could be applied. 

For superficial lesions (mainly affecting the epidermis), creams and ointments are used for 

disinfection, cleaning, and debridement or to help the wound healing process. Although still 

used, these solutions have been substituted for more advanced strategies due to their 

properties, limited permanency in the human body (J. S. Boateng et al., 2008). 

 Wound dressings have been widely used due to their low cost and effectiveness. This 

medical strategy consists in the application of natural or synthetic material over the wound, 

protecting it from the external environment. Passive dressings, also considered traditional 

wound dressings, such as cotton wool, viscose gauze, polyester fabric and lint, are used for 

covering the wound, keeping the wound dry, preventing the entry of pathogens into the 

wound and allowing the regeneration of tissues below (J. R. Dias et al., 2016; R. F. Pereira 

et al., 2013). 

 Nowadays, the evolutions in the science and technological fields have been providing 

more advanced solutions for wound healing. Obtained from natural or synthetic sources, 

modern wound dressings are available as films, foams, gels, hydrofibers and hydrocolloid. 

These are considered as interactive dressings, regarding their ability to adapt to the chemical 

environment of the wound, and eventually change it in such way to mimic the physiological 

conditions of healthy tissue, for faster healing process (J. S. Boateng et al., 2008; J. R. Dias 

et al., 2016). Based on the concept of creating an optimal environment, which includes an 
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exudation control allowing a moist, non-detrimental environment, effective oxygen circulation 

aiding the regeneration process, good adhesion to the lesion surface and low pathogen 

penetration, while minimizing maceration and scar formation, (Stephen-Haynes et al., 2014), 

several modern wound dressings have been developed, as reviewed by Pereira et al., 2013. 

Moreover, some dressings can even act as drug delivery systems, incorporating the 

therapeutical agent and releasing it in the wound bed (J. Boateng & Catanzano, 2015; Elsner 

& Zilberman, 2010; Momoh et al., 2015; R. F. Pereira et al., 2013)  

 However, due to the complexity of the healing process and the wide variety of skin 

wounds, no single dress is able to fulfill the requirements for full skin recovery. Despite the 

importance of the referred methods for skin regeneration therapies, in cases of severe 

lesions in the dermis or hypodermis, a complex treatment is required. Nowadays, autografts, 

surgical reconstruction using the patient own skin, are the “ gold standard” procedure 

(MacNeil, 2007; Goldberg, 1992;). However, this strategy presents limitations depending on 

the lesion extension and due to the creation of additional surgical sites (Goldberg, 1992). 

Another solution is the use of allografts, surgical reconstruction using another patient skin. 

This, however, can pose complication at both ethical and medical levels, subjecting the 

wounded patient to a graft that can potentially carry a disease or suffer immunological 

rejection (Goldberg, 1992). 

 

 

 

 

 

Figure 3. Phases of wound healing. On hemostasis exists the formation of a blood/fibrin clot. This 
phase occurs at the same time as inflammatory, on which happens the cleaning of the wound site. 
Formation of granulation tissue occurs on the proliferation phase, due to fibroblasts and endothelial 
cells that had migrate to the wound site. Maturation phase corresponds to the remodeling of granulation 
tissue to resemble healthy skin. Adapted from (R. F. Pereira et al., 2013)  
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2.2. Tissue Engineering 

 
 Tissue engineering (TE) is a branch of regenerative medicine, which has grown on 

the last decades due to the need of counteract the growing number of patients with organ 

and tissue failure, which leads to waiting lists for transplants (F. M. Chen & Liu, 2016; 

Graulus et al., 2015).    

 TE has become one of the most important alternative therapies for regeneration of 

tissues, whose goal is to assemble functional 3-D structures that restore, maintain or even 

improve damaged tissues and whole organs. It has been described as a multi and inter-

disciplinary field that correlates engineering methods and life sciences principles, as 

materials science, engineering, clinical medicine, biology and chemistry, aiming the 

development of biological substitutes (Kasoju & Bora, 2012; Miyoshi, 2017; Mottaghitalab et 

al., 2015). 

 The key role for the success of Tissue Engineering is the combination of live cells, 

biological molecules (for example growth factors) and a 3-D matrix that can support the 

migration, proliferation and differentiation of cells, as well as the release of growth factors 

with the purpose of regenerating failing tissues and organs (Babensee et al., 1998). 

 Scaffold should be capable of functioning as a reservoir to nutrients and water, in 

order to provide the specific microenvironment. For the attachment on the body, the three-

dimensional structures need to fulfil some requirements such as, biodegradability, 

biocompatibility, bioactivity, proper architecture and mechanical properties, suitable to the 

implantation site (Chan & Leong, 2008; O'Brien, 2011).   

 Biodegradability is characterized by the replacement of scaffold matrix by cells, thus 

the chosen material has to be non-toxic and excreted without causing lesions on surrounding 

tissues and organs. The rate as the scaffold is degraded has to correspond to the 

degradation rate of the host tissue (Melke et al., 2016). Biocompatibility is defined as the 

ability of a material to promote cell adhesion to its surface, allowing them to migrate 

proliferate and differentiate, without leading to an acute inflammatory response at the time of 

implantation that could compromise the success of the therapy through reduction of healing 

capability or material rejection (O'Brien, 2011). The bioactivity of a three-dimensional 

structure is assured by the addition of biological molecules and functionalization of chemical 

groups. For example, the conjugation of peptides having the amino acid sequence arginine-

glycine-aspartic acid (RGD) promotes cell adhesion to the structure of the scaffold (Bidarra et 

al., 2011; Chan & Leong, 2008).  Mechanical properties and architecture of the scaffold 

should be close enough to the natural properties of the host tissue. Scaffolds need to have 

the proper porosity and the pores should interconnect to enable cell migration, tissue 
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vascularization and diffusion of oxygen and nutrients (Chan & Leong, 2008; O'Brien, 2011; 

Zavaglia & Prado da Silva, 2016).  Skin is responsible for cooling the body when it is 

overheated and needs to have a full and correct vascularization for diffusion of oxygen to the 

sweat glands. Mechanical properties of skin substitutes should be strong enough to resist 

implantation procedure and easily adherent (Han et al., 2014). The method chosen to 

manufacture the scaffolds is also important, since it has to be cost-effective and capable of 

creating scaffolds with the proper scale to be implanted (Gu et al., 2013). 

 Available skin substitutes suffer from poor integration, scarring and lack of 

differentiated structures (e.g hair and sebaceous glands), contrasting with the aesthetics of 

uninjured skin (J. S. Boateng et al., 2008). Advanced skin regeneration therapies had 

increased during the last years, and represent an efficient and viable alternative to the 

currently available skin grafts. These new therapies result from the combination of 

biomaterials, cells, growth factors and advanced biomanufacturing techniques for the 

fabrication of constructs that mimic skin anatomy. These skin substitutes should be able to 

work as vital barrier with the appropriate water and nutrients exchange (Chaudhari et al., 

2016; Metcalfe & Ferguson, 2007; R. F. Pereira et al., 2013). To its manufacture it is 

necessary the full understanding of the wound healing process and consequently how 

important is the role of ECM on the entire phenomenon. Since ECM acts as support for the 

release of growth factors that consequently promote the tissue repair, transforming the poor 

vascularization injured tissue to well vascularized tissue is the prior on skin grafting (Eke et 

al., 2017; Metcalfe & Ferguson, 2007).  

 Recently, several methods have been developed to spatially encode local properties 

to 3D materials-based culture systems. These biofabrication techniques are capable of 

constructing micro patterned materials, with a high degree of control, by finely tuning and 

defining material geometries, localization of bio molecular cues, and other mechanical 

properties, enabling a precise control over the bulk material properties (Culver et al., 2012; 

Nichol & Khademhosseini, 2009; Nikkhah et al., 2012; Pataky et al., 2012). Several studies 

of wound healing have so far allowed development of TE strategies for skin regeneration. 

These are designated bottom-up approaches and consist on the formulation of tissue 

building blocks with specific micro architectural features for modular assembly, in an attempt 

to replicate the heterogeneous nature of endogenous tissues and organs. Another used 

approach is to use tissue engineering strategies that employs a “top-down” approach, 

consisting on seeding cells into biomaterials matrices capable of recreating biomimetic 

structures, exploiting the innate abilities of cells to sense their local environment through cell-

cell and cell-extracellular matrices (ECM), self-assembling into complex networks (Seidlits et 

al., 2011; Maia et al., 2014).  Pre-made porous scaffolds from synthetic and natural 
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biodegradable biomaterials, decellularized ECM scaffolds, and hydrogels, are some 

examples of the “top-down” approach (Chaudhari et al., 2016). The pre-made scaffolds and 

hydrogels approaches are based on the construction of three-dimensional structures capable 

to incorporate biomolecules that signal the cells, leading to their proliferation and 

differentiation (Chaudhari et al., 2016). These approaches became the most used on skin 

tissue engineering, where cells are cultured in vitro and consequently seeded onto a scaffold, 

which is then placed on the injured tissue. (Chan & Leong, 2008). 

 Decellularized ECM scaffolds, are based on the principle of retaining the natural ECM 

of tissues maintaining the anatomical feature, being considered a very promising strategy for 

the development of artificial organs because the organ specific cells can grow on this 

structure. In this approach it is necessary the total decellularization of the native ECM, 

otherwise can result in an immune response (Chaudhari et al., 2016).   

 These strategies rely on the ability of the cells to reconstruct the intricate micro 

architectural and functional features of natural microenvironments to achieve the desired 

biological effect. However, every engineered tissue constructs that aims to mimic natural 

tissues and, ultimately, organs, must present all the key components-cells, extracellular 

matrix (ECM), and vasculature in precise geometries (Auger et al., 2013; Battiston et al., 

2014). 

