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Abstract 
Hybrid electrospun structures based on Polycaprolactone (PCL) and Gelatin (Ge) were 

developed and optimized to create a biofunctional wound dressing to promote skin 

regeneration. To improve the electrospinning apparatus reproducibility the home-made system 

was re-designed. The major production drawback has related to the metallic parts present in 

the initial system. Those components reduce the stability of the main jet, due to the interference 

with electric field, making it unstable and depositing all around the system Other than the 

collector. The re-design allowed obtain at laboratory scale an apparatus more versatile 

allowing the fiber production using vertical or horizontal configuration. After apparatus re-

design, materials processing was optimized varying solution parameters (polymer 

concentration and solvent system) and processing parameters (distance between collector and 

needle, voltage and feed rate). According to the different processing conditions a myriad of 

samples were obtained, from simple droplets to homogeneous fibers without beads. Scanning 

electron Microscopy (SEM) images allowed define as best meshes ( with homogenous fibers 

and high fiber density, without beads or drops,) the PCL prepared with 17wt-% of polymer in 

Dimethylaketone (DMK) solution, far from the collector 12 cm, a controlled feed rate of 3.17 

mL/h and a voltage of 10kV, and Ge solution prepared with 15 wt-% of polymer in Acetic acid 

plus 2v/v-% of Triethylamine (TEA) with 12 cm between collector and needle, 0.4 mL/h of feed 

rate and under 12kV of voltage. We faced two parallel challenges subsequent to electrospun 

fiber optimization, the first one comprises the degradation behavior of electrospun PCL fibers 

and the second one was the selection of a proper gelatin crosslinker, able to keep the fiber 

morphology without toxicity. Being PCL one of the most used synthetic polymers in tissue 

engineering (TE) the degradation kinetics have been explored by several research teams. 

However, looking to the literature there are controversial results most of them due to the 

polymer molecular weight, some authors described slow degradation in enzymatic medium, 

only reach 18 % of weight loss in 18 weeks, however, decreasing the amount of PCL in 30% 

other study demonstrated a complete degradation over 12 weeks. Based on this we 

investigated the hydrolytic and enzymatic degradation in vitro vs in vivo degradation. Our main 

goal was to describe the PCL electrospun mesh degradation kinetic in different condition to 

clarify its potential to be use in short term applications, namely to the skin regeneration. 

According to our in vitro assay the hydrolytic degradation reached only 1.44 ± 0.7 % of weight 

loss after 91 days, however, in enzymatic medium, after the degradation period, a weight loss 

of 97.11 ± 5.1% was achieved. In vivo assays demonstrated that occured an initial slight 

reaction to the implanted electrospun samples and cells stayed concentrated in the 

membranes surface. At day 60 and 90 the hematoxylin and eosin (H&E) stainning shows 
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the cells infiltration across the electrospun meshes and its colonization demonstrating that 

electrospun meshes does not inhibited the cellular infiltration. After 90 days of implantation is 

visible the the extracellular matrix components production, probably, replacing the degraded 

PCL electrospun fibers. 

One of the major drawbacks to use gelatin in TE field is its instability in aqueous medium, to 

overcome this inconvenience crosslinking is needed. There are several crosslinkers available 

but, most of them present toxicity and the common protocols used to crosslinking (by vapor or 

bath) induce changes in fiber morphology. To our study we select 1,4-butanediol diglycidyl 

ether (BDDGE) because it is a well-known hyaluronic acid crosslinker and the used of small 

amounts does not induce toxicity. To keep the fiber morphology, we explore the in situ 

crosslinking, which means we added the crosslinker to the polymeric solution and only then 

the fibers were produced. Using this approach, the crosslinker is encapsulated inside the fibers 

that makes the crosslinking reaction inside keeping the fiber morphology. Ranging the amount 

of crosslinker (2, 4 or 6 v/v-%) and the reaction time (24, 48 or 72h) we obtained fibers with 

different diameters and, consequently, different properties. The crosslinking degree can be 

tuned by varying the crosslinker amount and/or the reaction time and, consequently, adjust the 

fiber diameter and mechanical properties. Fibers with 4% and 6% of BDDGE (both incubated 

for 72h) provided gelatin fibers with high crosslinking degree and stable diameters of 339 ± 91 

and 276 ± 88 nm, respectively. Nevertheless, the sample with 4% of BDDGE resulted in the 

best combination of mechanical properties. Cytotoxicity assays revealed non toxicity and 

proliferation assays showed that fibroblasts (hDNF) were able to attach and proliferate, 

producing new extracellular matrix within the electrospun meshes. 

With the knowledge acquired related to PCL electrospun mesh degradation and gelatin fibers 

crosslinking we move forward towards the development of hybrid structures combining PCL 

and Ge fibers. 

Three different methologies were established to develop the hybrid structures that combined 

the same materials (PCL and Ge) through different processing strategies. The first approach 

called multilayer combine, at the same structure, 5 distinct layers. The coated is the second 

approach, in which PCL fibers are dipped in a gelatin bath and, the last methodology was 

called blend, in this approach the PCL and Ge were mixed in the same solution prior to fiber 

production with a ratio of 1:1. Based on these approaches and using PCL and Ge meshes as 

controls structures, were performed several characterizations to evaluate the potential of each 

structure to be use as bioactive wound dressing. From the characterizations performed all 

hybrid structures presented better mechanical and biological properties than controls. 

However, taking into account the final application the coated structure showed poor water 

vapor permeability and the lowest porosity, consequence of the gelatin coating that closed 

most of the pores. Regarding Multilayer and blend methodologies both structures 
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demonstrated a huge potential to mimic the skin ECM and its properties, due to the fiber 

diameters in the range of native ECM filaments, mechanical properties similar to the human 

skin and structures with the ability to promote cell adhesion and proliferation and, fibronectin 

deposition. However, in the multilayer structure, the combination of distinct layers provides 

different porosities and pore sizes throughout the structure resulting in a thicker structure, easy 

handle without damage and avoiding fibers packaging, a drawback commonly associated with 

the electrospun meshes. 

 

Keywords: Electrospun fibers, hybrid meshes, Polycaprolactone, Gelatin, wound dressings. 
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Resumo 
Estruturas híbridas obtidas por electrospinning com base de Policaprolactona (PCL) e gelatina 

(Ge) foram desenvolvidas e otimizadas de modo a criar um curativo biofuncional com 

capacidade para promover a regeneração da pele. Para aumentar a reprodutibilidade do 

sistema laboratorial de electrospinning disponível foi redefinido o seu design de montagem. A 

maior desvantagem no processamento relacionava-se com a presença de partes metálicas 

no sistema, reduzindo as mesmas a estabilidade do jato principal foi melhorada aumentando, 

assim, a densidade de fibras depositadas no coletor. O novo design confere mais versatilidade 

ao sistema permitindo a produção de fibras na vertical e na horizontal. Após as alterações no 

sistema o processamento de materiais foi otimizado variando os parâmetros da solução 

(concentração polimérica e solventes) e os parâmetros de processamento (distância entre o 

coletor e a agulha, caudal e tensão). De acordo com as diferentes condições foram obtidas 

diversas amostras desde pequenas gotas até malhas de fibras com deposição aleatória e 

fibras homogéneas sem a presença de gotas de solvente. Recorrendo à Microscopia 

Eletrónica de Varrimento (SEM) definiu-se como a melhor malha (com filamentos 

homogéneos, elevada densidade de fibras e sem gotas de solvente nos filamentos ou na 

malha) a amostra com 17 wt-% de PCL dissolvido em acetona (DMK), com o coletor a uma 

distância de 12 cm da agulha, um caudal de 3,17 mL/h e uma tensão de 10kV e a amostra de 

Ge preparada com 15 wt-% de polímero numa solução de acido acético (AA) e adicionado 2 

v/v-% de trietilamina (TEA), as fibras foram produzidas com o coletor a 12 cm da agulha, um 

caudal constante de 0,4 mL/h e uma tensão de 12kV. Após a otimização da produção 

enfrentámos dois desafios, o primeiro compreendia a degradação do PCL e o segundo a 

seleção de um reticulante para a gelatina que mantivesse a morfologia das fibras e não 

apresentasse toxicidade. Sendo o PCL um dos polímeros sintéticos mais usados na 

engenharia de tecidos a sua cinética de degradação tem vindo a ser explorada por diversas 

equipas de investigação. Contudo de acordo com a literatura os resultados apresentam-se 

bastante controversos muito devido às discrepâncias dos pesos moleculares do polímero 

usado, alguns autores descrevem uma degradação lenta em meio enzimático atingindo 

apenas 18 % de perda de massa em 18 semanas, por outro lado diminuindo a concentração 

de PCL em 30% outro estudo alcança a degradação completa em 12 semanas. Com base 

nestes resultados decidimos investigar a degradação hidrolítica e enzimática in vitro e in vivo 

para as estruturas desenvolvidas. O nosso objetivo principal é descrever a cinética de 

degradação das malhas de electrospinning feitas com PCL em diferentes condições e 

clarificar o seu potencial para ser usado em aplicações de curto prazo. De acordo com os 

testes in vitro, durante 91 dias, a degradação hidrolítica apenas resultou na perda de massa 
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de 1,44 ± 0,7 % no entanto a degradação enzimática induziu uma perda de massa de 97,11 

± 5,1%. Os ensaios in vivo demonstraram que ocorreu uma reacção inicial ligeira às amostras 

de electrospun implantadas e as células permaneceram concentradas na superfície das 

membranas. Ao dia 60 e 90 a coloração com hematoxilina e eosina (H & E) mostra a infiltração 

das células através das malhas electrospun e a sua colonização demonstrando que as malhas 

não inibem a infiltração celular. Após 90 dias de implantação é visível a produção de 

componentes da matriz extracelular, provavelmente, substituindo as fibras de PCL 

degradadas. 

Um dos maiores inconvenientes na utilização da gelatina na área da Engenharia de Tecidos 

deve-se à sua instabilidade em meio aquoso, para tal é necessário reticulá-la para se tornar 

estável. Existem diversos reticulantes estudados, contudo a maioria deles são tóxicos e as 

metodologias comumente utilizadas (vapor e banho) induzem alterações na morfologia das 

fibras. Para o nosso estudo selecionamos 1,4-butanodiol diglicidil éter (BDDGE) pois é um 

reticulante bem conhecido na reticulação do ácido hialurónico e em pequenas quantidades 

não induz toxicidade. Para manter a morfologia das fibras exploramos a metodologia da 

reticulação in situ, que se baseia na adição do reticulante na solução polimérica antes de 

produzir as fibras. Utilizando esta metodologia o reticulante é encapsulado dentro das fibras 

e a reação ocorre mantendo a morfologia das mesmas. Variando a quantidade de reticulante 

(2,4 ou 6 v/v-%) e o tempo de reação (24,48 ou 72h) obtivemos fibras com diferentes 

diâmetros e, consequentemente, diferentes propriedades. O grau de reticulação pode ser 

adequado alterando a quantidade de reticulante e/ou o tempo de reação permitindo o controlo 

sobre o diâmetro das fibras e suas propriedades. Fibras com 4% ou 6% de BDDGE (72h de 

reação) resulta em fibras de gelatin com elevado grau de reticulação (~70%) e diametros 

estáveis de 339 ± 91 e 276 ± 88 nm, respectivamente, embora 4% BDDGE resulte na melhor 

combinação de propriedades mecânicas. Os testes de citotoxicidade, revelaram não 

toxicidade e os ensaios de proliferação demonstraram que os fibroblastos (hDNF) tiveram a 

capacidade para aderir e proliferar, produzindo matriz extracelular dentro das malhas. 

Com base no conhecimento adquirido através do estudo do perfil de degradação das malhas 

de PCL e como é possível reticular as fibras de gelatina mantendo a sua morfologia e 

adjustando as suas propriedades prosseguimos os nossos estudos para o desenvolvimento 

de estruturas híbridas combinando fibras de PCL e Ge.  