 In order to develop the necessary structure to allow the regeneration and repair of 

tissues, it is needed to find the most adequate material. Biomaterials fulfil all the 

requirements to the implantation on the human body, and can be of natural or synthetic 

origin. Biomaterials are divided on four different groups: metals, ceramics, polymers and 

composites (Yang et al., 2001).  

 Metals are most used on orthopaedic prosthesis due to their mechanical properties, 

they are generally inert materials, but at long periods suffer from oxidation (titanium and 

cobalt-based). Ceramics, such as zirconia or calcium phosphate, are fragile materials and 

thus are not an ideal to orthopaedic substitutes (Tangsadthakun et al., 2006). Polymers 

group can be natural or synthetic material, quite used on skin tissue engineering. They are 

light and versatile, but present low bioactivity, and when sterilization techniques are applied 

its properties can be modified on irreversible and unpleasant ways (Kasoju & Bora, 2012). 

Natural polymers as collagen, chitosan, (Zavaglia & Prado da Silva, 2016; Tangsadthakun et 

al., 2006) alginate (Bidarra et al., 2011) and silk (Mottaghitalab et al., 2015) are commonly 

used on TE. Poly-L-lactic (PLLA), polyglycolic acid (PGA) and poly (lactic-co-glycolic) acid 

(PLGA) (Babensee et al., 1998) belong to the group of synthetic polymer widely used on TE. 

Finally, composites results from mixing two different materials to overcome individual 

limitations (Yang et al., 2001). 
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 Nowadays, there is a long list of synthetically and natural materials that has already 

been used on Tissue Engineering. The choice of the proper biomaterial and fabrication 

method are key aspects to be considered in the development of an adequate scaffold for 

tissue regeneration.  

   

2.3. Silk as a biomaterial 

 
 Silk is a known material on the textile industry and it has been used for centuries as a 

luxury high end-fabric. Furthermore, silk fibers are also used as material for sutures since 

inflammation has not been observed after the application of the fibers. Recently, silk has 

attracted great attention from several investigation groups around the world, and 

development of silk-based scaffolds for TE has emerged on the last decades. 

 The ability of the animals to form these continuous and strong fibers has evolved 

among the centuries in species like silkworms, spiders, beetles and mites. Silk produced by 

different animals present structural differences, mainly in primary amino acid sequence.  This 

difference affects the morphology and its properties, in such way to adapt the wild animal to 

diverse environmental conditions (F. Chen et al., 2012; Vepari & Kaplan, 2007). 

 Cocoons work as a barrier that protects the silkworm during its transformation from 

pupae to moth. Once it is exposed to a variety of threats such as bacterial, animal attacks, 

harsh climate changes and regulate oxygen/ dioxide carbon flow, protection is assured by its 

hierarchical structure of non-woven continuous fibers (F. Chen et al., 2012).  

 Silk from the domesticated Bombyx mori silkworm is the most explored in the field of 

biomaterials investigation. White in color, resistant and made by individual long fibers, it is 

synthetized in specialized epithelial cells of these organisms. It presents superior quality 

when compared to wild silk, since wild silk is not uniform in texture and color, being formed 

by shorter fibers (R. F. P. Pereira et al., 2015; Vepari & Kaplan, 2007). 

 Silk biomaterials have been applied on tissue engineering, regeneration of skin, 

nerve, blood vessel, cartilage and bone, due to impressive properties such as 

biocompatibility, biodegradation, easily to process, good mechanical properties and present 

a low inflammatory reaction when implanted (Han et al., 2014; K. Zhang et al., 2010).  
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Figure 4. Structure of Bombyx mori thread. Schematic representation of the possible structure of 
B.mori silk thread. Fibroin on the core of the fibers and sericin acting as a coating. Adapted from (R. F. 
P. Pereira et al., 2015) 

 

 B. mori silk exhibit an organized structure composed by the protein core and sericin 

coating (Figure 4). Silk fibroin and sericin are the two proteins present on B. mori silk.  While 

silk fibroin (SF) is a fibrous protein that composes the core of silk fibers, sericin works as glue 

like protein responsible for surrounding the fibroin and maintaining the structure together. In 

the presence of this protein silk fibers are hard, while on its absence they became soft and 

lustrous (Jin et al., 2002). Sericin also acts as a fungicidal and bactericidal agent and plays 

an important role on the extrusion process of the moth. Constitutes 25-30% of the total 

weight of silk, is a hydrophilic and water-soluble protein mainly composed of serine (Ser) and 

aspartic acid (Asp), presents a broad molecular weight from 10 to 300 kDa and a non-

crystaline structure (Cao & Wang, 2009). Sericin has been reported as responsible for 

immune responses associated to silk sutures, however on the last decade studies of its 

applications on the medical field has increased. To prove sericin viability as a biomaterial 

some authors isolated the two components of silk fibers, fibroin and sericin, and found that 

each one is immunologically inert. (Kunz et al., 2016; R. F. P. Pereira et al., 2015). 

 Sericin present attractive features such as resistance to ultraviolent radiation (UV) 

and oxidation as well as antibacterial properties and ability to release and absorb moisture 

easily, which is highly important on wound healing process (R. F. P. Pereira et al., 2015). 

Due to these characteristics, sericin has already been used on several fields such as 

cosmetics as blends, creams and in lotions with cleansing properties and in products of hair 

cleaning, as dietary food, for the treatment of constipations, as an antioxidant agent, and 
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additionally sericin diet is reported as suppressor of the incident of colon tumors (S. C. 

Kundu et al., 2008). On the biomedical field, it can be applied in the wound healing process, 

since it stimulates the migration, proliferation of cells, and the production of collagen (Kunz et 

al., 2016). 2-D films and 3-D scaffolds of cross-linked sericin/gelatin have been developed for 

application on tissue engineering, exhibiting improved mechanical properties and a suitable 

environment for cell culture (Mandal et al., 2009). Sericin hydrogels, present good elastic 

properties and can be prepared without cross-linking or irradiation, just by the addition of 

ethanol to the sericin solution. (Teramoto et al., 2014). Although, several applications of 

sericin have already been described in literature, not all of them had been explored.  

 Silk fibroin is the major component of silk, and the one that as been extensively 

studied for TE. Silk fibroin has unique chemical and mechanical properties, biocompatibility, 

biodegradability, water vapor and oxygen permeability. This macromolecular protein with a 

molecular weight between 200 and 350 kDa is the main component of silkworm silk, being 

composed by repetitive hydrophobic domains interrupted by small hydrophilic domains. Its 

primary structure is characterized by heavy and light chains, H-fibroin (350 kDa) and L-fibroin 

(25kDa) respectively, linked together by a disulfide bond. Non-covalent interactions between 

these chains and glycoprotein P25 (25kDa) helps on maintaining the integrity of the structure 

(Khamhaengpol & Siri, 2017). L-fibroin chains are  hydrophilic in nature, being composed by 

amino acid sequence of glycine (Gly, 9%), alanine (Ala, 14%) and serine (Ser, 10%), with N-

acetylated terminal on Ser residue. H-fibroin chains constitute the hydrophobic domain and 

are composed by Gly (45,9%), Ala (30,3%), Ser (12.1%) and 15% other amino acids (Figure 

5), building a repetitive crystalline fraction of Gly-X, with the X position occupied by Ala, Ser, 

or other amino acids (tyrosine and valine), forming a secondary structure of 𝛽-sheet on 

natural fibers. Although Gly and Ala are non-reactive amino acids, the polymer can be easily 

modified since it contains sufficient amounts of serine, aspartic and glutamic acid, and 

tyrosine. Carboxyl and hydroxyl groups, amines and alcohols are reactive groups that can be 

modified by different chemical routes to achieve the desirable properties, such as mechanical 

strength, attachment of growth factors and self-assembly, with the final goal of expanding 

tissue engineering applications (Babitha et al., 2017; Khamhaengpol & Siri, 2017; B. Kundu 

et al., 2013; R. F. P. Pereira et al., 2015; Sampaio et al., 2011; Vepari & Kaplan, 2007).   
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Figure 5. Amino acid sequence of silk fibroin. Structural composition of silk fibroin. Adapted from 
(R. F. P. Pereira et al., 2015) 

 

 Secondary structure of silk fibroin is characterized by three forms Silk I, Silk II and 

Silk III. Fibroin is considered a polymorphic silk, leading to changes on the secondary 

structure depending on the environment of the protein. Silk I and II are two different 

crystalline polymorphs usually considered as major secondary structures of fibroin. Silk I is in 

a glandular state before crystallization, dominated by 𝛼-helix and random coil structure, is 

water-soluble, in vitro can be observed in aqueous solutions, while Silk II is characterized by 

antiparallel 𝛽-sheet structure that is insoluble in water and assembled in crystalline blocks, 

being formed after the spinning from the silkworm  (head movement of the silkworm). These 

structures are asymmetrical with one side occupied with hydrogen’s from glycine and the 

other side with methyl groups from alanine. The main molecular interaction between these 

blocks is hydrogen bonds and van der Waals forces, which build together a 

thermodynamically stable structure with good tensile strength. Silk III has a helical chain 

conformation referred as trigonal structure.  (Cao & Wang, 2009; Melke et al., 2016; Wang et 

al., 2006)   

 Converting Silk I into a more stable structure (Silk II) is possible through various 

methods such as elongation, high temperature, high pressure and treatment with organic 

solvents. This conversion allows the enhancement of the mechanical properties of silk-based 

biomaterials (Naeimi et al., 2014; Shao et al., 2005). 
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Figure 6. Secondary structures of silk fibroin. Silk I is characterized by a random coil and 𝜶- hélix 

conformation, on the other side Silk II is composed of antiparallel 𝜷-sheet type. 

 
 Several processing techniques have been used to build silk scaffolds, such as the 

combination of freeze-drying and salt leaching methodologies from highly concentrated 

aqueous fibroin solutions (Yan et al., 2012). However, salt leaching and freeze-drying can 

also be used separately. While on salt leaching substances like sodium chloride and sugar 

are added to silk fibroin solutions, which upon removal confer porosity to the scaffold 

(Rockwood et al., 2011), on freeze-drying method crosslinking agents are used before 

freezing and drying the samples. Fibroin hydrogels have also been prepared by sol-gel 

transition of aqueous solutions with the presence of ions, dehydration agents or sonication 

(Guziewicz et al., 2011). Films of silk fibroin have also been characterized for corneal tissue 

applications (Lawrence et al., 2009). Gas foaming, electrospinning, gelation and formation of 

micro and nano-particles, are other techniques used to the production of silk fibroin-based 

scaffolds (Gupta et al., 2009; Nazarov et al., 2004). Some of these scaffolds were apatite-

coated for further application in bone tissue engineering (Zhao et al., 2009). 

 Although silkworm silk presents good mechanical properties when submitted to 

processing techniques, these properties can be lost, often resulting in a decrease of 

mechanical strength (Ju et al., 2016). 

 

2.4. Electrospinning 

 

2.4.1 Description 

 
 Electrospinning is the process that allows the production of fibers through the 

application of a high electrical charged jet on polymer solution or polymer melt. The produced 

fibers present a small diameter (nanometer and micrometer scale), and a large surface area 

when compared to conventional spinning processes. It is a cost effective technique, through 
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which is possible to produce long and continuous nanofibers used for decades in the 

fabrication of textile yarns (Bhardwaj & Kundu, 2010; Min et al., 2004). Electrospinning has 

attracted great attention on the last decades on the field of Tissue Engineering, since the 

produced scaffolds present a nano/micro scale and have the ability to mimic different tissues 

(bone, vascular grafts, skin), fulfilling the necessary requirements for further implantation in 

vivo (Atila et al., 2015).  

 For producing electrospun matrices of any polymer, natural or synthetic, the use of 

proper equipment is required. A spinneret (syringe pump), high voltage power supply and a 

collector constitute the electrospinning conventional setup (Figure 7) (C. Chen et al., 2006). 

Grounded collectors, usually a metal plate or a rotating mandrel, can be used with vertical or 

horizontal disposition. The syringe is filled with the polymer solution or melt, which is pumped 

at a constant flow rate, and the polymer jet is initiated once the high voltage power supply is 

turned on, with the contribution of opposing electrostatic forces applied on the needle and the 

collector that outgrow the surface tension of the polymer solution. At the tip of the needle, 

right before the jet formation, the polymer droplet that is under the effect of the electric filed 

assumes a cone shape with convex sides and rounded tip, usually named Taylor cone 

(Ramakrishna, S., 2005). After the jet formation, the fibers are deposited on the collector and 

the solvent progressively evaporates alongside the jet’s travel range. Collector type can 

influence or even define the fiber orientation. Usually the solvents used for preparing the 

polymer solution are organic solvents, and thus the process has to be carried on a flow 

chamber, since such solvents can be harmful for the operator (Amiraliyan et al., 2009; C. 

Chen et al., 2006; J. R. Dias et al., 2016; Min et al., 2004; Silva et al., 2008). 

 Several parameters influence the electrospinning process, such as solution 

parameters (concentration, molecular weight, viscosity, type of solvent, surface tension), 

processing conditions (voltage applied, flow rate, types of collectors, distance between the 

needle and the collector) and ambient parameters (temperature and humidity) (Schiffman & 

Schauer, 2008; J.-G. Zhang & Mo, 2013). 

 Between the solution parameters, viscosity, concentration and molecular weight are 

related to each other. Molecular weight of the polymer influences solubility, in such a way 

that polymers with high molecular weight tend to need much longer time periods to dissolve 

when compared with a polymer with low molecular weight. This further influences the 

concentration of the solution, since it is necessary a minimum concentration for occurring 

fiber formation, which is in turn related with the solution viscosity. Viscosity of solutions has 

an important role on determining the fiber morphology and size (Ramakrishna, S., 2005). 

Low viscosity leads to electrospraying, which is the formation of drops instead of long and 

continuous fibers, whereas if the viscosity is too high the formation and ejection of the jet is 
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difficult. Surface tension is also an important parameter since the electrostatic forces applied 

on the process needs to overcome the surface tension of the solution. When this parameter 

is too high, jet instability is observed resulting into droplet spraying, while if this parameter is 

too low spinning process occurs at a low electric field. As a result, electrospinning requires 

an appropriated combination of these three factors, in order to have a proper ejection of the 

jet and fiber formation, without any beads (Deitzel et al., 2001; Juliana R. Dias et al., 2017; 

Sukigara et al., 2003, 2004; J.-G. Zhang & Mo, 2013) 

 Processing parameters are characterized by applied voltage, tip to collector distance, 

flow rate and types of collector. Applied voltage, distance between the tip of the needle and 

the collector and flow rate influence the fiber diameter and morphology. The voltage applied 

induces charge to the polymer solution, surface tension is overcome and electrospinning 

process takes place. Electric field resultant from the voltage applied influences the jet 

stretching and acceleration, which consequently will influence the fiber morphology.  Flow 

rate and tip to collector distance affect the evaporation of the solvent. Briefly, lower flow rate 

is desirable, as solvent will get enough time to evaporate. If high flow rate is applied to the 

syringe it will result in beaded fibers due to the short drying time, also affecting the fiber 

diameter and geometry. Distance between tip of the needle and the collector should be 

minimum to provide enough time for the solvent evaporate, otherwise it can lead to beads 

among the fibers. Collector plate has to be made of a conductive material such as aluminum 

foil, rotating mandrel, conductive paper or cloth and it serves as substrate for deposition of 

nanofibers.  Usually the fibers are deposited as nonwoven mats since the jet is instable and 

highly charged. Rotating mandrels are used when the objective is to obtain aligned fibers that 

are more or less parallel to each other. This type of collector also allows drying of fibers 

through rotation, avoiding the formation of drops of solvents or beads within the fibers 

(Bhardwaj & Kundu, 2010; Deitzel et al., 2001; Jacobs et al., 2010; Subbiah et al., 2005; J.-

G. Zhang & Mo, 2013). 

 Environmental parameters such as temperature and humidity affect the evaporation 

of solvent and consequently the fiber morphology. If humidity is too high water condenses on 

the surface of fibers, leading to a heterogeneous surface. In the case of hydrophilic polymers 

is impossible to form fibers in high humidity conditions, guiding to electrospraying. Low 

humidity leads to a faster evaporation of solvent, and the process is only carried out for a few 

minutes before the tip of the needle is obstructed. The increased temperature influences the 

evaporation of the solvent, that is quicker, and the fiber diameter decreases. Some authors 

associated this to the decrease of the viscosity at higher temperatures (Bhardwaj & Kundu, 

2010; De Vrieze et al., 2008). 
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 Since this technique is highly versatile it is possible to create not only the 

conventional random coiled meshes but also core/shell configurations, oriented fibers and 

hybrid structures. To produce aligned fibers the distance between the tip and the collector 

should be shorter and the collector moves on X and Y plan, assuring jet stability for 

controlled deposition of fibers. Aligned fibers present high resistance to tensile stress and 

good influence on cellular activity. Since some tissues such as tendons, muscles and 

vascular, among others, are constituted by orientated fibers, it is important that the scaffold 

applied on the damaged tissue offers structural support to cellular behavior and similar 

mechanical properties as the native tissue (Juliana R. Dias et al., 2017; J.-G. Zhang & Mo, 

2013).  

 Core/shell represents a promising strategy since it allows the combination of two 

different materials, on which the fibers could have different inner and outer layer, allowing the 

incorporation of several substances such as growth factors, which enhance tissue 

regeneration. To obtain this type of filament a capillary inside other capillary is used, and 

each capillary is connected to a recipient that contains a certain material, although the overall 

set-up is similar to the conventional one. To construct hybrid structures it is required a 

combination of different electrospinning apparatus (J. R. Dias et al., 2016).  

 In conclusion, with the right manipulation of the different parameters that influence the 

electrospinning process it is possible to get desirable properties of electrospun mats for 

specific applications.  

 
 

Figure 7. Electrospinning horizontal setup. Regular apparatus to produce micro and nano fibers, 
composed by a high voltage power supply, a collector that can be static or rotating mandrel and place 
horizontally or vertically, a syringe pump that pumps the polymer solution or melt trough a control and 
constant flow rate. 
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2.4.2 Electrospinning for skin tissue engineering 

 
 Large full-thickness skin defects and loss of integrity may occur due to burns, acute 

trauma, and ulcers, among others, causing severe disability and in some cases even death. 

Skin traumas exceeding more than 60% of the total extension make the use of autologous 

transplants impossible. The need for new skin substitutes that can closely mimic extracellular 

matrix (ECM) leaded to the development of scaffolds based on various biomaterials and 

using different processing techniques (Atila et al., 2015). In these cases, the main function of 

biomaterials is to provide a stand for injured tissues and at the same time give support to the 

wound healing process, building an appropriate matrix for cell attachment, proliferation and 

differentiation. To achieve these requirements, scaffolds should have a large surface area, 

proper porosity and a 3-D structure (Bhowmick et al., 2017).  

 Electrospinning is a processing technique that has attracted great attention during the 

last years in the field of tissue engineering due to the ability of the resultant fibers to mimic 

the natural structure of the extracellular matrix (ECM). It is highly advantageous when 

compared to other processing techniques, such as salt-leaching, gas foaming and freeze-

drying, that have low ability to form scaffolds that mimic the natural nanostructure of tissues. 

ECM is a complex disposition of proteins and polysaccharides that forms nanofibrous 

architecture. This nanoscale architecture represents a good structure for cell attachment and 

proliferation, also providing a medium for other cellular functions. ECM is mainly composed 

by hyaluronic acid, fibrous collagen, laminin, fibronectin and proteoglycans that function as a 

template for cellular structure. Due to its important role on the wound healing process the 

development of biomimetic nano/micro fibrous based scaffolds has grown on the last years 

(Mogosanu & Grumezescu, 2014; Pezeshki-Modaress et al., 2015; Sundaramurthi et al., 

2014; Venugopal et al., 2010).  