Para o desenvolvimento das estruturas híbridas foram estabelecidas três metodologias 

diferentes que combina os mesmos materiais (PCL e Ge). A primeira abordagem denominada 

Multilayer combina, na mesma estrutura, 5 camadas distintas. O Coated, é a segunda 

estratégia, na qual as fibras de PCL são mergulhadas num banho de gelatina resultando em 

filamentos duplos, em que o material interior é o PCL e o exterior a Ge. A última metodologia, 

denominada de Blend, combina o PCL e a Ge, num rácio de 1:1, na mesma solução antes da 
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produção das fibras. Com base nas estratégias definidas e tendo as malhas de PCL e Ge 

como controlos foram realizadas diversas caracterizações para avaliar qual das estratégias 

apresentava maior potencial para ser usado como curativo com capacidade para promover a 

regeneração da pele. As estruturas hibridas desenvolvidas demonstraram que, 

independentemente da estratégia utilizadas, o seu comportamento mecânico e biológico é 

melhor do que as estruturas de controlo. Contudo, tendo em conta a aplicação final a 

metodologia coated demonstrou fraca permeabilidade ao vapor de água e a mais baixa 

porosidade, consequência do banho de Ge que poderá ter fechado alguns poros. As 

estruturas Multilayer e Blend demonstraram grande potencial para mimetizar a matriz 

extracelular e as características de pele. Os filamentos das estruturas compreendiam 

diametros na gama da matriz extracelular nativa, as propriedades mecânicas são similares às 

do tecido humano e as estruturas híbridas permitiram a adesão e proliferação celular bem 

como a deposição de fibronetina. Contudo a estrutura Multilayer, devido à combinação de 

diferentes graus de porosidades e tamanhos de poros consequência das camadas distintas 

confere maior espessura à estrutura tornando-se mais fácil de manusear sem induzir dano e 

evita o empacotamento das fibras comumente associado às malhas de electrospinning. 

Palavras-chave: Fibras de electrospinning; malhas hibridas, policaprolactona, gelatina, 

curativos 
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Preface 
 

This thesis was organized in 5 parts including 7 chapters, which reflects the development of 

research work. All chapters were related to each other and the aims and methodology chosen 

in each chapter were indeed dependent on the conclusions brought about in previous one(s). 

Overall, the work described in this thesis includes development and characterization of hybrid 

electrospun structures to promote skin regeneration. 

Part 1 includes Chapter I, addresses the state of the art of the electrospun meshes as skin 

substitutes. The main aim of this chapter is to give an overview about the advances in this field 

to better understand the potential of electrospun meshes as wound dressings. This chapter 

highlights, also, novel approaches to combine different techniques and methodologies to 

develop biomimetic structures with capability to better mimic the native ECM. In Chapter II the 

project aims were detailed to be a guideline of the work major core. 

In Part 2 – Chapter III a re-designed electrospinning apparatus was assembled to increase 

the process reproducibility and stability. PCL and Ge process optimization was performed, 

studying different solvent systems, polymer concentrations and processing parameters (feed 

rate, distance between the collector and needle and voltage). The optimized conditions were 

used in further studies to prepare the electrospun meshes with random fiber deposition without 

the formation of beads or drops. 

Part 3 - Chapter IV was evaluated the in vitro and in vivo PCL electrospun meshes 

degradation. It is well-known that bulk PCL takes around 24 months to degrade being a slow 

degradation rate for skin application. However, the electrospun meshes present fibers with low 

diameter and high surface area which increase the degradation rate exponentially. The 

literature related to different rates depending on the material molecular weight and supplier. 

For that reason, we study the degradation kinetics regarding the electrospun meshes 

developed. Chapter V explores the use of BDDGE as a gelatin crosslinker in situ. Gelatin is 

water soluble and for that reason it is necessary crosslinking to improve its stability in aqueous 

medium. BDDGE is commonly used to crosslink the hyaluronic acid and collagen. To 

crosslinking gelatin was only evaluated to food packing films applications. In this chapter, were 

explored different amounts of crosslinker and reaction time, and correlated the meshes 

properties with the crosslinking degree. 

In Part 4, Chapter VI is based on electrospun hybrid structure development, combining the 

knowledge of Chapter III, IV and V was possible establish three different methodologies to 
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prepare hybrid structures merging PCL and Gelatin. In this chapter, the hybrid structures were 

tested and evaluated to identify the structure with major potential to promote skin regeneration 

according to physicochemical, mechanical and biological properties. 

Finally, in Part 5, the overall conclusions and future perpectives were presented in Chapter 

VII. 

Most information presented in the chapters that constitute this dissertation has been already 

disseminated through submission to international peer review, via publication in scientific 

journals or attendance to conferences in the field, according to the following list: 

Chapter I – State of the art 

J.R. Dias, P.L. Granja, P.J. Bártolo, Advances in electrospun skin substitutes. Progress in 

Materials Science, 84 (2016), 314-334. 

Chapter III – Re-design of electrospinning apparatus and PCL and Ge processing 

optimization 

J.R. Dias, C. dos Santos, J. Horta, P.L. Granja, P.J. Bártolo. A new design of an 

electrospinning apparatus for tissue engineering applications. International Journal of 

Bioprinting, 3(2) (2017), 1-9. 

J.R. Dias, F.E. Antunes, P.J. Bártolo, Influence of the rheological behaviour in electrospun 

PCL nanofibres production for tissue engineering applications. Chemical Engineering 

Transactions, 32 (2013), 1015-1020. 

JR Dias, PJ Bártolo. Morphological characteristics of electrospun pcl meshes – the influence 

of solvent type and concentration. Procedia CIRP, 5 (2013), 216-221. 

JR Dias, A Gloria, PJ Bártolo. Mechanical and biological characteristics of electrospun PCL 

meshes – the influence of solvent type and concentration. Advanced Materials Research, 683 

(2013), 137-140. 

Chapter IV - In vitro and In vivo degradation profile of PCL electrospun meshes 

J.R. Dias, A. Sousa, P.L. Granja, P.J. Bártolo. In vitro and In vivo degradation profile of PCL 
electrospun meshes. Under preparation 

Oral presentation 

Enzymatic degradation of PCL electrospun meshes. 25th -27th of June 2015.4th International 

Conference on Tissue Engineering (ICTE), Lisboa, Portugal,  
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CIRP conference on Biomanufacturing (CIRP-Bio 2015), Manchester, UK; 

Chapter V - In situ crosslinked electrospun gelatin nanofibers for skin regeneration 
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1. Introduction 

The first shield between the external environment and the human body is the skin. This 

tissue plays a crucial role in body protection and, when damaged at full-size, the human 

life could be in risk [1, 2]. According to the World Health Organization (WHO) it is 

estimated that every year 265,000 deaths occurs caused by burns and, annually about 

6 million people were burned requiring medical attention [3-6].The average length of stay 

in the hospital is 8.4 days, thus resulting in a considerable social and economic burden 

for the health care systems worldwide. Therefore, innovative strategies are required to 

promote skin tissue regeneration, despite the encouraging recent developments in 

wound dressings and tissue engineering-based products [7]. Electrospun meshes have 

been gaining increasing attention through the combination of materials and processing 

strategies of great potential for skin regeneration [8]. Wound dressings prepared from 

electrospun nanofibers have been claimed to present exceptional properties compared 

to conventional dressings, such as similarity to architecture of the natural extracellular 

matrix (ECM), improved promotion of hemostasis, absorption of wound exudates, 



33 
 
 

permeability, conformability to the wound, and avoidance of scar induction [9]. New 

processing strategies are thus being explored in which natural and synthetic materials 

are combined with new design approaches allowing the incorporation of substances that 

turn not electrospinnable materials into electrospinnable ones. In this review skin 

regeneration strategies will be revised with a focus on electrospinning methodologies 

and materials. 

 

2. Skin tissue and wound healing process 

The human body comprises several organs each one with specific functions, dimensions 

and shapes. The largest vital organ in the body is the skin that represents 7% of the total 

body weight and has the main function of protecting the human being against the external 

environment. It also helps protecting the body against excessive water loss, against 

attacks from chemicals and other harmful substances, and ultraviolet radiation [1, 8, 10-

12]. In spite of the protective function of the skin, this tissue plays other important 

functions namely: (i) control of body temperature, by secreting sweat through the sweat 

glands, thereby lowering the temperature; (ii) sensory, through different receptors able 

to detect touch, pain, pressure and temperature; and (iii) synthesis of vitamin D (after 

exposure to sunlight), a precursor of calcitriol hormone that is converted in the liver and 

kidneys and plays an important role in the calcium absorption in the small intestine [10, 

13]. Although the skin works as a barrier it is not totally impermeable: some substances 

are transferred across the skin, such as sweat, drugs and biomolecules [10, 14]. 

Skin functions are carried out by specialized cells and structures found in the two main 

skin layers, epidermis and dermis (Fig. I.1). Besides these two layers, beneath the 

dermis there is the hypodermis that provides support to the dermis [10, 15]. The 

epidermis, the outermost skin layer, is around 120 micrometer thick and is composed by 

numerous cells closely linked in different stages of differentiation, which form the 

stratified squamous epithelium [10]. The epidermis is avascular (nourished through 

diffusion from the dermis), consists of 4 different types of cells (keratinocytes, 

melanocytes, Langerhans cells and merkels cells) and presents 5 distinct cell layers 

(stratum basale, spinosum, granolosum, lucidum and corneum) [16, 17]. The dermis 

layer is composed by a complex mesh of ECM material that provides structure and 

resilience to the skin. The thickness of this layer varies according to the body region but 

is in average of 2 mm [10, 17]. The dermis is composed by a nanometer-sized network 

of structural proteins (collagen, which provides strength and flexibility, and elastin, which 

provides elasticity), blood and lymph vessels, and specialized cells (mast cells that help 
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in the healing process and protect against pathogenic organisms, and fibroblasts that 

produce collagen and elastin). This ECM network is engaged in a ground substance that 

is mostly composed by glycosaminoglycans and plays an important role in hydration and 

in maintaining moisture levels in the skin [10, 14]. The ECM is also highly dynamic, being 

constantly synthesized and re-organized by the cellular components, but in turn also 

having a prominent role in directing cellular behavior through direct and indirect signaling. 

For instance, ECM molecules control cell adhesion through specific cell binding sites, 

cell migration through proteolytically sensitive functionalities, and cell differentiation 

through bound and soluble signaling biomolecules. With relevance for the present topic 

is the nanometer scale of the several pores and fibers (collagen, hyaluronic acid, elastin, 

laminin, fibronectin, proteoglycans) that constitute the ECM, highlighting the relevance 

of mimicking the physical nanometer scale fibrillar nature of this structure through 

electrospinning. ECM fibers are reported to exhibit diameters between 10 and 300 nm, 

and the minimum fiber diameter required for fibroblast adhesion and migration, and 

maximum interfiber distance that fibroblasts are able to bridge, have been described as 

approximately 10 and 200 µm, respectively, which lie within parameters achievable by 

electrospinning but hardly achievable using alternative cell culture settings [18, 19] . 

Furthermore, due to their intrinsic ability to synthesize their own ECM, skin cells are 

known to be able to self-organize even in the absence of molecular cues provided that 

an adequate 3D nucleation structure exists to enable their self-organization, thereby 

reinforcing the stimulating role of electrospun nanofibrous structures for skin 

regeneration [19, 20].  
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Figure I.1. Skin structure and wound healing phases. 

 

When skin damage occurs a consecutive cascade of events called wound healing takes 

place to restore the skin structure and function [17, 21]. A wound can result from burns, 

contusion, hematoma or a disease process, causing chronic wounds. At present, due to 

the increasing life expectancy, diseases with high incidence such as diabetes have been 

considerably increasing the incidence of chronic wounds and thus making it of high social 

relevance [11, 21]. 