 The wide versatility of electrospinning allows the refinement of fibrous scaffolds in 

terms of fiber diameter, density and orientation, mechanical properties and into a variety of 

size and shapes in order to achieve the desirable characteristics, with the main goal of 

mimicking the physical features of the ECM. Electrospun mats should have mechanical 

properties similar to the mechanical properties of skin, present high porosity and large 

surface area-to-volume ratio that allow cell adhesion and proliferation and gas exchange, 

providing an appropriate microenvironment for wound healing (J. R. Dias et al., 2016; 

Venugopal et al., 2010; X. Zhang et al., 2009).  

 Numerous studies compared the randomly coiled fibers mesh with aligned fibers 

regarding their influence on cellular growth and proliferation, mechanical properties and on 

physico-chemical characteristics. Random fibers presents good results on mechanical 
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properties at the elongation break but regarding cellular behavior, aligned fibers 

demonstrated better performance on cellular morphology and density. Skin is mainly 

characterized by a mesh of randomly oriented fibrils of collagen, which makes the structure 

of electrospun randomly coiled oriented fibers more able of mimicking the native ECM of skin 

(J. R. Dias et al., 2016).  

 Natural polymers as collagen (Matthews et al., 2002), gelatin (Y. Z. Zhang et al., 

2006), chitosan (Jayakumar et al., 2010), cellulose acetate and hyaluronic acid (Zhong et al., 

2010) and synthetic polymers such as PLGA (poly(latic co-glycolic acid)) (Kumbar et al., 

2008), polyurethane (Heo et al., 2013) and PLA (poly(lactide- acid)) (Nguyen et al., 2013) 

already had been electrospun and evaluated for skin tissue applications.   

 

 

2.5. Silk fibroin electrospinning 

 
 Silk fibroin is a natural polymer easy to handle and can be processed by several 

scaffold fabrication techniques. Electrospun mats of silk fibroin, alone or blended with other 

material, had already been tested for different tissue engineering applications (X. Zhang et 

al., 2009).  Mats of silk fibroin blended with PEO poly (ethylene oxide), where PEO has been 

used to provide stable spinning conditions, have been tested for bone tissue engineering. In 

this case, since ECM of bone tissue is mainly composed of hydroxyapatite and collagen type 

I, the supplementation of silk fibroin solutions with hydroxyapatite and growth factors as 

(BMP-2), that enhance osteogenesis, have also been investigated (C. Li et al., 2006). In 

another work, electrospinning from aqueous silk fibroin solution blended with PEO for 

cardiovascular tissue engineering were developed, and their cellular compatibility was 

accessed with pig iliac endothelial cells (PIECs) (K. Zhang et al., 2010). Silk fibroin solutions 

mixed with PEO were electrospun for the development of membranes suitable for wound 

dressing. Electrospinning was also used for the fabrication of nonwoven silk fibroin 

nanofibers for cell culture of fibroblasts and human normal keratinocytes, using formic acid 

as the spinning solvent, envisaging their application in tissue engineering (Ju et al., 2016; 

Min et al., 2004; Wharram et al., 2010). Aligned electrospun fibers in multiple layers of silk 

fibroin were fabricated and their biocompatibility evaluated by the adhesion and proliferation 

of pig iliac endothelial cell (PIECs), presenting a suitable matrix for applications on vascular, 

muscle, nerve and ligaments tissues (Jiang et al., 2014). Aqueous solutions of pure silk 

fibroin with different concentrations were electrospun and submitted to methanol treatment. 

The authors claim that upon methanol treatment strain and stress break increased, from a 

break stress of 0.82 MPa and a strain 0.76% to 1.49 MPa and 1.63% respectively (C. Chen 
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et al., 2006). Electrospinning silk fibroin fibers have been produced using formic acid as 

spinning solvent and with addition of genipin (natural cross-linker), inducing the 

conformational change of the secondary structure from 𝛼-helix and random coil to 𝛽-sheet in 

only one step (Silva et al., 2008). 

  Furthermore, silk fibroin blend with other natural or synthetic polymers were used for 

the preparation of solutions electrospinning. Natural polymers such as collagen, gelatin and 

chitin have already  been reported as suitable blends for silk fibroin. In such studies, it was 

concluded that a blend of chitosan/silk fibroin increased the mechanical properties of both 

polymers. Collagen/ silk fibroin blend enhanced the biological behavior of pure silk fibroin, 

mainly on the adhesion and proliferation of cells, while a blend of gelatin and silk fibroin was 

used for long-term drug release applications (Okhawilai et al., 2010; Zhou et al., 2010). Silk 

fibroin blended with synthetic polymers as PCL, PLA and PLGA has been tested for several 

Tissue Engineering applications (Hu et al., 2016; L. Li et al., 2011). Blends of silk fibroin with 

PCL had been reported as suitable for bone tissue applications, with PCL increasing the 

mechanical properties of the scaffold. SF blended with PLA reduces the inflammatory 

response by promoting the proliferation of hepatocyte and decreasing the macrophage 

response (X. Zhang et al., 2009). 

 The combination of silk fibroin with either natural or synthetic polymers, for the 

production of electrospinning matrices enhances not only the mechanical properties of the 

3D structure, but also improves biological performance of the material. Electrospinning is a 

suitable technique to fabricate scaffolds for skin TE, since the obtained nanofibers present 

high level of surface area with the three dimensional feature for the attachment of cells. Silk 

fibroin is natural polymer, presenting good biocompatibility, being preferred for applications 

on the human body when compared with synthetic counterparts. Thus, the purpose of this 

work relies on combining both electrospinning and modified/unmodified silk fibroin to achieve 

a material that could be applied as a suitable scaffold for skin regeneration.
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Chapter 3 

Materials and Methods 

 
 

 
 Bombyx mori cocoons were provided by the Portuguese Association of Parents and 

Friends of Mentally Disable Citizens (APPACDM, Castelo Branco, Portugal). 

 
  

3.1. Extraction of silk fibroin 

 
 Degumming process is the first step of silk fibers transformation and consists on the 

removal of sericin coating, which constitutes 25 to 30% of silk total weight. Coating removal 

was performed following a protocol from literature with little modifications (Rockwood et al., 

2011). Cocoons of Bombyx mori (5 g) were cut into small pieces and boiled in a 0,02M 

solution of Na2CO3 (Sigma-Aldrich) for 30 minutes, occasionally stirring with a spatula. Silk 

fibroin was then removed from the solution and washed three times with deionized water, 

changing it every 20 minutes. After the third washing step, silk fibroin was squeezed and left 

to dry overnight on the fume hood. The obtained material (20 wt%) was treated with a 9.3 M 

LiBr (Sigma-Aldrich) solution and heated at 60 ºC overnight in an oven until complete 

dissolution of the silk. The dissolved material was dialyzed against dH2O, (MWCO 12,000-

14,000 Daltons, Spectrum Laboratories). Water was changed six times within 48 hours. At 

the end of the dialysis, silk fibroin solution was centrifuged twice at 9,000 r.p.m at 4º C for 20 

minutes in order to remove impurities (black bites from silkworm). Final solutions were 

freezed at -20º C overnight and lyophilized for 3 days. 

   

3.2. Electrospinning 

 
 Solutions for electrospinning were prepared by dissolving the lyophilized material in 

98% formic acid (FA, Sigma Aldrich), to obtain a final concentration of 12%(w/v). For the 

fabrication of electrospun meshes, the polymer solution was placed on a 1mL plastic syringe 

connected to a needle with 21 gauge of intern diameter (0,5 mm of nominal intern diameter). 

Electrospinning of the meshes was performed during 30 minutes, with a flow rate of 0,35 
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mL/h, applied voltage of 15 kV and the distance between the tip of the needle and the 

collector corresponding to 12 cm. To achieve optimal electrospinning conditions, preventing 

beads and drops of solvent on the electrospun matrix, parameters like flow rate, applied 

voltage, tip to collector distance and the concentration of the solution were changed as 

indicated in Table 1. Humidity and temperature were the two important parameters on 

electrospinning process that could not be controlled with our setup. Solution with 15 wt% of 

concentration was also tested for spinning. 

 Electrospun matrix were further treated with methanol (CH3  OH, Sigma Aldrich),at 

different concentrations and time, according to Table 2.  

 Table 2. Methanol treatment. Treatment applied to electrospun mats, to induce the conformational 

change form Silk I to Silk II. 

 

 

 

 

 

 

 

 

Concentration 

(wt%) 

 

 

Flow rate 

(mL/h) 

Voltage (kV) Distance (cm) 

 15 and 12  0.20 12 12 

 15 and 12  0.30 12 10 

 15 and 12  0.35 12 10 

 12  0.35 20 12 

 12  0.55 12 10 

Methanol Treatment 

(%, v/v) 

Time 

(Minutes) 

 Post-treatment 

50% 10 

Dry overnight Deionized water at 

37º C for 24 hours 

60 

75% 10 

60 

100 % 10 

60 

Blank --------  

Table 1. Electrospinning optimization parameters. Optimization of electrospinning 
parameters.  
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3.3. ATR-FTIR 

 
 ATR-FTIR transmittance spectra of methanol untreated and treated fibers with were 

obtained using Fourier Transformed Infra-Red (FTIR) Spectrometer (Frontier, Perkin Elmer) 

on ATR mode (Attenuated Total Reflectance) equipped with a silicic /diamond crystal in a 

vertical holder. The spectra were registered with an average of 32 scans at a resolution of 4 

cm−1, and every sample was submitted to the same force, 85 ATR force. 

 
  

3.4. SEM 

 
 Samples for SEM were cutted with 1×1 cm, put on holders with a carbon tape, and 

coated with an Au/Pd (gold/palladium) thin film, by sputtering for 60 seconds and with a 15 

mA current, using the SPI Module Sputter Coater equipment.  