The wound healing process consists, in general, in five different phases, namely 

hemostasis, inflammation, migration, proliferation and maturation, occurring sequentially 

after damage [9, 21] (Fig I.1). During hemostasis, platelets suffer aggregation to promote 

clotting and stop any bleeding. Delivery of important growth factors to the inflammation 

process occurs, which trigger the wound healing process through attraction and 

activation of neutrophils, lymphocytes, macrophages and mast cells [22, 23]. The 

inflammation phase occurs at the same time as hemostasis. In this phase, blood 

neutrophils followed by phagocytes enter and penetrate inside to the injured area to 

destroy bacteria and eliminate debris from dying cells and damaged matrix [14, 24] . The 
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following phases, migration and proliferation, are considered by several authors as the 

same phase due to their interdependence [22, 25]. Migration is characterized by 

infiltration of new epithelial cells moving on to the damaged area to replace the dead 

cells and during the migration the inflammation decreases. The proliferation phase 

consist on covering all damaged area with epithelial cells and macrophages, while 

simultaneously fibroblasts and endothelial cells move to the damaged area forming a 

granular tissue composed by a new matrix and blood vessels, respectively [22, 25]. The 

last phase, maturation, comprises the remodeling process, in which fibroblasts cover all 

the damaged surface with a new skin layer and ideally leaving no evidence of scar [14, 

23]. Through this elaborate process of wound healing the skin has self-regeneration 

ability although this capacity is strongly reduced in the case of full-thickness lesions, 

requiring the use of a graft or dressing [11]. 

 

3. Skin regeneration products 

3.1 Autografts and allografts 

When skin lesions result in large full-thickness defects the standard clinical procedure is 

the autologous skin transplantation based on transplanting split-thickness grafts [7, 8, 

26]. However, this transplantation contains all of the epidermis layer but only a small part 

of the dermis often leading to scar formation [15]. This process has the obvious restriction 

of total amount of autologous skin that can be removed and the split-skin donor site takes 

one week to heal and can be used for split skin harvesting up to 4 times. Frequent 

harvests also lead to scars in donor sites and hospital stays for long periods of time [6, 

27, 28]. Allografts are grafts removed from other individuals and constitute efficient 

alternatives to prevent fluid loss and infection, reduce pain and promote the healing of 

underlying tissues. However, this type of graft presents several ethical problems and is 

influenced by the donor’s availability and potential disease transmission [26]. 

 

3.2 Wound dressings 

The first procedure when skin damage occurs consists in applying a wound dressing due 

their efficiency on preventing wound infection and promoting exudate absorption, low 

cost and availability. The main functions of a dressing are promoting a moist environment 

in the wound, and protecting the wound against mechanical injury and microbial 

contamination, especially during the inflammatory stage [7, 29]. Ideally, the dressing 

should be able to fit the wound shape, absorb wound fluid without increasing bacterial 

proliferation or causing excessive dehydration, provide pressure for hemostasis, and 
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prevent leakage from the bandage. The dressing should also support the wound and 

surrounding tissues, eliminate pain, promote re-epithelialization during the reparative 

phase, and be easily applied and removed with minimal injury to the wound [30]. 

Wound dressings can be categorized according to different characteristics. One possible 

classification relies in classifying the wound dressings in passive or interactive [9, 31]. 

The passive ones correspond to the common wound dressings and their main function 

is covering the wound and allowing the regeneration beneath the dressing. Some 

examples are tulle dressings (made of cotton or viscose gauze impregnated with 

paraffin) and low-adherence dressings (made of materials as knitted viscose or polyester 

fabric) [32]. On the other hand, the interactive wound dressings present some 

advantages like the capability to modify the wound chemical environment facing to the 

physiological conditions of the wound for a faster healing process. Although in some 

cases this modification could take long periods of time [9, 33]. Commercial available 

interactive wound dressings, according the a widely accept classification, are divided into 

hydrocolloids, hydrofibers, hydrogels, foams, alginates and bioactive/biological 

dressings [32]. 

 

3.3 Tissue engineering-based products 

During the past few years, the progress and evolution on tissue engineering (TE) field 

have been growing exponentially. This field has been exploring the regeneration of 

several tissues, including skin, involving knowledge from different disciplines. TE 

includes the combination of live cells, tissues or organs, with structures and materials 

designed to mimic the structure of a particular tissue [34, 35]. The use of TE strategies 

for skin tissue regeneration consists essentially in expanding skin cells in the laboratory, 

cultivating them on a scaffold and applying cell-scaffold construct for restoring the barrier 

function (first step in burn patients), or to promote wound healing (for instance in chronic 

non-healing ulcers), thereby reducing pain and promoting optimal conditions for a correct 

healing [11]. Several products for skin regeneration based on TE are already clinically 

available that meet the essential requirements for a clinical product, namely be safe for 

the patient, clinically effective and conveniently handled and applied by health care 

professionals [6, 11].  

TE skin substitutes present several advantages when compared with other available 

solutions including less required vascularisation in the wound bed, increased dermal 

component of the healed wound, reduced presence of inhibitory factors and faster and 

safe coverage [8]. TE skin substitutes available in the market can be classified according 
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to different features. The most common classification is related with the anatomical 

structure to be regenerated, resulting in epidermal, dermal or dermal/epidermal (or 

composite) substitutes [6, 26]. An important phase in the production of epidermal 

substitutes is the isolation of keratinocytes, obtained through a 2-5 cm2 skin biopsy from 

the donor. The epidermis is separated and in vitro cultured on top of fibroblasts  [6, 36]. 

There are several epidermal substitutes available for clinical applications using cells 

either of autologous or allogenic origin, with the allogenic products presenting reduced 

manufacturing costs compared to autologous substitutes. Some of the commercial 

epidermal substitutes available are MySkin® (CellTran ltd, UK) a synthetic silicone 

support layer with surface coated and seeded with keratinocytes, Epicel® (Genzyme 

Biosurgery, USA), sheets of autologous keratinocytes attached to the petrolatum gauze 

support, and Epidex® (Eurodern GA, Switzerland), an epidermal equivalent from the 

patient’s own outer root sheath, where the keratinocytes are cultured in silicone 

membranes. Despite their efficiency in proving epidermal coverage, autologous and 

allogenic epidermal substitutes are claimed to present poor attachment rates that can 

lead to blister formation [26]. 

The development of dermal substitutes emerged due the lack of dermal tissue in full 

thickness wounds and the poor quality of the scars after treatment with split thickness 

autografts or cultured epithelial grafts which contain little or no dermal component, 

respectively [37]. There are several products available in the market that have been 

demonstrating great effectiveness in dermal regeneration, such as Dermagraft® (Shire 

Regenerative Medicine, Inc, USA), a cryopreserved human fibroblast-derived dermal 

substitute, generated by the culture of neonatal dermal fibroblasts onto a bioresorbable 

poly(lactic-co-glycolic acid) (PLGA) mesh scaffold [38], Integra™ (Integra LifeSciences, 

USA), which is a nanofibrous bilayer mesh specifically designed to be used in 

conjunction with negative pressure wound therapy, comprising crosslinked bovine 

tendon collagen and glycosaminoglycan and a semi-permeable polysiloxane layer, and 

Karoderm™ (Karocell Tissue Engineering AB company, Sweden), a human donated cell 

free dermis that can also be used as a biological scaffold for autologous keratinocytes.  

To mimic skin layers (dermis and epidermis) in the same construct dermal/epidermal 

substitutes have been explored. Several studies have been carried out with different cell 

types to evaluate their performance although only autologous keratinocytes were 

claimed effective to achieve permanent closure of skin defects [6, 26]. Dermal/epidermal 

substitutes available in the market include PermaDerm® (Regenicin Inc., USA), 

composed by cultured fibroblasts and keratinocytes on an absorbable collagen 

substrate, and Apligraf® (Novartis, USA), that combines two distinct nanofibrous layers, 
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the lower dermal layer containing bovine type I collagen and human fibroblasts and the 

upper epidermal layer formed by culturing human keratinocytes. 

In spite of the great progress achieved on TE-based skin substitutes several challenges 

still need to be overcome to achieve the optimal skin substitute, such as: to avoid use 

animal-derived materials (e.g. serum), to improve the adhesion of cultured keratinocytes 

to the wound bed, to improve the rate of neovascularization of tissue engineered skin 

and to enhance the scaffolds materials to resist wound contraction and fibrosis [7, 8, 34, 

39, 40]. 

 

3.4 Advanced skin substitutes 

Advanced skin regeneration strategies have been emerging combining cells, growth 

factors and scaffolds overcoming some of the problems associated to the clinical 

application of skin grafts, dressings and TE-based products [7]. Scaffolds are a crucial 

component because the isolated cells on their own are not able to restore the native 

structure of the skin without support to guide the ECM growth [1]. For scaffolds 

fabrication, there are two main strategies: the top-down and bottom-up approaches [41, 

42]. The top-down is considered the traditional approach and is based on cells seeded 

in a porous scaffold generating a cellular construct, which is later subjected to the 

maturation process in a bioreactor. With this methodology is expected that the cells 

adhere, proliferate and differentiate inside the scaffold creating an appropriate ECM 

stimulated by the growth factors and mechanical or other types of stimulation [41, 43]. 

Most of TE products described before are based on this strategy. 

The bottom-up approach consists on developing biomimetic modular structures that can 

be created through self-assembled aggregation, microfabrication of cell-laden hydrogels, 

fabrication of cell sheets or direct printing with specific microarchitectural features [41, 

44, 45]. The major advantages of this approach are better control over cell seeding, 

increasing cell density and complexity of microarchitecture than with top-down 

approaches. Major disadvantages of using bottom-up approaches include the fact that 

some cell types are unable to produce enough ECM, migrate or form cell-cell junctions, 

and the great difficulty in developing assembly techniques able to generate engineered 

tissues with clinically relevant length scales and mechanical properties [7, 41, 46] . 

 

4. Electrospun skin substitutes 

Although the electrospinning technique is under growing development in the biomedical 

field its principles emerged around 1600s. However, since 1980s, several research 
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groups demonstrated that it is possible to produce electrospun fibers with organic 

polymers increasing, since then, the number of publications exponentially [47, 48]. Some 

of the most important milestones are summarized on Table I.1. Further details about 

electrospinning’s history are available elsewhere [47, 49-52]. 

 

Table I.1. Historical milestones of electrospinning. 

Year Author Historical milestone Reference 

Around 

1600s 

W. Gilbert Study of the magnetic behaviour and 

electrostatic phenomena. 

[49] 

Late 1800s L. Rayleigh Investigation of liquid jet hydrodynamic 

stability, with or without applied electric field. 

[47, 50] 

1902 J.F. Cooley Patent registration entitled “Apparatus for 

electrically dispersing fluids”, considered as 

the first description of a process 

recognizable as electrospinning. 

[53, 54] 

1914 J. Zeleny Study of the fluid droplets behaviour at the 

end of metal capillaries. 

[51, 52] 

1934-1944 A. 

Formhals 

Publication of several patents describing 

important developments towards 

electrospinning commercialization. 

[55-65] 

1936  C.L. Norton Patented the use of melted polymers. [49, 66] 

1964 -

1969 

G.I. Taylor Development of theoretical electrospinning 

underpinning, which allowed the 

mathematical modeling of the cone shape 

formed by the liquid droplet that became 

known as Taylor’s cone. 

[51, 67] 

 

Electrospinning is a technique allowing to create submicron to nanometer scale fibers 

from polymer solutions or melts and was developed from a basis of electrospraying, 

widely used for more than 100 years [65, 68]. It is also known as electrostatic spinning, 

with some common characteristics to electrospraying and the traditional fiber drawing 

process [69]. 

The conventional setup for an electrospinning system consists of three major 

components: a high voltage power supply, a spinneret and a collector that can be used 

with horizontal or vertical arrangement [47, 65, 70]. The syringe contains a polymeric 

solution or a melt polymer, pumped at a constant and controllable rate. The polymer jet 
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is initiated when the voltage is turn on and the opposing electrostatic forces overcome 

the surface tension of the polymer solution. Just before the jet formation, the polymer 

droplet under the influence of the electric field assumes the cone shape with convex 

sides and a rounded tip, known as the Taylor cone [51, 69, 71]. During the jet’s travel, 

the solvent gradually evaporates, and charged polymer fibers are randomly deposited or 

oriented in the collector [71].  

The electrospinning process can be influenced by several parameters, such as: solution 

parameters (viscosity, concentration, type of solvent), processing parameters (flow rate, 

distance between needle and collector, voltage supply, type of collector) and ambient 

parameters (temperature and humidity), as summarized in Table I.2 [47]. It should be 

emphasized that the acceleration of fiber formation is up to 600 m/s2, which is much 

higher than the value of acceleration of gravitational forces on earth (at sea level and at 

45º of latitude it corresponds to 9.80665 m/s2), meaning that gravity does not influence 

the process [72, 73]. 