 The SEM exam analysis was performed using a High resolution (Schottky) 

Environmental Scanning Electron Microscope (CEMUP, University of Porto, Portugal). 

Obtained images were further analyzed using Fiji software in order to determine the mean 

diameter of the fibers by performing 50 measurements in each image, with an enlargement 

of 5000x.  

 

3.5. Contact Angle 

 
 Samples with 1×2 cm treated with methanol at 75 and 100% (v/v) were prepared and 

analyzed using a Contact Angle and Surface Tension Determination (OCA) equipment. The 

liquid used for the contact angle was deionized water and a drop of 4𝜇L was applied on the 

regular surface of the fiber meshes. For contact angle measurements, a video was made 

during 25 seconds, since the membrane quickly adsorbed the drop, and the measurements 

were done analyzing different frames of the video. 

 

3.6. Swelling 

 
 Swelling profiles of electrospun meshes treated with methanol at 75 and 100% (v/v) 

for 10 and 60 minutes (n=3), were cut with an 8 mm puncher and incubated for 24 and 72 

hours in 500 μL of phosphate-buffered saline (PBS) at 37ºC. For each time point samples 

were weighted (Wi), and further frozen and freeze-dried. Dried samples were weighted (Wf) 

and swelling ratio (SR) was calculated using the following equation: 

SR = W𝐢 Wf⁄  (1) 
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3.7. Water vapour transmission  

 
 Water vapor transmission test (WVT) was carried out following the ASTM E96 

standard. In the water cup method, the cup contains deionized water and the difference of 

weight determines the rate of vapor movement through the material to the atmosphere. For 

water method the test cup was filled with deionized water until ¾ of its total volume, test area 

(cup mouth area) was measured as well as thickness of the samples. Sealant was used to 

attach the material to the cup. The sealant needs to be impermeable to water, and must not 

lose weight or gain weight, since this would affect the results.  

 To determine the difference of weight occurring during the water vapor transmission 

test, the cups were weighted without the sealant and the materials, on an analytical balance, 

before and after the experiment. Samples and control group were put on the drying oven at 

32º C for 24 hours (n=5). Water vapor transmission rate was calculated using the following 

equation: 

WVT = G tA⁄   (2) 

 Were G corresponds to the differences on the weigh of the tested cups, before and 

after the water method, and is expressed in (g). A is the area of the cup mouth test, m2, and t 

is the time (hours) of the test. 

 

3.8. Degradation rate 

 
 To calculate the degradation rate samples two solutions were used, PBS as a control 

group, and an enzymatic solution with a concentration 0,5 mg/mL on PBS containing 

protease XIV from Streptomyces griseus. Degradation rates were determined after 7 and 14 

days, and the enzymatic solution was changed every 3 days so that the enzyme does not 

lose its activity. Samples (1x2 cm) from two different methanol treatments (75 and 100%, 10 

and 60 minutes) were weighted immersed into the prepared solutions and stirred at 120 

r.p.m in an orbital shaker oven at 37 ºC. After 7 and 14 days, samples were removed from 

the solution, dried on a drying oven at 37ºC and weighted (n=3). Weigh loss was calculated 

through the following equation: 

Wloss(%) = (Wi − Wf Wi) ×⁄ 100    (3) 

 

 Wi corresponds to the initial weigh of samples, at day zero, and Wf corresponds to 

the final weight, at each time point (7 and 14 days). 
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3.9. In vitro cell culture 

 

3.9.1 Cytotoxicity 

 
 In order to access the performance of the materials produced in a in vitro cell culture 

setup, electrospun silk fibroin mats were sterilized with two UV cycles for 20 minutes, each 

sample were cut with an 8 mm diameter puncher, this way further contamination is avoided 

and the result of cell culture is no affected. 

 Cytotoxicity assays were performed using hDNFs according to ISO 10993-5 standard 

practices. Cells were trypsinized before confluence was achieved and centrifuged, the 

supernatant was discarded and 2× 104 cells were seeded into 24-well plates and further 

incubated in complete medium (DMEM) at 37ºC in a humidified atmosphere of 5% CO2. At 

the same time treated electrospun mats, with 8mm of diameter were incubated with the same 

conditions. The incubation period was 24 hours, after this direct and indirect contact tests 

were performed in triplicate. In the direct contact assay, samples were directly placed on the 

wells with the fibroblasts and the medium was changed. For indirect contact assay, the 

medium was substituted by the medium were the samples had been incubated for 24 hours. 

Control group consisted of wells with fibroblasts that were not in contact with the material. To 

access the results a resazurin-based assay was performed. For resazurin-based assay cell 

culture medium was retrieved and replaced by 500 μL of complete medium with 20 % v/v 

resazurin (Sigma Aldrich). The 24-well plates were incubated in a humidified atmosphere of 

5% CO2 at 37ºC for two hours. After this time 100 μL of each well were shifted to different 

wells of a black 96-well plate. Fluorescence was measured ( λexcitation = 530 nm and 

λemission= 590 nm) using a micro-plate reader (Synergy MX, BioTek). 

 

3.9.2 Cell Adhesion assay 

 
 In order to access the metabolic activity of the prepared electrospun silk fibroin 

matrix, Human Dermal Neonatal fibroblasts (hDNFs) isolated from foreskin of healthy male 

newborns (Zenbio) were used. hDNFs were cultured in DMEM supplemented with 10% v/v 

FBS (Gibco), 1% v/v P/S (Biowest) and 1% v/v amphotericin B (Capricorn Scientific) 

(complete DMEM). Cells were maintained at 37ºC in a humidified atmosphere of 5% CO2 and 

at 80-90% confluence fibroblasts were trypsined (0.05 wt% trypsin/EDTA solution). Cells 

from passage 8 were used in this study.  



 Chapter 3- Materials and Methods 
 
 

  
             

30 

 For metabolic assay cells were trypsinized at pre-confluence and centrifuged, after 

discarding the supernatant, 5 × 103 cells on 10 μL of medium were seeded, through drop 

method, in each sample into 24-well plates and incubated at 37ºC in a humidified 

atmosphere of 5% CO2 for 2 hours. At the end of this time complete DMEM was added and 

the cells were re-incubated. Samples used for the metabolic assay corresponded to the 

different methanol treatments, i.e., 75 and 100 %  (v/v) for 10 and 60 minutes each, three 

replicates of each treatment were used.  

 At days 7 and 14 cell metabolic activity was measured using the resazurin-based 

assay, as previously described.  

 
 

3.9.3 Immunocytochemistry 

 
   

 Cell morphology was studied for seeded hDNFs at the end of the 14 days of cell 

culture. Electrospun silk fibroin matrices with fibroblasts were washed twice with PBS for 5 

minutes each, fixed with 4% paraformaldehyde (PFA) for 20 minutes at room temperature 

and further washed with PBS 3 times during 5 minutes each. After fixation samples were 

permeabilized with 0,2% Triton X-100 (Sigma Aldrich) in PBS for 7 minutes re-washed with 

PBS for 5 minutes. Samples were further incubated for 1hour with 1% BSA (bovine serum 

albumin, Merck) in PBS. For F-actin staining electrospun mats were incubated with a 

conjugated probe phalloidin/alexa fluor 594 (Molecular Probes-Invitrogen) 1:40 in 1% BSA 

for 1 hour at room temperature, further washed 3 times for 5 minutes to remove the excess. 

For nuclei staining draq 5 (Thermo Fisher, 5mM) was used on a concentration of 20 𝜇M in 

PBS, and 200𝜇L was added to the samples for 5 minutes and further washed with PBS 3 

times each of them during 5 minutes. Before confocal visualization (CLSM, TCS-SP5 AOBS, 

Leica Microsystems) using LCS software (Leica Microsystems), a drop of vectashield 

mounting medium for fluorescence (Vector laboratories) without DAPI was added to a slide 

and the samples were placed on top of a slide and covered with a small and thin slide. The 

scanned Z-series were projected onto a single plane and pseudo-colored using Fiji. 

  

3.10. Silk fibroin methacrylation 

 
 For methacrylation of silk fibroin, the material (1 wt%) was dissolved in 1 M LiCl 

(Lithium Chloride, Sigma Aldrich) prepared in Dimethyl Sulfoxide (DMSO, VWR Chemicals).  

Fibroin methacrylation was performed by the addition of methacrylic anhydride (MA, Sigma 
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Aldrich). Briefly, to 20 mL of fibroin solution, MA (0.30 g, 1.99 × 10−3 mol, 0.3 mL, 4 eq) was 

added and the mixture stirred under Argon at 65 ºC for 5h. To stop the reaction 99% ethanol  

(EtOH) at 4ºC) was added in excess to promote polymer precipitation. The heterogeneous 

solution was centrifuged at 4000 r.p.m for 10 minutes and the resultant pellet washed three 

times with dH2O. The pellet was re-suspended in dH2O and freeze-dried, giving a white 

powder. The synthesis was repeated in order to obtain silk fibroin with different 

methacrylation degree, by increasing the amount of added MA to 0.76 g, 4.99 × 10−3 mol, 

0.8mL, 10 eq, and to 1.54g, 0.01 mol, 1.5mL, 20 eq. 

   

 

3.10.1 1H NMR analysis 

   
 Unmodified and methacrylated-modified silk fibroin 1%(w/v) were dissolved in 4 % 

LiCl deuterated DMSO solution and analyzed in a Brunker Avance III (400 MHz, 9,4 Tesla) 

NMR spectrometer (CEMUP, University of Porto, Portugal). 

 

 

 

3.12 Statistical analysis 

 
 Statistical analyses were performed using GraphPad Prism 5.03 software. Data were 

analyzed through the use of non-parametric Mann-Whitney test. All the tests were performed 

with 95% confidence interval and statistical significant differences are marked with a * 

(p<0.05). Some statistical data are presented on Annex I in table format.  
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Chapter 4 

Results and Discussion 

 
 
 
 

4.1. Silk fibroin extraction 

  

 The aim of this project was the development of electrospun meshes from silk fibroin. 