 

Table I.2. Effect of electrospinning parameters in fiber formation. 

 Parameter Effect References 

Solution Viscosity Determines the fiber formation. [74-77]  

Surface 
tension 

Determines the applied voltage; it 
must be higher than surface tension 
of the solution to initiate the process. 

[76-78]  

Conductivity Higher conductivity avoids droplet 
deposition in the fibers. 

[75-77]  

Dielectric 
effect 

High dielectric properties reduce 
bead formation and fiber diameter. 

[77, 78]  

Processing Applied 
Voltage 
 

Influences the jet stretching and 
acceleration and consequently fiber 
morphology. 

[75, 77]  

Flow Rate 
 

Influences the fiber diameter, its 
geometry and mesh porosity. 

[75-77]  

Needle 
diameter 
 

A small internal diameter reduces 
droplet formation in the fibers. 

[77, 78] 

Distance 
needle-
collector 

Influences the solvent evaporation 
rate. 

[75, 77]  

Ambient Temperature The increase of temperature favors 
the solvent evaporation rate. 

[67, 77]  

Humidity If too high induces morphological 
changes increasing the surface 
heterogeneity and for hydrophilic 
polymers is unable form fibers and 
electrospraying occurs. 

[47, 67, 77, 78] 



42 
 
 

Atmosphere 
types 

Some gases are influenced by the 
electrostatic field blocking the 
process. 

[77]  

Pressure If pressure is lower than atmospheric 
one the solution exists through the 
needle causing jet instability. 

[77]  

The technique is also highly versatile since, in addition to the conventional fiber 

configuration, it is possible to obtain a variety of other configurations, namely core/shell 

(co-axial) or emulsion configurations and, according to the fiber orientation, it is possible 

to produce aligned or randomly oriented fibers depending the type of the collector used 

(Fig. I.2). [11] 

 

Figure I.2. Electrospinning fabrication strategies, fiber orientation types and types of 

collectors used. 

 

The use of electrospinning to regenerate damaged tissues rose in the last decade due 

to its simplicity to produce meshes and its capacity to mimic the micro-nanostructure of 

the natural ECM. The nanofibers produced through electrospinning confer a high surface 

area to the structure, high interconnectivity which is beneficial for regenerative tissue 

growth and cell migration and great potential for effective delivery of biomolecules, [47, 

79]. According to tissue engineering principles an ideal scaffold should hold cellular 

activities, and should disappear over time while tissue regeneration occurs. To enable 

this, scaffolds should mimic native tissue regarding its structure, appropriate mechanical 

strength, porosity for cellular infiltration and growth [35, 69]. 
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Traditional scaffolding methodologies like solvent casting and particulate leaching, 

freeze drying and gas foaming have limited ability to form scaffolds that mimic the native 

tissue nanostructural architecture [80, 81]. However, electrospinning presents an unique 

ability to fabricate nanofiber-based scaffolds that best mimic the nanometer scale of the 

native ECM as well as the mechanical properties of the native skin. Electrospun skin 

substitutes have been claimed to have increased potential to promote better cellular 

attachment, growth and differentiation due the high surface area, high aspect ratio and 

high microporosity provided by the low fiber diameter structure [35, 52, 82]. The 

versatility of this technology further allows tuning of fibrous scaffold design in terms of 

mechanical properties, fiber diameter, density and orientation to mimic the physical 

features of the ECM, as shown in several examples ahead.  

The mechanical properties of skin in vitro and in vivo have been evaluated using different 

techniques (ultrasounds, indentation, tensile tests, suction and torsion) [83-85]. Human 

skin is a complex tissue due its heterogeneity, viscoelasticity, anisotropy, adhesive 

properties and non-linear stress-strain behaviour [83, 84, 86]. Table I.3 presents the 

mechanical properties of skin tissue in comparison to electrospun meshes made by 

different materials and production strategies, showing that the mechanical properties of 

electrospun meshes are similar to those of skin, thus demonstrating the potential of this 

technology to mimic skin tissue due not only due to its similarity in terms of organization 

(nanofibrous mesh-like structure) but also mechanical properties.  

 

Table I.3. Mechanical properties of skin tissue and electrospun meshes. 

Structure Young’s Modulus 

(MPa) 

Tensile 

strength (MPa) 

Elongation at 

break (%) 

Ref. 

Human Skin 2.9-150 1-32 17-207 [87-90] 

PCL 21.42 ±   0.04 6.87 ± 0.25 116.0 ± 6.53 [91] 

PCL/collagen 82.08 ± 17.86 8.63 ± 1.44   24.0 ± 7.16 [91] 

PLCL 47.66 ±   2.24 7.24 ± 0.16 158.54 ± 66.67 [90] 

CA/pullulan   2.91 ± 0.21 0.13 ± 0.08   22.2 ± 0.01 [92] 

HA/PLGA 

core/shell 

28.0 1.52 60.07 [93] 

CA – cellulose acetate; HA - hyaluronic acid; PCL – poly (Ɛ-caprolactone); PLCL - 

poly(Ɛ-caprolactone-co-lactide); PLGA - poly(lactic-co-glycolic acid). 

 

Additionally, the high specific surface area and porosity of electrospun meshes constitute 

additional functional advantages by providing tunable fluid absorption and drug and 
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biomolecule delivery, adequate oxygen, water and nutrient diffusion coupled with 

efficient metabolic waste removal. 

In spite of the significant advances in electrospinning, in the biomedical field only a few 

companies provide customized nanofibers production either as single or bi-layers 

combining different materials. Commercially available products also include cell culture 

well-plates integrating electrospun structures and meshes for stent coverage [94-96]. 

Specifically for skin regeneration, a clinical trial was carried out for the treatment of 

diabetic foot ulcers using a multilayer polyurethane electrospun transdermal patch 

releasing nitric oxide [97]. However no clinical trials using the electrospinning technique 

for skin regeneration are ongoing [98].  

 

4.1 Randomly oriented fiber meshes 

Conventional electrospinning set-up configuration consists in fibers randomly deposited 

over the grounded collector, which is usually a metal plate [47, 79, 99]. The random 

deposition is a consequence of the jet instability resulting from the electric field applied 

to overcome the polymeric solution surface tension [51, 100]. 

There are several studies comparing random and aligned deposition strategies in terms 

of nanofibers morphology, hydrophilicity, mechanical properties and cell adhesion and 

proliferation [101, 102].  

In terms of biological response numerous studies demonstrated that aligned fibers 

usually exert a more relevant influence on cellular behaviour including cell morphology, 

cellular density and gene expression. In terms of mechanical properties the elongation 

at break presents better results when fibers are randomly oriented [101-104]. Although 

both strategies allow producing structures with suitable properties to promote skin 

regeneration, skin is generally characterized by a meshlike random orientation of fibrils, 

making random meshes the electrospun structures the more suited to mimic native skin’s 

ECM [18]. Jha and colleagues explored the application of randomly oriented fiber 

meshes to improve wound healing, in which they assessed skin regeneration promoted 

by collagen electrospun fibers crosslinked with glutaraldehyde on adult guinea pigs [105]. 

In vitro and in vivo results showed that the created wounds closed after 16 days of 

implantation and no adverse inflammatory reactions or other antigenic complications 

were observed, showing the great potential of this strategy for dermal reconstruction. 

Said and co-workers (2011 and 2012) also investigated randomly oriented electrospun 

fibers for wound healing by combining PLGA with different substances as antimicrobial 

wound dressing. In vivo results after application of fusidic acid (FA)-loaded PLGA 
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electrospun ultrafine fibers showed high efficacy of this strategy to promote wound 

healing and reduced infection (Fig. I.3) [106, 107]. A study performed by Coskun et al. 

evaluated the performance of randomly oriented electrospun poly (vinyl alcohol)/sodium 

alginate as wound dressing in vivo. This study compared commercially available wound 

dressings (tulle gras, Eczacibasi), woven cotton antibacterial bactigras (Smith & 

Nephew) and nonwoven Suprasorb-A (Lohmann) made from calcium alginate fibers to 

the electrospun meshes during 21 days. In the early time-points (4 and 6 days) no 

significant differences were observed, although after the following time-points (15 and 

21 days) important differences were observed. Electrospun meshes presented the best 

healing performance as shown through epithelization, epidermis characteristics, 

vascularization and formation of hair follicles (Fig. I.4) [108].  

 

 

Figure I.3. Effect of plain and fusidic acid loaded PLGA ultrafine fibers on the healing of 

wounds in rats [107].  
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Figure I.4. Histological cross-sections of tissues obtained from regions covered by wound 

dressings on the 21st postoperative day. (a) Tulle grass; (b) Bactigras ; (c) Suprasorb-A 

; (d) Electrospun poly (vinyl alcohol)/sodium alginate mesh . Arrows: hair follicies [108]. 

 

These studies demonstrate the importance of the nanostructure provided by randomly 

oriented electrospun meshes to promote wound healing. In fact the electrospinning 

technique allows production of nanostructures with similar diameter (native range 

between 10 to 300 nm), porosity and random orientation similar to the collagen fibrils in 

the ECM of skin [18, 108]. 

 

4.2 Aligned fiber meshes 

In the TE field one of the most important criteria to design the optimal scaffolds relies in 

mimicking the tissue ECM, which may involve a considerable degree of orientation, 

depending on the tissue type and ECM. Hence, random fiber deposition may not be 

adequate when mimicking tissues where specific fiber orientation is required [72, 79]. 

Therefore several alternative set-ups to conventional electrospinning have been 

developed to achieve optimized architectures. To obtain aligned fibers by electrospinning 

several collectors with varied configurations have been designed to match the desired 
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orientation (Fig. I.2). Fiber alignment can also be achieved using near electrospinning or 

melt electrospinning. In both cases the collector is moving in X and Y directions to induce 

filament orientation and the process is characterized by short distances between the tip 

of the needle and the collector. To achieve a stable jet region for controllable deposition 

the average distance of near electrospinning lies between 500 µm and 3 mm and for 

melt electrospinning between 3 and 5 cm [109-111]. 

Compared to randomly oriented fibers, aligned fibers present significantly higher 

resistance to tensile stress, when tested parallel to fiber alignment, and also exert a 

distinct influence on cell behaviour [70]. Since a variety of tissues are constituted by 

oriented fibers the development of support structures capable of influencing cellular 

behaviour at the right orientation is of significant importance. These tissues include 

ligaments, tendons, brain, muscles, cardiac and vascular tissues [112]. Recent studies 

demonstrated the influence of aligned fibers over cell organization and function [113-

115]. 

Despite the general random orientation of native skin tissue, Annaidh and colleagues 

have reported the relevance of the orientation of collagen fibers in the dermis due to the 

correlation between their orientation and Langer Lines [85]. In the past, Cox and Stark 

already concluded that the Langer lines have an anatomical basis, since they remained 

after removal of skin from the body and after tension tests [116, 117]. A few studies have 

investigated the use of aligned fiber meshes to promote wound healing. Patel et al. 

developed aligned and bioactive nanofibrous scaffolds by immobilizing extracellular 

matrix protein and growth factor onto poly(L-lactide) (PLLA) nanofibers, which simulated 

the physical and biochemical properties of native matrix fibrils. The aligned nanofibers 

significantly induced neurite outgrowth and enhanced skin cell migration during wound 

healing compared to randomly oriented nanofibers. Furthermore, the immobilized 

biochemical factors (as efficient as soluble factors) synergized with aligned nanofibers 

to promote highly efficient neurite outgrowth but had less effect on skin cell migration 

[118]. Kurpinski and co-authors showed that aligned PLLA nanofibers enhanced bovine 

aortic endothelial cells (BAECs) infiltration as a result of a high pore openness, which 

facilitated cell migration across the structure. In vitro and in vivo tests on a dermal wound 

healing model showed the importance of nanofiber alignment coupled with the effect of 

added heparin as effective biophysical and biochemical cues, respectively, to regulate 

the cellular behaviour and tissue remodeling [119]. In terms of wound size reduction no 

significant improvements were observed after 7 days. However, histological findings 

revealed that in aligned fibers the epidermal layer grew, migrating from the wound edge 

towards nanofibrous graft [119]. 
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4.3 Fibers with core/shell structure 

The core/shell technology emerged among the most promising set-ups in the field of 

electrospinning since it is based on the combination of two different materials or 

substances. Using this approach, the same filament may have distinct inner and outer 

layers, allowing different compositions such as a material surrounded by another material 

or by a matrix loaded with dispersed particles [79, 120]. This design was developed to 

incorporate substances (e.g. drugs, enzymes, growth factors or other biomolecules) 

inside the nanofibers. It presents two main advantages [52]: i) substances can be 

incorporated in the inner layer being protected from environmental factors, such as the 

organic solvents usually used in the electrospinning technique; ii) and the incorporated 

substance can be released from the inner layer and past the outer shell layer in a more 

controlled and sustained pattern [70]. The design parameters, selected materials, 

thickness and microstructure of the shell will directly influence the release pattern of the 

substance contained inside of the fibers. The core/shell design is also being widely 

explored to improve the surface properties of nanofibers, such as the hydrophilicity, 

which in turn will influence the biological response [70].  

There are two different processes to produce core/shell fibers: co-axial electrospinning 

and emulsion electrospinning. Co-axial electrospinning consists on a capillary 

concentrically inserted inside the other capillary, resulting in a co-axial configuration in 

which each capillary is connected to a reservoir containing a given material. Similarly to 

the conventional electrospinning set-up this approach can work in the vertical or 

horizontal positions [120]. Through this process, several structures can be produced, 

such as bicomponent fibers, hollow fibers and fibers with microparticles (Figs. I.2 and 

I.5). Bicomponent fibers with core/shell configuration can be obtained from two 

electrospinnable materials or the combination of a spinable material with other non-

spinable. This approach presents as major advantages the obtention of a final fiber 

presenting unique properties and the use of materials that on their own could not be used 

in the electrospinning process. Using this approach, the range of materials used in 

electrospinning considerably increases, overcoming the limitations to obtain electrospun 

fibers from specific materials due their low molecular weight, limited solubility, unsuitable 

molecular arrangement, or lack of required viscoelastic properties [120]. For instance, 

Nguyen and co-workers (2011) developed electrospun meshes of chitosan (CS) (core) 

and poly(lactic acid) (PLA) (shell) although CS, due to its high molecular weight, high 

viscosity and polycationic nature, cannot be electrospun on its own, and demonstrated 
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their antibacterial activity and the high potential of these composite nanofibers for 

applications in the biomedical field. 

 

 

Figure I.5.Core/shell fibers a) Transmission electron microscopy image of: Core/shell 

chitosan/poly(lactic acid) electrospun composite nanofibers produced using a co-axial 

approach [121]; b) Scanning electron microscopy image of a cross-section of a 

polycaprolactone (PCL) hollow fiber in water coagulation bath [122]; c) Confocal 

microscopy image of a poly(vinyl alcohol) (core)/PCL (shell) nanofiber mesh with 

encapsulated liposomes (in the core) stained with fluorescein[123].   

 

The combination of fibers with drugs, growth factors and other substances or 

biomolecules also provides novel functionalities to the produced fibers [120]. The 

entrapment of substances inside the fibers allows controlling the release rate, which is 

dependent on the degradation rate of the outer fiber polymer, thus smoothing the sudden 

release [52]. Several research groups have been showing interesting results from 

substances encapsulation. Maleki et al. reported an easier control of drug release profile 

through core/shell fibers compared to monolithic fibers using tetracycline hydrochloride 

(TCH) as core and poly(lactide-co-glycolide) (PLGA) as shell [124]. Despite their 

interesting properties the wide application of liposomes in regenerative medicine is 

difficult due to their short half-life and inefficient retention at the site of application. 

Mickova and co-workers claim that these disadvantages could be significantly reduced 

by their combination with nanofibers[123]. They demonstrated the incorporation potential 

of liposomes into nanofibers by coaxial electrospinning of poly(vinyl alcohol) (PVA) (core) 

and polycaprolactone (PCL) (shell). The study validated that the enzymes encapsulated 

on liposomes dispersed into PVA fibers survived intact to the process fabrication. The 

potential of this system was also proved by the enhancement of mesenchymal stem cell 

proliferation, indicating its promising characteristics as drug delivery system [123]. 

Not many studies are available reporting the use of core-shell nanofibers for skin 

regeneration. Jin et al.  demonstrated that nanofibers composed of gelatin (core)/poly(l-
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lactid acid)co-poly-(e-caprolactone)(PLLCL) (shell) and epidermal induction medium 

embedded in the core promoted the desired sustained release of the medium without 

burst release and further induced the differentiation of adipose-derived stem cells into 

epidermal lineages [125]. According to Xu et al. an efficient delivery system is critical for 

the success of cellular therapies. To deliver cells to a dynamic organ, the biomaterial 

vehicle should mechanically match the non-linear elastic behaviour of the host tissue. In 

this study, non-linear elastic biomaterials have been fabricated from a chemically 

crosslinked elastomeric poly(glycerolsebacate) (PGS) (core) and the thermoplastic 

poly(L-lactic acid) (PLLA)(shell) using the core/shell electrospinning technique. 

Mechanical tests demonstrated values comparable to skin tissue (Table 3) and ex vivo 

and in vivo trials shown that the elastomeric mesh supports and fosters the growth of 

enteric neural crest (ENC) progenitor cells.  

Co-axial electrospinning can also be used to produce hollow fibers without the need of a 

template to be coated, as in the chemical vapor deposition method [126]. In this strategy 

the core material is dissolved by a specific solvent, at the end of the process or the core 

interacts with shell forming a hollow fiber during the processing. Wei et al. showed the 

potential of hollow fibers to act as a drug delivery system using core/shell fibers of PVA 

(core) and polyethersulfone (PES) (shell) with the core material containing the drug 

(curcumin). During the fabrication process the core and shell wall interacted forming a 

hollow fiber bilayer containing the drug on the fiber inner wall [127]. 

Core/shell fibers can also be produced using emulsions. This approach does not require 

a special needle with a physical separation between the core and the shell solutions 

neither such a careful selection of operation parameters as in the co-axial aproach. In 

this case the dispersed drop in the emulsion turns into the core and the continuous matrix 

become the shell [120, 128, 129]. Ma et al. reported the formation of core/shell fibers 

through the emulsion using sodium alginate as core and poly(ethylene oxide) (PEO) as 

shell. However, when crosslinking occurs it induces changes on fiber morphology and 

the electrospun mesh looses the configuration and becomes a film. The water-in-oil (w/o) 

emulsion is being widely explored to encapsulate hydrophilic drugs or bioactive 

molecules in the core to avoid burst release and prolong the release time [128]. Zhang 

et al. prepared bovine serum albumin (BSA) entrapped in a water-in-oil emulsion as the 

core, encapsulated in the shell polymer (methoxy polyethylene glycol-b-poly(l-lactide-co-

e-caprolactone) (PELCL) and poly(l-lactide-co-glycolide)(PLGA)) via emulsion-core (EC) 

coaxial electrospinning. The fibrous membranes reduced the initial burst release of BSA, 

which can be tailored by changing the composition to PLGA in the core emulsion. The 
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results showed that EC electrospinning performed better than conventional co-axial 

electrospinning with respect to protein delivery for tissue engineering applications[130]. 

 

4.4 Hybrid structures 

The characteristic small pore size of nanofibrous meshes produced by electrospinning 

and the lack of specific groups to interact with cells on the commonly used polymers 

limits the cellular migration into the scaffold and could results in 2D tissue formation 

becoming a hindrance to the success on 3D tissue regeneration  [131, 132]. To 

overcome these limitations several promising approaches have been developed, either 

combining different variants of electrospinning or through combination with additive 

technologies [133, 134].  

The combination of different electrospinning set-ups allows the fabrication of hybrid 

structures. Several research works explored the development of hybrid structures 

combining different fiber diameters [135-137], different materials to improve the 

properties of the structure [138-140] or combining aligned/random fibers [141]. For skin 

regeneration most of the available works only explore the combination of materials and 

different fiber diameters, building structures without gradients.  

The droplet formation phenomena, initially considered an handicap to fiber production, 

is a consequence of the low viscosity of the polymeric solutions used in electrospinning 

[50, 142]. However, exploration of particle formation under influence of an electric field, 

a new technique was developed, called electrospraying, ensuring that with one 

entanglement per chain it is possible to obtain particles from micro to nano scale [143]. 

Particle electrospraying is of great interest for tissue engineering applications by 

providing encapsulation of biomolecules due its high encapsulation efficiency and 

increase in the surface area [144, 145]. Only a few works are available combining 

electrospraying with electrospinning, aimed at developing hybrid structures mimicking 

native tissues. It has been previously demonstrated that combining both techniques it is 

possible obtain hybrid structures with potential for tissue regeneration due its capacity to 

promote cell adhesion and proliferation (Fig. I.6a) [146-149] . The combination could be 

an interesting approach to produced meshes for skin regeneration although it has not 

been explored in that sense yet. As previously explained nanofiber meshes have unique 

properties to promote skin regeneration although, especially coupled with controlled 

delivery of relevant therapeutic molecules. This could be achieved using the 

electrospraying technique that provides advantages over the more widespread use of 

nanoparticles prepared through conventional techniques, since no emulsion nor high 
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temperatures are required, no further drying step is necessary and it provides an 

enhanced control over particle size distribution [145, 150, 151].  

 

Figure I.6. Hybrid structures produced by combination of: a) Electrospinning and 

electrospraying [146, 147], b) Solution electrospinning and melt electrospinning [152], 

c) 3D printing (FDM) and electrospinning [153]. 

 

Hybrid structures produced through the combination of solution and melt electrospinning 

is another interesting emerging approach. The use of a molten polymer with electrostatic 

field was reported for the first time by Larrondo and Mandley [154-156]. However, only 

recently the use of melt polymers has received attention again rather than polymers 

dissolved in organic solvents. Although fibers obtained through melt electrospinning 

usually present relative high diameters, the technology presents important advantages 

namely not using organic solvents, thus avoiding solvent accumulation and the need to 

subsequently eliminating them to decrease sample toxicity [109, 157]. The combination 

of solution with melt electrospinning also contributes to solve the problems associated 

with low cellular infiltration as a consequence of high-density packing of nanofibers, with 

the microfibers increasing the pore size and porosity required for cell infiltration, and 
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nanofibers contributing to promote cell attachment and growth [145, 158]. However, 

despite the potential of this kind of combination, only few works are available explored 

this approach, demonstrating that 3D hybrid structures made from PLGA micro and 

nanofibers show improved mechanical properties, cell attachment and growth than 

structures composed only by microfibers, thus representing a greater potential for tissue 

engineering applications, namely for skin regeneration (Fig. I.6b) [134, 152].  

Another strategy to obtain hybrid structures involves additive manufacturing technology 

combined with electrospinning. Additive manufacturing (AM) techniques have been 

widely studied for scaffold fabrication due their ability to produce porous structures with 

high reproducibility, tailored external shape and internal morphology [159-161]. 

However, the produced scaffolds present lack of nanometer-sized details to mimic the 

native ECM of tissues. To improve cellular behaviour the combination with electrospun 

nanofibers is a possibility [131, 160, 162, 163]. The initial works combining both 

techniques were reported in 2008, demonstrating improved mechanical properties, cell 

attachment and proliferation of the hybrid structures and their potential for tissue 

engineering (Fig. I.6c) [153, 164, 165]. Since then, only few additional works have been 

reported, most of them combining additive techniques based on fused deposition 

modeling (FDM) with electrospinning, and often using PCL [160, 166-172]. Although no 

works exploring this approach for skin regeneration are available it would be interesting 

to integrate the advantages of AM (control of pore size, pore size distribution, 

interconnectivity and mechanical properties) with electrospun nanofibers. The use of 

hybrid structures allows combining the advantages of both techniques and reducing or 

eliminating the disadvantages resulting of the separate use of each technique, as 

explained in Table I.4. 
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Table I.4. Critical analysis of the essential characteristics of scaffolds produced by 

additive manufacturing (AM) in comparison with nanofibers produced by 

electrospinning and their influence on tissue regeneration. 