The first step consisted of degumming the cocoons in order to remove sericin (Figure 8). 

Sericin is the gum-like protein that maintains the structure of silk together, constituting 25 to 

30% of the total weight of silk. Degumming process was performed by treating silk cocoons 

(5 g) in an alkaline solution as described in, section 3.1, obtaining 3.56 g of final material, 

which corresponds to a removal of 28% sericin. It can be suggested that 30 minutes of 

degumming process and the concentration of 0,02M sodium carbonate was enough to 

remove the gum-like protein, providing silk fibroin for further fabrication of scaffolds through 

spinning process. 

 

Figure 8. Silkworm cocoons (left) and silk fibroin electrospun matrices (right). Illustrative image 

of the main goal of the project that is the fabrication of electrospun silk fibroin matrices. 
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4.2. Electrospinning 

 
 
 Electrospinning was performed using a regular horizontal apparatus. Since the 

solvent used to prepare the polymer solution was 98% formic acid, the process was 

performed inside a flow chamber (Figure 9). First the value of the flow rate was inserted on 

the spinneret so the solution could be fed at a constant and controllable rate. One of the 

electrodes was connected to the needle, so the polymer solution was charged and the other 

was attached to a grounded collector. In the final stage the power supply was turned on at 

15kV, and the fabrication of silk fibroin electrospun matrices took place.  Humidity and 

temperature were two important parameters that could not be fully controlled with our 

apparatus. It is important to highlight that to fabricate fibers without beads and without drops 

of solvent a relative humidity less than 55% was required.  In order to overcome this 

drawback a dehumidifier was placed in the electrospinning room and turned on a few hours 

before the fabrication of matrices, to provide the humidity decreased to the desirable levels. It 

was observed that the solution of silk fibroin with a concentration of 15 wt% presented high 

viscosity and easily dried at the tip of the needle when subject to the spinning process. Thus, 

the solution was discarded due to presence of beads (drops of solvent within the fibers) and 

drops on the general matrix, and a 12 wt% silk fibroin solution was used for further 

experiments. While optimizing the electrospinning parameters, it was observed that flow rate 

of 0,2 mL/h was too low to allow the formation of fibers, and the solution tended to dry at the 

tip of the needle, whereas a flow rate of 0,55 mL/h was too high leading to drops and beads 

on the fibers. Additionally, it was observed that voltage of 12 kV was too low to lead to the 

formation of fibers without beads. However, upon increase of the voltage to 20 kV, the jet did 

not form fibers. Additionally, a distance of 10 cm between the needle and the collector was 

too small and the solvent did not had enough time to evaporate, leading to the presence of 

drops of solvent in the electrospun matrix. Appropriate combination of all the electrospinning 

parameters, such as, flow rate, applied voltage and tip-to-collector distance, is of extreme 

importance in order to obtain fibers with desired properties. After these studies, fibers without 

drops or beads were successfully produced with a flow rate of 0,35 mL/h, a distance of 12 

cm and an applied voltage of 15 kV. Such parameters were selected taking into account the 

minimum applied voltage needed to produce fibers without secondary jets, and the minimum 

flow rate required to prevent drying of the solution at the tip of the needle or throw drops of 

solvent to the electrospun matrix. 
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 Figure 9. Electrospinning set-up. Electrospinning apparatus used during the project. 

   

 The resultant film was treated with methanol to induce the conformational change 

from silk I to silk II, promoting a change from random coil and 𝛼 -helix to 𝛽 -sheet, and 

consequent insolubility of the fibers in water. Treatment with different concentrations, 50, 75 

and 100% (v/v) at two different time points (10 and 60 minutes) have been performed. After 

methanol treatment, samples were incubated in deionized water at 37ºC for 24h. The blanks 

have not been submitted to methanol treatment, but were incubated under similar conditions. 

Looking at Figure 10B, it was observed that methanol treated fibers maintained their 

macroscopic morphology, suggesting that they became insoluble in deionized water, while 

the blanks changed their macroscopic aspect becoming soluble in water (Figure 10A). 

Treated and untreated samples were also analyzed by ATR-FTIR and SEM analysis, in order 

to investigate possible morphological and structural changes occurring after methanol 

treatment. 

 

 

Figure 10. Methanol treatment. (A) Blank group and (B) Methanol treatment of 75% (v/v). 
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4.3. ATR-FTIR 

 
 Silk fibroin electrospun matrices treated with methanol in different conditions and the 

corresponding blanks were submitted to a non-destructive technique, ATR-FTIR (Fourier 

Transformed Infrared on ATR mode (Attenuated total reflectance)), for the evaluation of their 

secondary structure (Figure 11). In order to assess a possible transition of the secondary 

structure of silk fibroin, spectra were evaluated in the amide I and II regions. Analysis of the 

spectrum of the untreated sample revealed the presence of amide I and amide II 

characteristic peaks at 1650 and 1531 cm-1, respectively. In the case of the samples treated 

with MeOH, it was possible to observed a shift of these peaks to lower wavelengths, 1624 

and 1516 cm-1, respectively (Figure 12). According to literature, these shifts are related with 

a conformational modification of the secondary structure from random coil and 𝛼-helix to 𝛽-

sheet 1 (Kim et al., 2003; Shao et al., 2005). As a result, it is can be concluded that the 

methanol treatment of the electrospun mats promoted, as expected, the transition of the 

secondary structure of silk fibroin, decreasing solubility of the mats in water. It is also 

possible to access through the spectra that does not exist a dislocation of the peaks 

independently of the time of treatment used and methanol different concentrations.  

 

 

 
Figure 11. ATR-FTIR spectra silk fibroin electrospun meshes. ATR-FTIR spectra of untreated and 

treated fibroin electrospun matrices. 

 

             Untreated matrices 
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         75%-10 minutes 
 
          75%-60 minutes 
 
          100%-10 minutes 
 
          100%-60 minutes 
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Figure 12. Zoomed ATR-FTIR spectrum of silk fibroin electrospun meshes. Zooming of ATR-
FTIR spectrum of untreated and treated of silk fibroin electrospun matrices on the range of 1700 cm

-1 
- 

1500 cm
-
.  

 
 

4.4. SEM 

  
 Looking at Figure 13 it can be concluded that, for samples treated with 100% (v/v) or 

75% (v/v) methanol, an increase on the treatment time induced a higher porosity of the 

matrices and larger diameters of the fibers. It was also possible to observe that when 

comparing the methanol treatment of 100% (v/v) for 10 minutes with 75% (v/v) for a similar 

time period, the dilution of the MeOH solution provided a material with higher porosity and 

fiber diameter, suggesting a change from 𝛼-helix to 𝛽-sheet. These evidences were further 

supported by Figure 13 A-C, where a morphological change of fibers is related to its partial 

dissolution, due to a higher dilution of MeOH. Because the electrospun matrices treated with 

50% (v/v) methanol had dissolved, such samples were discarded from further analysis 

(Figure 14). 

 

             Untreated matrices 
 

              50%-10-60 minutes 

 
         75%-10 minutes 
 
          75%-60 minutes 
 
          100%-10 minutes 
 
          100%-60 minutes 
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Figure 13. SEM images. SEM images of samples treated with 75% (v/v) MeOH/10 min (A), 75% (v/v) 
MeOH/60 min (B), 100% (v/v) MeOH/10 min (C), 100% (v/v) MeOH/60 min (D). Fiber diameters are 
represented as mean ± SD, for each image 50 measurements were made, (CEMUP, Universidade do 

Porto). 
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Figure 14. SEM images. SEM images of samples treated with 50% (v/v) MeOH/10 minutes (E), 50% 

(v/v) MeOH/60 minutes (F), (CEMUP, Universidade do Porto). 

 

4.5. Contact angle 

 
 Measurements of contact angle between a liquid, deionized water, and the silk fibroin 

electrospun mats were performed in order to assess the wettability of the material. It was 

observed that samples treated with either 100% (v/v) or 75% (v/v) MeOH yielded similar 

wettability, Figure 15 suggests that there is no difference on the wettability of samples 

treated with 100% (v/v) methanol for different time periods, treated with and only 3 seconds 

were required until the drop was totally absorbed by the membrane. On Figure 15, the 

constant decrease on the contact angle from (A) 67º to (D) 21º, allowed to conclude that 

matrices treated with methanol at 100% (v/v) during 10 or 60 minutes were hydrophilic. In 

accordance to what has been observed in samples immersed in pure MeOH, also samples 

treated with 75% (v/v) methanol revealed no difference on membranes wettability with the 

treatment time. On Figure 16, (E) exhibits a contact angle of 66º, (F) corresponds to an 

angle of 46º, (G) to 32º and (H) presents an angle of 24º. On these membranes only 2 

seconds were required for total adsorption of the water drop, proving that also with a 

treatment of methanol at 75% (v/v) the matrices were hydrophilic. 
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Figure 15. Contact angle measurements. Contact angle measurements of samples with methanol 
treatment of 100% (v/v). Contact angle of 67º (A), contact angle of 50º (B), contact angle of 36º (C) 
and a contact angle of 21º (D). 

 
 
 

 
 

Figure 16. Contact angle measurements. Contact angle measurements of samples with a methanol 
treatment of 75%(v/v). Contact angle of 66º (E), contact angle of 46º (F), contact angle of 32º (G) and 
contact angle of 24º (H). 