Type of 
structure 

Characteristics Influence References 

A
M

 s
c
a
ff

o
ld

s
 

Controlled 
microstructure 

Facilitates oxygen and nutrients 
transport across the structure by 
increasing the diffusion efficiency 

[161, 164, 
173]  

Suitable 
mechanical 
properties 

Maintains scaffold structural integrity 
and stability and matches native 
tissue’s mechanical characteristics 
to expose cells to the correct stress 
environment 

[164, 165, 
174, 175]  

Large pore size Limits cell seeding efficiency [166, 168, 
171, 176]  

Smooth filaments Inhibits initial cell attachment [164, 166, 
171] 

E
le

c
tr

o
s
p
u

n
 n

a
n

o
fi
b

e
rs

 

High surface area Mimics the hierarchical structure of 
ECM that is critical for cell 
attachment, spreading and 
proliferation, as well as for 
nutrient/waste transportation 

[52, 79, 82, 
168] 

High porosity Favors cell attachment, 
differentiation and mimics the native 
ECM, facilitating nutrient and waste 
exchange and vascularization 

[70, 75, 177-
179]  

Fibers with low 
diameter 

Fiber diameters match structural 
properties of the ECM and confer 
high surface area to volume specific 
ratio 

[50, 70, 142, 
180]  

Low mechanical 
properties 

Limits structural and functional 
integrity and does not provide the 
correct stress environment to 
produce neotissues 

[70, 99, 164, 
167] 

High packing 
required to obtain 
3D structures 

Restricts cellular infiltration across 
the mesh 

[160, 181, 
182]  

 
Despite recent advances towards the development of hybrid structures for tissue 

engineering applications, several challenges still remain. Most of the hybrid structures 

produced are based on the combination of solution electrospinning together with 

electrospraying, melt electrospinning or additive manufacturing technologies. 

Combinations with other techniques, although yet little explored, represent equally 

exciting potential, even if for specific applications. Pateman and colleagues explored the 

potential of combining the stereolithography and electrospinning to create channels with 

oriented fibers supporting the regeneration of injured nerves and guide Schwann cell 
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growth [183]. This approach could be equally interesting for wound dressing 

development by, for instance, allowing to produce fibers with photocrosslinkable 

hydrogels that combine the advantages of wound dressings composed by nanofibers 

(promoting hemostasis, semipermeability, no scar induction, among others) with 

photocrosslinkable hydrogels that, beyond the advantages of hydrogels in the wound 

healing process, allow precise control over the diffusion rate of bioactive substances 

across the structure [9, 181, 184] . 

 

4.5 Cell electrospinning 

Scaffolds are critical to support, promote and guide cell growth, thus making the 

development of structures mimicking the ECM a subject of intense research. To recreate 

the complex tissue nano-microstructure, modular structures are required providing 

precise control over the architecture, biomechanical behaviour, cell density and 

degradation rate [1, 7, 41]. At present, two main approaches are available to integrate 

cells into the scaffolds: cell seeding and cell printing/bioprinting, correlated with top-down 

and bottom-up approaches, respectively. Cell seeding is the most widely used method 

to integrate cells into 3D structures and consists on seeding cells on scaffolds. However, 

this approach presents limited control over cell density, localization and spreading, 

resulting in low seeding efficiency, minimal cell penetration of scaffold walls and not 

mimicking the cellular organization of native tissues [185-187]. Although different 

approaches exist for cell seeding, cell printing been attracting great attention due to the 

possibility of integrating cells directly into the filaments that compose the 3D structure 

[188, 189]. Different cell printing technologies allow the production of 3D structures, in 

which cells and biomaterials can be positioned in pre-determined places due to the 

precise control over the internal/external architecture and layer-by-layer fabrication [161, 

186, 189]. The most widely used technologies for cell printing are the inkjet [45, 190-192] 

extrusion [189, 193, 194], laser [195-197], valve-based [188, 198] and acoustic ones 

[199, 200] (Fig. I.7). 
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Figure I.7 . Cell printing technologies. 

 

The biological performance of electrospun meshes, similarly to other structures designed 

for tissue engineering applications, depends on their ability to incorporate the desired 

cell types and to promote the intended functionality of the incorporated cells [201]. As 

previously mentioned, the most common procedure relies in incorporating cells after 

scaffold production, although recent works have been exploring the combination of 

electrospinning with bioelectrospraying to seed cells during the production of the 

structure. The earlier incorporation of a high number of cells was reported to improve 

structural stability and biochemical composition of engineered tissues [202, 203]. 

Similarly to the previous cell printing technologies mentioned, the cell electrospinning 

methodology intends to significantly reduce the time needed to generate complex 

cellularized structures, the non-uniformity in the seeded cells and the time required for 

cells to fully infiltrate the entire architecture [204]. This concept was pioneered in 2006 
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by Suwan J. Jayasinghe’s research team, when they proposed cell electrospinning with 

different cell concentrations and using a core-shell set-up and varying flow rates[205]. 

The cell line used belongs to the neuronal lineage, and hence are more suitable to 

function under the influence of electric impulses without damage. Since cell suspensions 

by themselves are not electrospinnable the core-shell approach was used, in which the 

inner part was composed by a cellular suspension and the outer part by 

polydimethylsiloxane (PDMS). The outer solution should act as a shield for cells and 

provide a matrix for cell growth. The cellular viability in vitro post electrospinning was 

evaluated through flow cytometry and showed that cell growth and 100% of confluence 

in all samples was reached after 3 weeks of culture. In vivo tests were performed using 

real-time bioluminescent imaging in which results showed that the processing did not 

compromise the ability of the electrospun cells to proliferate [205-207]. However, 

according to Townsend-Nicholson and colleagues, when the bicomponent filaments 

(PDMS/cell in suspension) were submerged into the cell growth medium the nanofiber 

mesh configuration was lost, thus indicating that the cell viability mentioned before 

corresponded to the cell suspension alone and not to the performance of electrospun 

meshes incorporating cells. Nevertheless, the study showed the possibility of 

electrospinning living organisms. The same research team updated the previous work 

by using the same polymer (PDMS) but increasing the cell concentration from 106 to 107 

cell/mL and using primary porcine vascular smooth muscle cells and rabbit aorta smooth 

muscle cells [206]. Although cell viability was described as not affected by the electric 

field and fibers were electrospun containing high cellular concentrations, no evidence of 

remaining scaffolds after cell culture was provided. Recently, Sampson and co-workers 

reported in vitro and in vivo studies using cell electrospun meshes produced with 

modified matrigel as shell to the cell suspension. According to their results the cells 

submitted to the electric discharge showed a similar behaviour to the control ones (not 

submitted to any discharge), although the matrix was dissolved and cells disassociated 

from the scaffold before analysis[207]. 

Although a few publications already exist on the topic of cell electrospinning, the issues 

related to cell behaviour in a high electric field, namely the in depth assessment of cellular 

damage, has not been reported yet. Jayasinghe and his team reported that cells survive 

the electrospinning process without any major damage, although enough evidence is still 

missing showing that the 3D structures encapsulating the cells maintain their architecture 

over time. Another limitation of this process is related with the fiber size. One major 

advantage of electrospun nanofibers in wound healing is the relatively small fiber 

diameters (in the order of nanometers), which mimics the native ECM. In suspension 
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cells assume a size of around 10-20 µm, which considerably limits the fiber diameter 

achievable with the cell electrospinning approach to the micrometer size range, thus 

compromising the natural advantage of electrospinning to mimic the native fibers of ECM 

(10-300 nm) compared to other competing technologies such as cell printing. 

Therefore, additional studies are required to further address the issues described above. 

However, in the field of skin regeneration this new approach brings enormous potential, 

with the possibility of incorporating cells into the core of polymer fibers, thus eventually 

decreasing the problems associated with low cell infiltration as a consequence of small 

pore size and high packing associated to electrospun 3D meshes. 

 

4.6 In situ electrospinning 

In situ electrospinning is, a new concept that intends to produce appropriate substitutes 

for tissue repair and regeneration directly on the patient’s lesion [7]. To fabricate the 

adequate substitutes this approach is associated to real-time imaging techniques and 

path-planning devices for the digitalization of the damaged area and definition of the path 

for the deposition of biomaterials with or without cells that can be combined with 

encapsulated cells [7]. The main goal of this approach is to provide a tool to directly 

create a customized wound dressing to the wound bed, with easy and quick application, 

painless to remove and at a low cost [208, 209]. Xu et al. recently patented an easily 

handled and portable e-spinning battery-operated apparatus for in situ electrospinning 

(Fig. 8a) [210], allowing the deposition of electrospun meshes, with similar characteristics 

to the ones obtained by the conventional electrospinning technique, directly to the skin 

and using varied polymeric micro/nanofibers (Fig. 8b) [208]. More recently, the same 

team explored the effect of in situ electrospinning on the wound healing process. They 

deposited in situ mesoporous silica nanoparticles (Ag-MSNs) dispersed in PCL 

electrospun fibers and evaluated the antimicrobial activity and biological efficacy in wistar 

rats. The in vitro and in vivo results confirmed the antimicrobial activity and bioavailability 

of 5% Ag-MSNs/PCL electrospun fibers (average diameter of 658 nm). The results 

showed efficient antibacterial properties against predominant pathogenic bacteria (gram 

negative Escherichia coli) responsible for several burn wound infections. In vivo studies 

clearly showed the improvement of in situ deposited nanofibers on wound healing 

compared to the control groups. After four weeks of post-treatment it was possible to 

observe significant wound closure and complete re-epithelialization (Fig. I.8c) [209]. This 

new approach can bring considerable advances in the wound care field, allowing a quick 

deposition of skin substitutes independently of wound size and depth, although some 
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issues still remain to addressed, such as the decrease of fiber diameter (from ca. 650 to 

10-300 nm, the average diameter of fibers in native ECM), and the matching of 

mechanical properties between structures developed and native skin. 

 

 

Figure I.8. In situ electrospinning concept, a) portable electrospinning system, b) SEM 

of electrospun meshes obtained with portable system, c) in vivo evaluation of in situ 

electrospun mesh, PCL-polycaprolactone, Ag-MSNs -mesoporous silica 

nanoparticles[208, 209]. 

 

5. Concluding remarks and future trends 

Nanoscale constructs, and electrospun meshes in particular, have been receiving great 

attention from the scientific and medical communities for skin regeneration. In the past 

few years, important advances have been achieved in terms of nanofiber fabrication 

strategies, and related material synthesis and functionalization, and in vitro cell culture 

procedures. The developments in the field reported so far have been considerably 

contributing for a more efficient mimicking of the ECM through the combination of 

materials, growth factors, proteins and biomolecules which, associated to the novel 
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advanced processing strategies, making possible the production of wound dressings 

with a remarkable potential for skin regeneration. However, recent advances in the 

specific topic of skin regeneration have been mainly focused on materials rather than in 

sophisticated fabrication strategies to generate biomimetic and complex constructs that 

resemble the mechanical and structural properties of skin. Research efforts have been 

focused on both the development of novel material combinations and the improvement 

of the biochemical properties of existing materials, for instance, through the use of 

functionalization procedures and surface modification processes. In general, improved 

skin substitutes need to be developed to avoid the use of animal-derived materials, 

improve the adhesion of cultured keratinocytes to the wound bed, improve the rate of 

neovascularization of tissue engineered skin and enhance the scaffolds materials to 

resist to the wound contraction and fibrosis. 

Several advances on the evolving field of electrospinning can be foreseen with specific 

application in wound healing, namely: 

 

i) Development of combined and functional structures using different deposition 

strategies, such as the multimaterial approach, where two or more materials are 

deposited at the same time on a single collector, or create a multilayer structure with 

sequential production. Other interesting strategy is the use of hybrid structures 

through the combination of filaments produced using different methodologies, such 

as using emulsions, copolymers, or the core/shell approach. 

ii) Integration of different technologies with electrospinning and different 

electrospinning approaches to obtain hybrid structures with tunable gradients, 

properties and functionalities. Combining different materials and fiber compositions, 

different fiber diameters and nano/microarchitectures to achieve the most suitable 

mimetic structure to regenerate the skin tissue; 

iii) Cell electrospinning of skin cells (keratinocytes and fibroblasts) needs to be explored 

to evaluate the electric field influence on the cells viability, proliferation and gene 

expression. The integration of cells into electrospun fibers will bring forward a new 

generation of skin substitutes and solve problems of cell infiltration associated to 

electrospun meshes; 

iv) The in situ electrospinning is a promising technology providing the possibility of 

direct deposition of electrospun nanofibers on the wound with no restriction due to 

wound size or depth. This technology open considerable possibilities, especially 

combined with previously mentioned developments, namely the deposition of 
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multilayer structures to build hybrid structures or the integration with cell 

electrospinning. 
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Aims |Chapter II 
_____________________________________________________________________ 

 

To develop a tissue-engineered structure is important to keep in mind that 3D 

microenvironments guide cellular behavior. Based on this, it is a key challenge to develop 

biocomplex scaffolds to better mimic the native ECM. Structurally, electrospun meshes 

mimic the skin ECM perfectly, for that reason to explore different materials and 

processing strategies to achieve the better microenvironment is needed. 