 
 
 

4.6. Swelling 

 
 Swelling profiles of silk fibroin electrospun mats were obtained by incubating the 

membranes treated in different conditions, 75 and 100% (v/v) for 10 and 60 minutes, on PBS 
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for 72 hours at 37ºC. Figure 17 suggests that membranes did not present a stable swelling 

profile. The sample incubated with 75% (v/v) methanol for 60 minutes exhibited the highest 

increase in swelling ratio in the first 24 h, following stabilization on its swelling behaviour for 

the next 48h. This sample was the only one achieving a plateau on its swelling ability along 

the 72 h of incubation, while all the other samples showed an accentuated increase in their 

swelling ability from 24 to 72h. After 24 hours of incubation it was possible to see that the 

sample treated with 75%(v/v) for 10 minutes exhibited the lowest swelling when compared 

with the other formulations at the same time-point, although in the next 48h this sample 

showed the fastest increase in its swelling ratio. Samples treated 100% (v/v) for 10 and 60 

minutes exhibited almost the same swelling ratio at the end of the first 24 hours, although the 

latter showed a higher stabilization of its swelling ability after 72h than the former.  

 From these experiments, it can be concluded that samples treated with 75% (v/v) for 

60 minutes were more adequate to be used for cell seeding, since they provided a stable 

environment in a lower time period than the others. The 𝛽-sheet conformation provided by 

this MeOH treatment could be responsible for this behavior, producing a material with faster 

swelling equilibrium rates.  Furthermore, it could be also concluded that for methanol 

concentrations, 75% (v/v) and 100% (v/v), a treatment of 10 minutes often provides samples 

with longer equilibrium swelling rates. To better understand the swelling behavior of the 

membranes submitted to different treatments, samples should be studied at shorter and 

longer time periods to obtain additional information on their equilibrium swelling rates. 

 

Figure 17. Swelling profiles Swelling profiles of membranes treated with 75% (v/v) and 100% (v/v) 

MeOH for 10 and 60 minutes.  
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4.7. Water vapour transmission 

 
 For the study of water vapor transmission profiles of electrospun silk fibroin 

membranes, tests were performed according the ASTM E96 standard. Water vapor 

transmission of wound dressings plays an important role, since it controls the evaporation of 

body fluids and inhibits the infection of the wound site. Analysis of Figure 18, allowed us to 

conclude that membranes treated with 75% (v/v) methanol for 10 and 60 minutes presented 

higher water vapor transmission rate, when compared to the other formulations. Significant 

statistical differences were observed when comparing the matrices treated with methanol at 

a concentration of 75% (v/v) for 60 minutes with those treated with 100% (v/v) methanol for 

10 and 60 minutes, which could arise from differences on porosity, fiber density or on the 

thickness of the material provided by a change on the secondary structure. This is further 

supported by the fact that the sample treated with 75% (v/v) MeOH for 60 minutes presented 

higher water vapour transmission that the one treated with a similar MeOH concentration for 

10 minutes, probably due to its higher porosity, as indicated by SEM results (Figure 14B). 

The water vapour transmission of this sample is the most approximate to the control. These 

results suggest that matrices treated with 75%(v/v) of methanol, preferably for 60 minutes, 

could be considered a good wound dressing, that prevents infection of wound site while 

controlling evaporation of body fluids, but further analysis are required to fully understand the 

potential of this material. 

 

 
Figure 18. Water vapor transmission rate of silk fibroin electrospun membranes. Water vapor 
transmission rate of silk fibroin membranes treated with 75% (v/v)  and 100% (v/v) MeOH for 10 and 
60 minutes. * mark denotes statistically significant differences between water vapor transmission rates 

of different formulations and control group (*, p<0.05; **, p<0.005; n=5). 

 



 Chapter 4- Results and discussion 
 
 

  
             

43 

4.8. Degradation rate 

 
 Degradation rate of silk fibroin electrospun fibers was assessed by incubation of the 

matrices in an enzymatic solution with a concentration of 0.5 mg/mL of protease XIV 

(Streptomyces griseus) at 37ºC. PBS solution was used to measure the degradation rate on 

control samples, under similar conditions. Statistical analyses were performed for the same 

methanol treatments through every time-point, different methanol treatment within the same 

time-point and between similar methanol treatment of the enzymatic degradation and the 

control group (PBS).  

 Analysis of Figure 19 revealed that membranes treated with 100% (v/v) MeOH for 10 

minutes presented the lowest degradation rate, probably due to the 𝛽-sheet conformation 

that is more stable against enzymatic degradation. This is in contrast with the higher 

degradation observed for the samples treated with 75 % (v/v) MeOH, which induced a 

change in secondary structure of silk fibroin that could make it more accessible for enzymatic 

degradation. Between the samples treated with 75% (v/v) MeOH, the one treated for 60 min 

is more easily degradable (±65%), probably owing to a better stabilization of the alpha-helix 

structure related with the longer treatment period. The higher degradation rate at the end of 

the 14 days of test could be due to the higher volume of the enzymatic solution to surface 

area ratio of the electrospun membranes. Visual assessment of fibers at the end of day 14 

revealed that the cleavage of fibers resulted on the fragmentation of the electrospun 

matrices. Since samples treated with 100% (v/v) MeOH for 10 minutes exhibited the lowest 

degradation rate after 14 days, it would be the most suitable for in vivo implantation (Figure 

21). 

 
 

Figure 19. Enzimatic degradation profile of electrospun meshes. Degradation rate of silk fibroin 
electrospun membranes when submitted to enzimatic degradation Legend: * mark denotes statistical 

significance of (p<0.05). 
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 By the analysis of Figure 20 is possible to deduce that the degradation rate of the 

control group has negative values, probably because of the deposition of salts, from the PBS 

solution on the electrospun membranes. 

 
 

Figure 20. Degradation rate of electrospun meshes with enzymatic solution and PBS. 
Comparison between enzimatic degradation and the control groups, correspondent to PBS 

degradation. * mark denotes statistical significance of (p<0.05). 

 
 
 

4.9. In vitro cell culture  

 
 

4.9.1 Cytotoxicity 

 
 The cytotoxicity of silk fibroin electrospun matrices was evaluated using indirect and 

direct contact tests, according to ISO 10993-5 standard. Human Dermal Neonatal fibroblasts 

(hDNFs) were used on this assay. All the methanol treatments were used for this assay since 

they present favorable characteristic at different tests, and was impossible to choose only 

one formulation for in vitro cell culture. For this test the mean of the control group was 

considered as 100 %, and all the other values from different methanol treatments were 

calculated according to that.   

 The matrices proved to be non-cytotoxic to fibroblast culture, since both indirect and 

direct contact tests results showed that the cell metabolic activity values are above 70% of 

the control measured values (Figure 21 and 22). 

 The positive results of this assay enable the next step of this work, which is the 

seeding of hDNFs on the silk fibroin electrospun membranes for cell culture and further 
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measurements of the metabolic activity to understand if the electrospun matrices were 

suitable for tissue engineering applications.   

 

 

 

Figure 21. Indirect contact test results. Metabolic cell activity for indirect contact of the cytotoxicity 
assay. Indirect contact shows a positive result. Statistical analysis show no significant difference 
(n=3). 

 

 

Figure 22. Direct contact test results. Metabolic cell activity for direct contact of the cytotoxicity test, 
direct contact show good results for non-cytotoxicity.  * mark denote statistical significant difference  of 
p(<0.05) with (n=3). 
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4.9.3 Cell adhesion assay 

 
 
 Cell metabolic activity of the hDNFs seeded on the electrospun membranes was 

measured after 7 and 14 days through a resazurin assay (Figure 23). Samples with different 

methanol treatments 75 and 100% (v/v) for 10 and 60 minutes were tested in this assay. 

Statistical analysis was performed between different methanol formulations on the same 

time-point and the same formulations trough every time-point and the results can be found in 

Annex I. 

 It is possible to observe that methanol treatment at both concentrations for 60 

minutes presented the highest metabolic activity on day 7, on the other hand membranes 

treated for 10 minutes with both methanol concentrations exhibited the lowest metabolic 

assay at the same time point. At day 14 of cell culture no statistical significant difference was 

noted between the different methanol formulations, but it was possible observe that there 

was an increase on the metabolic activity when compared with the metabolic activity on day 

7. 

 

 
Figure 23. Metabolic activity of hDNFs. Metabolic activity of hDNFs seeded on electrospun silk 
fibroin membranes treated with methanol, after 7 and 14 days of cell culture. Comparing different 
methanol treatments within the same time-point performed statistical analyses. 

 
 
 The same methanol formulations presented statistical significant differences between 

time-points, Figure 24 allows deducing that the membranes treated with 100 % (v/v) for 10 

minutes suffered the highest increase on metabolic activity from day 7 and day 14. Otherwise 

membranes treated for 60 minutes but with the same methanol concentration presented no 

statistical significant difference between time-points, meaning that the metabolic activity was 

almost maintained through the assay. Methanol treatment for 10 and 60 minutes with a 
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concentration of 75% (v/v) also increased significantly between time-points.  The differences 

on metabolic activity could have been due to the porosity of the membranes and to the 

morphology of the fibers. The lower results at the first time could be associated with the 

organic solvent used to prepare the electrospinning solutions and the further methanol 

treatment, since the not convenient evaporation of both led to the alteration on cell behavior 

due to its toxicity (K. Zhang et al., 2010). 

 

 
Figure 24. Metabolic activity of hDNFs. Metabolic activity of hDNFs seeded on treated electrospun 
fibroin mats. Statistical analysis were performed trough the comparison of the same methanol 
formulations trough every time-point. 

 
 

4.9.3 Immunocytochemistry 

 
 The morphology of hDNFs seeded on the electrospun membranes was accessed 

through the labeling of the actin filaments and nuclei and further analysis by confocal 

microscopy. Projections of membranes treated with all the different concentrations of 

methanol at day 14 of cell culture are presented in Figure 25. Nuclei of hDNFs were labeled 

with draq 5. After the analyses by confocal microscope it was possible to access that the 

draq 5 staining adhered to the electrospun fibers making impossible to differ the nuclei from 

the membranes. For that reason it is only possible to visualize the actin filaments.  

 Depending on the membranes in which the cells were seeded it is possible to 

observe that cells presented different organization. On the methanol treatment of 75% (v/v) 

for 10 minutes (A) some of the cells presented a rounder shape. On the methanol treatment 

of 75% (v/v) (B) and 100 % (v/v)(D) for 60 minutes, cells displayed the typical shape of 

fibroblasts and some ECM beginning deposited. Electrospun membranes treated with 
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methanol at a concentration of 100 % (v/v) during 10 minutes (C) presented the best results, 

exhibiting an ECM already formed, correspondent to the higher metabolic activity access.  

  

 

 
 

Figure 25. Projection of confocal microscope images. Morphology and spatial arrangement of 
fibroblasts seeded on the silk fibroin electrospinning membranes treated with different methanol 
concentrations for different periods of time. Methanol treatment of 75% (v/v) for 10 minutes (A), 75% 
(v/v) for 60 minutes (B), 100% (v/v) for 10 minutes (C), 100% (v/v) for 60 minutes (D) after 14 days of 
cell culture. 

 

4.10. Silk fibroin methacrylation 

 
 
 In an innovative approach, we tried to functionalize the material by anchoring 

methacrylate groups into the polymer backbone of silk fibroin. The aim of synthesizing this 

modified silk fibroin was to perform conjugation with other methacrylated natural polymer 

through photo polymerization, providing a material for electrospinning different from the 

common blends described in literature. This has been achieved by reaction of OH groups of 

the serine amino acid with methacrylic anhydride. Figure 26, represents the non-modified 

silk fibroin spectrum, where we tried to attribute some peaks to the protons of alanine (1.20 
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and 4.16 ppm), serine (5.36 ppm) and tyrosine (8.08-8.49, aromatic zone), characteristic of 

the composition of the silk fibroin repetitive unit. 

  
 
 
 

 
 
Figure 26. 

1
H NMR spectrum of silk fibroin. Spectrum of non-modified silk fibroin (400 MHz, d6-

DMSO).  

 Silk fibroin methacrylation was performed on three different degrees through the 

addition of 300, 760 and 1540 mg methacrylic anhydride/g silk fibroin and we have obtained 

the corresponding 1H-NMR spectra (Figure 27, Figure 28 and Figure 29, respectively) to 

evaluate the presence of methacrylic functionality. According to literature, peaks of 

methacrylic group appear around 5.8 – 6.2 ppm (Liu et al., 2017). 

 The presence of two doublets around this 5.8 and 6.2 ppm in the spectrum of Figure 

27, which are absent in the spectrum of the native silk fibroin (Figure 26), confirmed the 

successful functionalization of the material, just upon addition of 300 mg methacrylic 

anhydride/g silk fibroin. The structure of the methacrylated serine unit is represented in the 

spectrum. However, since the repeating unit of silk fibroin is not well described in literature, 

the degree of methacrylation could not be determined by 1H-NMR through ratio of the 

integrals of the peaks from methacrylic moiety with the ones corresponding to the polymer, 

since in the later it is not clear to how many protons each peak integrates. 
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Figure 27. 

1
H NMR spectrum of methacrylated silk fibroin. Spectrum of methacrylated silk fibroin 

synthesized through the addition of 300 mg methacrylic anhydride/g silk fibroin (400 MHz, d6-DMSO). 

 
 Analysis of Figure 28 suggests that by increasing the amount of methacrylic 

anhydride added to the reaction up to 760 mg/g silk fibroin, new peaks around 5.51 and 5.86 

ppm become more intense in comparison with those of the polymer. 

 This trend is confirmed by looking at Figure 29 (addition 1540 mg/ g silk fibroin), 

where peaks characteristic of the amino acids that compose the polymeric structure of silk 

fibroin almost disappeared. Although this difference in peak intensity could correspond to a 

high amount of unreacted methacrylic anhydride in the final product, this was discarded 

because extensive washings with ethanol and water were performed before polymer 

lyophilisation. Thus, analysis of Figures 28 and 29 suggests a phenomenon of polymer 

degradation due to addition of increasing amounts of methacrylic anhydride to the reaction 

mixture. 
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Figure 28. 

1
H NMR spectrum of methacrylated silk fibroin. Spectrum of methacrylated silk fibroin 

synthesized through the addition of 760 mg methacrylic anhydride/g silk fibroin (400 MHz, d6-DMSO). 

   

 

 
 
Figure 29. 

1
H NMR spectrum of methacrylated silk fibroin.Spectrum of methacrylated silk fibroin 

synthesized through the addition of 1540 mg methacrylic anhydride/g silk fibroin (400 MHz, d6-
DMSO). 
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 Finally, the products (15 wt%) resultant from the three different methacrylation 

conditions were dissolved in formic acid to prepare electrospinning solutions. Visual 

assessment suggested a difference on the viscosity between the solutions. Solutions of the 

materials arising from the reactions with higher amount of methacrylic anhydride presented 

lower viscosity when compared to the materials synthesized by the addition of 300 mg 

methacrylic anhydride/g silk fibroin. This is in accordance with polymer degradation observed 

on the corresponding 1H-NMR spectra (Figures 28 and 29). Finally, all the three solutions 

were submitted to electrospinning process and the only one able of forming fibers was the 

one methacrylated in the presence of the lowest amount of methacrylic anhydride, but still 

the viscosity of the solution was too low for the fabrication of fibers without beads and drops 

of solvent within the fibers, although optimization of electrospinning parameters is required
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Chapter 5 

Conclusions and Future Perspectives 
 
 
 The present work aimed the fabrication of silk fibroin electrospun matrices for in vitro 

cell culture targeting applications in skin tissue engineering. The project involved the study of 

physico-chemical properties as well as the biological behavior of the electrospun matrices. 

 Degummed silk fibroin was used to prepare electrospinning solutions at a 

concentration of 12 wt%, with formic acid as spinning solvent. Through the optimization of 

electrospinning parameters such as, distance tip of the needle to collector, flow rate and 

applied voltage, it was possible to obtain silk fibroin fibers without the presence of beads 

within the fibers and without drops of solvent on the matrices. The electrospun matrices were 

characterized in respect to their structure by ATR-FTIR, and morphology using scanning 

electron microscopy (SEM). Physico-chemical properties evaluated by studying their swelling 

profiles, contact angle, degradation, and water vapor transmission rates. Furthermore, the 

biological compatibility of the electrospun materials was investigated. It was concluded that 

electrospun mats treated with diluted methanol demonstrated a 𝛽-sheet conformation (Silk 

II), which was responsible for the high water vapor transmission rate of the matrix. The 

capacity of the electrospun mats to mimic the ability of controlled evaporation of fluids 

characteristic of the skin tissue, fulfills one of the most important parameters for wound 

dressing. Furthermore, it was also observed that the diameters of the obtained fibers are 

small enough to mimic the nanoscale of ECM, allowing the cell culture. Cell culture 

demonstrated that these matrices are suitable for seeding fibroblast and further promoting its 

attachment and proliferation for two weeks. The formulation corresponding to the methanol 

treatment of 100 % (v/v) for 10 minutes presented better results not only on cell culture, but 

also on degradation rates. Additionally, although it is not the best between the tested 

samples, the water vapor transmission rate of the sample treated with 100 % (v/v) were high 

enough to provide a suitable wound dressing. Taking into account these results, samples 

treated with 100% (v/v) methanol for 10 minutes should be the ones used in future studies. 

1H NMR analysis demonstrated that silk fibroin modification through the methacrylation of the 

hydroxyl groups from the serine amino acid residues was successfully achieved, obtaining a 
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photopolimerizable material. Furthermore, it was also observed that the use of higher 

amounts of methacrylic anhydride leaded to polymer degradation. 

 This work also demonstrated that electrospinning is a suitable technique for the 

production of silk fibroin electrospun matrices for tissue engineering applications, although 

ambient parameters should be controlled in order to decrease batch to batch variability.  

 Additional work should be performed in order to understand the behavior of 

electrospun matrices with cells for longer time periods, as well as additional experiments to 

investigate matrix deposition, such as collagen and fibronectin, together with in vivo studies. 

Mechanical and thermal tests should also be performed to better understand if silk fibroin 

electrospun matrices present similar mechanical properties as those of the skin and to 

provide a better characterization of the material.  

 Finally, preliminary work on the methacrylated silk fibroin should be deeply 

investigated, together with the optimization of parameters for the electrospinning of such 

polymeric solution and their characterization. Unfortunately, this was impossible to achieve 

due to technical and time limitations. 

 Overall, it can be concluded that the major goal of the project was achieved, through 

the production and optimization of silk fibroin electrospun matrices with potential application 

in skin tissue engineering 
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Annex I 
 
Table that shows the statistical significance between formulations on the metabolic activity 
test. 

Formulation 1 vs. Formulation 2 Statistical Significance 

Day 7  

75%-10 min. vs. 75%-60 min. ** 

75%-10 min. vs. 100%-60 min. n.s 

75%-10 min. vs. 100%-60 min. **** 

75%-60 min. vs. 100%-10 min. * 

75%-60 min. vs. 100%-60 min. ** 

100%-10 min. vs. 100%-60 min. **** 

Day 14  

75%-10 min. vs. 75%-60 min.  n.s 

75%-10 min. vs. 100%-10 min. n.s 

75%-10 min. vs. 100%-60 min.  n.s 

75%-60 min. vs. 100%-10 min. n.s 

75%-60 min. vs. 100%-60 min. n.s 

100%-10 min. vs. 100%-60 min. n.s 

Between days  

75%-10 min 7d vs. 75%-10 min. 14d ** 

75%-60 min. 7d vs. 75%-60 min. 14d ** 

100%-10 min. 7d vs. 100%-10 min. 14d **** 

100%-60 min. 7d vs. 100%-60 min. 14d n.s 

 
Legend: * mark denotes statistical differences (p<0,05); ** (p<0,005); **** (p<0,0001): n.s 
denotes not statistical significant.  
 