The main aim of this thesis is to investigate the electrospinning technique to develop a 

hybrid structure that has the capability to promote skin regeneration. For this purpose 

Polycaprolactone and Gelatin were explored to produce hybrid electrospun meshes 

evaluating three distinct methodologies (Multilayer, Coated and Blend). Both polymers 

are widely used in TE field and its properties well known. PCL is an aliphatic polyester 

that presents good mechanical properties is biocompatible and biodegradable. On the 

other hand, gelatin, a protein derived from collagen, displays many integrin-binding sites 

for cells and is biocompatible, biodegradable and presents excellent non-antigenicity. 

To reach an optimal wound dressing it is necessary to obtain a structure that mimics the 

mechanical and biological properties of native skin tissue and comprise several key 

features of wound dressings (adequate water vapour permeability, easy conformability 

to the wound, promote haemostasis and capability to absorb wound exudate). To 

achieve it several tasks were performed, briefly, the electrospinning process was 

optimized exploring different solvent systems and processing parameters. After selection 

of optimized parameters the PCL structures were evaluated in terms of degradation and 

in a parallel work the crosslinking of gelatin was also studied. The next step was the 

development of hybrid structures and characterized them to choose the structure that 

better mimic the properties of native skin ECM. 

The project highlights how it is possible to combine the same materials in different ways 

and to tailor the properties based on the final application. Therefore, useful knowledge 

for future adaptation is provided for tissue engineering field. The development of this 

project provided a further insight on wound dressings offering a new point of view of 

hybrid structures development using the same technique. By combining different 

processing strategies, it was possible to obtain structures with different characteristics 

that can be tailored based on the final application. 
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1. Introduction 

Electrospinning is an electrostatic fibre fabrication technique that has been attracting 

increasing interest due to its versatility and potential for applications in different fields [1]. 

In the biomedical field, electrospinning has been used to produce biosensors, filtration 

devices, scaffolds for tissue engineering, including wound dressing, drug delivery and 

enzyme immobilization systems [2, 3]. In tissue engineering, electrospun meshes have 

a great potential due to their high surface area and interconnectivity, beneficial for tissue 

ingrowth and cell migration, coupled with controlled delivery of incorporated 

biomolecules [4-6]. 

The conventional setup of a solution electrospinning system consists of three major 

components: a high voltage power supply, a spinneret and a collector that can be used 

in a horizontal or vertical arrangement [5, 7, 8]. The syringe contains a polymeric solution, 

pumped at a constant and controlled rate. The polymer jet is initiated when the voltage 
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is turned on and the opposing electrostatic forces overcome the surface tension of the 

polymer. Just before the jet formation, the polymer droplet under the influence of the 

electric field assumes a cone shape with convex sides and a rounded tip, known as the 

Taylor cone [2, 9, 10]. During the jet’s travel, the solvent gradually evaporates, and 

charged polymer fibers are deposited in the collector [10].  

Several laboratory-type and industrial scale electrospinning systems are commercially 

available [11-13]. However, laboratory-type systems are still relatively expensive, and, 

due to its low complexity, most research laboratories assembled their own systems [14-

16].  

The solution electrospinning process is influenced by several parameters, such as: 

solution parameters (e.g. viscosity, polymer concentration, solvent type), processing 

parameters (e.g. flow rate, distance between needle and collector, voltage, type of 

collector) and ambient conditions (e.g. temperature and humidity) [17]. For tissue 

engineering applications, where hydrogels are commonly used, it is fundamental to 

control the fabrication environment. However, this is not possible with most commercial 

available laboratory-type systems that present several limitations such as: 

 - metallic parts in contact with the electric field and thus affecting it, inducing the 

formation of secondary jets and, consequently, the deposition of fibers not only on the 

collector surface but also over all metallic components. Moreover, non-stable jets can 

induce solvent drop deposition over the electrospun meshes making them toxic; 

- flow rate control exerted by a step motor that limits the accurate control of flow rate 

compared to the use of a syringe pump; 

- fiber production mostly limited to horizontal mode strategies. 

These drawbacks limit the versatility and reproducibility of this technique by 

compromising the stability of the electric field. To solve some of these limitations a new 

design of an electrospinning system is presented and evaluated. 

 
2. Materials and Methods 

2.1. New design of an electrospinning system 

The digital representation of the new design of a solution electrospinning system is 

presented in Fig. III.1. In this new system a significant number of nonconductive 

components were introduced. The box of the equipment (1) is made in acrylic, with a 

main hole to allow solvent evaporation. This structure incorporates a door to access to 

the equipment inner part and some additional entry spot to allow the entrance of the 

infusion tubes supplying the polymeric solution. The base of the equipment (3) is made 

in cork (Corecork TB40, Amorim, Portugal) due to its adequate mechanical resistance 
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and machinability properties, insulate characteristics and eco-friendly nature. An acrylic 

part (2) is used to support the rod (4) made of teflon. The collector (5) is a grounded 

copper plate. The needle support (6) is made of acrylonitrile butadiene styrene (ABS) 

and slides on to adjust the distance between the needle (single or core/shell) and the 

collector. The collector (5), is static but its fixation system allows its easy replacement by 

other type of collectors. Items (1), (2), (4) and (5) were purchased and items (3) and (6) 

produced using a computer numeric control machine (CNC, from INAUTOM, Portugal) 

and an additive manufacturing system (Dimension machine from Stratasys). Additionally, 

the new system includes a syringe pump (model Pump 11Elite, Harvard apparatus) to 

supply the polymeric solution, a polymeric tube connecting the syringe and the needle, 

a Liquid Crystal Display (LCD) to control the voltage, an emergency button and a high 

voltage source (model PS/MJ30P0400-11, Glassman High Voltage, Inc). 

 
Figure III.1. New design of electrospinning system. a) Computer aided design (CAD) 

model of electrospinning system proposed; b) Main components:1 - acrylic box, 2 - 

acrylic support, 3 - cork base, 4 - teflon rod, 5 - collector, 6 - needle support. Technical 

draws are available in appendix A, section 1. 

 
The assembled electrospinning, which corresponds to a more versatile, flexible and user 

friendly system, is shown in Fig. III.2. Key features of this system are: 

- Allows the preparation of samples using vertical or horizontal configurations; 

- Due to the selection of non-conductive materials the jet is kept stable, not presenting 

secondary jets; 

- Provides accurate regulation of voltage due to the addition of a controller to the high 

voltage source. 

1 2 

4 

5 
6 

3 

a) b) 
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Figure III.2. Assembled electrospinning apparatus.  

2.2. Materials 

Poly (ɛ-caprolactone) (PCL) (Mw 50000 (g/mol), bulk density: 1.1g.cm-3) was kindly 

supplied by Perstorp (UK) and dissolved in dimethyl Ketone (DMK) (Sigma-Aldrich), and 

acetic acid (AA) (PanReac AppliChem). Gelatin powder from pig skin (type A, 300 bloom, 

60 mesh) were kindly supplied by Italgelatine (Italy). For polymers dissolution, different 

solvents were explored as indicated in Table 1. In order to increase the conductivity of 

the solutions prepared with acetic acid, 2% v/v of triethylamine (TEA, Sigma Aldrich) was 

added. After optimization, 1,4-butanediol diglycidyl ether (BDDGE, Alpha Aesar, 

Germany) was used as the gelatin crosslinker. 

 
2.3. Electrospinning of nanofiber meshes 

Polymeric meshes were processed using a single jet approach. Table III.1 presents the 

processing parameters used to produce the meshes. Non-woven electrospun meshes 

were obtained at room temperature and relative humidity of 40-50 %. Crosslinking of 

electrospun gelatin fibers were produced through the incorporation of BDDGE on the 

gelatin solution immediately before fiber electrospinning to avoid the loss of configuration 

that is induced through a crosslinking bath after fiber production. 
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Table III.1. Parameters tested to optimize the electrospun mesh production. 

Polymer 

Solution parameters Processing parameters 

Solvent system 
Polymer 

concentration (wt%) 

Distance 
between 

collector and 
needle (cm) 

Voltage 
(kV) 

Flow rate 
(mL/h) 

PCL 
AA/TEA (2% v/v)  

6, 11, 17 

7, 10, 12 
7, 10, 

12 

0.72, 3.17 
DMK 

Gelatin AA/TEA (2% v/v) 5, 10, 15 0.4, 0.72 

 
2.4. Physico-chemical characterization 

2.4.1. Morphology and fiber diameter 

The morphology of the produced meshes was examined by scanning electron 

microscopy (SEM) using a Quanta 400 FEG ESEM/EDAX Genesis X4M (FEI Company, 

USA). Prior to examination samples were coated with a gold/palladium (Au/Pd) thin film, 

by sputtering, using the SPI module sputter coater equipment. SEM images were also 

used to measure the fiber diameter using Image J software. For each condition, three 

individual samples were analyzed and fifty measurements per image were carried out. 

 
2.4.2. Structure 

Fourier transform infrared (FTIR) spectroscopy with attenuated total reflectance (ATR) 

was used to evaluate the chemical composition of the materials and to detect possible 

structural changes. FTIR analyses were carried out using an Alpha-P Brucker FTIR-ATR 

spectrometer, in the range of 4000–500 cm−1, at a 4 cm−1 resolution with 64 scans.  

 
2.5. In vitro studies 

Human dermal neonatal fibroblasts (hDNF) isolated from the foreskin of healthy male 

newborns (ZenBio, US) were cultured, expanded, and maintained in Dulbecco’s modified 

eagle medium (DMEM) (Gibco, US), at 37ºC in a humidified atmosphere of 5% CO2. The 

culture medium was changed twice a week and cells were trypsinized (0.25% 

trypsin/0.05% ethylenediamine tetraacetic acid (EDTA)/0.1% glucose in PBS (pH 7.5)) 

when they reached 70-80% of confluence. Cells from passages between 8 and 11 were 

used in this study. To assess cytotoxicity, electrospun meshes were tested in direct 

(samples) and indirect (leachables) contact with different pre-conditions (washed and 

non-washed in ultrapure water). Samples were sterilized with UV light followed by 

washing during 24 hours. hDNF cells were seeded in culture wells for 24 hours at a 

density of 2x104 cells/well. 24 hours later, samples (direct contact) and culture medium 

in contact with samples (indirect contact) were incubated with cells for another 24 hours. 
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The culture medium was then removed from the wells and fresh basal medium with 20% 

v/v resazurin (Sigma) was added. Cells were incubated (37ºC, 5% v/v CO2) for an 

additional period of 2 hours, after which 300 µL per well were transferred to a black 96-

well plate and measured (Ex at 530 nm, Em at 590 nm) using a micro-plate reader 

(Synergy MX, BioTek, US). The control consisted in cells alone. For the quantification of 

the total double-stranded DNA (dsDNA) content, the cell pellets were recovered from the 

wells and washed with phosphate buffered saline (PBS). The suspension was then 

centrifuged (10 000 rpm, 5 min) and then stored at -20ºC until further analysis. The 

dsDNA quantification was performed using the Quant-iT PicoGreen dsDNA kit 

(Molecular Probes, Invitrogen, US), according to the manufacturer's protocol. Briefly, the 

samples were thawed and lysed in 1% v/v Triton X-100 (in PBS) for 1 hour at 250 rpm 

at 4ºC. Then, they were transferred to a black 96-well plate with clear bottom (Greiner) 

and diluted in Tris-EDTA (TE) buffer (200 mM Tris–HCl, 20 mM EDTA, pH 7.5). Finaly, 

samples were incubated for 5 min at room temperature in the dark, and fluorescence 

was measured using a microplate reader (Ex at 480, Em at 520 nm).  

 
2.6. Statistical analyses 

All data points were expressed as mean ± standard deviation (SD). Statistical analysis 

(Levene’s and T test) was carried out using IBM SPSS Statistics 20.0 with 99% 

confidence level for cytotoxicity assays. The results were considered statistically 

significant when p ≤ 0.05 (*). 

 
3. Results and discussion 

3.1. Microscopic and macroscopic characterization of electrospun meshes 

SEM images of the different produced meshes are presented in Figs. III.3 and III.4. For 

simplicity, only the tested conditions that resulted in fibers without beads or drops are 

presented in these figures. The SEM microscopies related to the other conditions are 

available at appendix A, section 2. Results show that a stronger electric field increased 

the amount of produced fibers per time, which is correlated to the higher amount of 

charges into the solution, thereby increasing the jet velocity and, consequently, supplying 

more solution to the collector. The distance between the needle tip and the collector also 

determines the fiber diameter. By Increasing this distance, the flight time is longer, 

allowing the solvent to evaporate, resulting in higher polymer chain stretching, which 

leads to a decrease in fiber diameter. These results show that the designed 

electrospinning is able to process proper meshes, being particularly relevant the 

production of gelatin meshes, which is strongly affected by ambient parameters, namely 
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the relative humidity. Concerning the PCL and gelatin meshes, according to the 

parameters tested significant differences were observed in terms of fiber diameter or 

morphology. Thus, for further analyses, the following requirements were selected, 

providing (i) longer distance to promote solvent evaporation and high chain stretching, 

(ii) high density of fibers per area requiring less production time and (iii) continuous and 

uniform fiber production enhancing mechanical performance. Therefore, the following 

fiber production parameters were selected: 17 wt% of PCL dissolved in DMK, produced 

with a flow rate of 3.17 mL/h, 12 cm distance between needle and collector and 10 kV of 

voltage; 15 wt% of Gelatin dissolved in AA and 2% v/v of TEA, produced with a flow rate 

of 0.4 mL/h, a 12 cm distance between needle and collector and 12 kV of voltage. 

Moreover as gelatin is a water-soluble protein, a crosslinking is needed to improve its 

mechanical properties and to increase its stability in aqueous medium [19]. Gelatin fibers 

were in situ crosslinked with BDDGE, according a protocol previously established [20]. 

The morphology of selected meshes is shown in Fig. III.5a-c. The fiber diameter 

measurements, the reduced standard deviation observed and the homogeneity of the 

obtained fibers demonstrates the stability of samples produced with the developed 

apparatus. From Fig. III:5 e) it is also possible to observe that the developed system 

improves fiber deposition in the collector. 

FTIR-ATR spectra, used to evaluate possible structural changes in the electrospun 

meshes, are shown in Fig. III.5d. The spectrum of PCL meshes presents a 1720.7 cm-1 

peak, corresponding to the C=O bond, characteristic to esters, and additional peaks 

between 750 and 1500 cm-1, corresponding to the CH2 groups of PCL chain. Two other 

peaks at 2863.69 cm-1 and 2941.57 cm-1 can also be observed, corresponding to the CH 

bonds. The FTIR spectrum of gelatin shows prominent peaks in four different amide 

regions, namely at 1600-1700 cm-1, corresponding to amide I, 1520-1565 cm-1, 

corresponding to amide II, 670-1240 cm-1, corresponding to amide III, and 3000–3500 

cm-1, corresponding to amide A. The absorption of amide I contains contributions from 

the C=O stretching vibration of amide group and a minor contribution from the C-N 

stretching vibration. Amide II absorption is related to N-H bending and C-N stretching 

vibrations. Amide III presents vibrations from C-N stretching attached to N-H in-bending 

with weak contributions from C-C stretching and C=O in-plane bending. At 2930 and 

2890 cm−1, it is possible to observe two peaks associated to the contribution of aliphatic 

moieties from BDDGE, confirming the incorporation of BDDGE into the gelatin matrix 

(Fig. III.5d)). For both samples, no solvent residues were detected and no structural 

changes were observed.  
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Figure. III.3. Electrospun PCL meshes (17 wt%, dissolved in DMK) obtained using 

different flow rates, distances between needle and collector and voltage. For each mesh 

it is presented the average fiber diameter. Scale bars: 20 µm. 
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Figure. III.4. Electrospun gelatin meshes (15 wt%, dissolved AA/TEA 2% v/v) obtained 

using different flow rates, distances between needle and collector and voltage. For each 

mesh it is presented the average fiber diameter. Scale bars: 20 µm. 
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Figure III.5. Characterization of PCL and gelatin electrospun meshes selected for further 

analysis. a) Fiber morphology with 1000 and 5000 magnifications of PCL meshes; b) 

Fiber morphology with 1000 and 5000 magnifications of gelatin meshes crosslinked with 

BDDGE; c) Comparison between PCL and gelatin average fiber diameter; d) FTIR 

spectra of PCL and crosslinked gelatin and e) Influence of the purpose electrospinning 

system on fiber deposition over the collector in comparison with initial one comprising 

significant metallic components. 
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3.2. Cytotoxicity of nanofibers produced 

Cytotoxicity of the produced electrospun meshes system was assessed to demonstrate 

the process stability, as a stable jet allows to produce electrospun meshes without 

solvent deposition. According to the obtained results (Fig. III.6), fibroblasts cultured in 

contact with electrospun meshes remained metabolically active for both PCL and gelatin 

meshes. After 24h no cytotoxicity was observed either in direct or indirect contact assays. 

In direct contact assays, no statistical significance was observed between control and 

samples, meaning that the structures, when in contact with cells, does not induce any 

toxicity. Regarding indirect contact assay, no leachables delivered from the samples to 

the medium presented toxicity. 

 
Figure III.6. Cytotoxicity assay of PCL and gelatin electrospun meshes in direct contact 

(DC) and indirect contact (IC) with fibroblasts (hDNF cells), using as control cells seeded 

on the well. Statistical significance for p≤0.05 (*). 

 
4. Conclusions 

This paper introduces a solution electrospinning system developed to produce 

electrospun meshes for applications in tissue engineering and more specifically for 

wound dressing applications. For the fabrication of the electrospinning system non-

conductive materials (cork and polymers) were used to replace metallic ones, allowing 

to obtain a feasible and versatile laboratory-scale apparatus with ability to produce 

reproducible nanofiber meshes from materials with distinct characteristics. The system 

was used to produce nanofibers from two distinct polymers, using two different solvents, 

demonstrating its versatility of the new re-assembled apparatus. The fabrication of 

gelatin meshes is particularly relevant, as like other natural polymers, it is a material very 
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sensitive to the environmental conditions, in particular the relative humidity. Keeping the 

processing parameters stable is key to obtain high quality and reproducible meshes, i.e., 

with no beads, resulting in filaments with constant diameter and in meshes with high 

porosity between pores. Meshes did not show any presence of remaining solvents, which 

can be correlated to the lack of toxicity detected through the biological assays.  

The two selected materials are particularly relevant for skin applications. PCL presents 

high mechanical properties but, due to its hydrophobic nature presents low interaction 

with cells. Contrary, gelatin displays many integrin-binding sites for cell adhesion, 

migration, proliferation, and differentiation due to the abundant Arg–Gly–Asp (RGD) 

amino acid sequences in its protein chain, which has been claimed to favor cell behavior. 

The combination of both materials may allow to produce meshes with improved 

properties. 
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1. Introduction 

When skin damage occurs the standard proceeding is applying a wound dressing due to 

their efficiency, low cost and availability [1]. The dressing has as main functions to 

promote a moist environment in the wound, protect the wound against mechanical injury 

and microbial contamination especially during inflammatory stage [2]. Electrospun 
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wound dressing present exceptional properties compared to the conventional dressing 

such as promotion of haemostasis phase, wound exudates absorption, semi-

permeability, easy conformability to the wound, functional ability and no scar induction 

[3]. Ideally, the dressing should be able to fit to the wound shape, absorb wound fluid 

without increasing bacterial proliferation or causing excessive dehydration, provide 

pressure for hemostasis, and prevent leakage from the bandage [4]. The dressing should 

also support the wound and surrounding tissues, eliminate pain, promote 

reepithelialisation during the reparative phase, and be easily applied and removed with 

minimal injury to the wound [5]. According to tissue engineering principles, a tissue-

engineered device should be able to promote the tissue regeneration with a proportional 

rate to its degradation. [6]. Based on this the materials used and their degradation rates 

are a concerning topic. One of the most used synthetic polymer in tissue engineering 

field is the Polycaprolactone due its biodegradability, biocompatibility, structural stability 

and mechanical properties [7, 8]. However, as a result of semi-crystalline and 

hydrophobic nature of PCL, this shows a slow degradation rate (2-4 years) that limit its 

application as wound dressing for skin regeneration [6]. The degradation rates of PCL 

electrospun fibres show some changes compared to the bulk PCL as consequence of 

larger surface area-to-volume ratio and crystallinity changes induced by the 

electrospinning process [9]. In this work will be performed the evaluation of degradation 

kinetics of PCL electrospun meshes in vitro and in vivo. For the first time will be 

addressed the comparison of hydrolytic and enzymatic in vitro degradation with in vivo 

assays. PCL is a biodegradable aliphatic polyester and, for that reason, was selected as 

enzyme the lipase that hydrolyses the esters bonds [9, 10]. There are different source of 

lipase in the human body as leukocytes, presents on the wound healing process, being 

the lipase concentration on healthy adults in the range 30-190U/L [11, 12].  In vitro assay, 

were monitored PCL electrospun fibers degradation in PBS and PBS/lipase medium. 

The degradation kinetics were evaluated through the quantification of weight lost, 

swelling degree, thermal behavior, molecular weight changes and mechanical 

properties. According to in vivo assay, the degradation was assessed by histology and 

hematoxylin and eosin staining. 

2. Material and Methods 

2.1 Electrospun meshes preparation 

Poly (ɛ-caprolactone) (PCL) (Mw 50000 (g/mol), bulk density: 1.1g.cm-3) was kindly 

supplied by Perstorp and dissolved in acetone that was purchased to Sigma-Aldrich. A 

PCL/DMK (17wt-%) solution was prepared by dissolving the polymer and stirred it at 
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37ºC overnight. The samples were produced by home-made electrospinning at room 

temperature with a constant flow rate of 3.17 mL/h (SP11Elite, Harvard Apparatus), 12 

cm of distance between syringe and collector and 10kV of voltage. 

2.2 Degradation Profile 

2.2.1 In vitro 

The samples were prepared with 10x40mm of dimensions with an average thickness of 

166 ± 40µm and 10.164 ± 2.515µg of average weight. Two different sets were prepared, 

for the first set each specimen was immersed into a capped bottle containing 10 ml of 

phosphate buffer solution (PBS) (8 g NaCl，0.2 g KCl，1.44 g Na2HPO4.12H2O，0.2 g 

KH2PO4 in 1L ddH2O, pH 7.4) and 0.02% (wt/v) of sodium azide, as the bacteriostatic 

agent. The second set each specimen was immersed into a capped bottle containing 10 

ml of phosphate buffer solution (PBS) with 150U/L lipase concentration (amano lipase, 

from Burkholderia cepacia; Sigma Aldrich), and 0.02% (wt/v) of sodium azide. The 

bottles were incubated at 37 ºC with a constant shaking of 100 r.p.m during 91 days. For 

each condition (PBS and PBS/lipase) 15 samples were tested at each time-point. Except 

to the samples in PBS/Lipase medium that, after day 28, only 6 samples per each time-

point were tested due to the total degradation of some samples. All solution in PBS were 

changed weekly and in PBS/Lipase was changed twice a week to guarantee the 

enzymatic activity.  

 
2.2.1.1 Morphology, porosity and surface area 

Electrospun meshes morphology were examined by scanning electron microscopy 

(SEM) using a Quanta 400 FEG ESEM/EDAX Genesis X4M (FEI Company, USA) in 

CEMUP, University of Porto. Prior to examination samples were coated with a 

gold/palladium (Au/Pd) thin film, by sputtering, using the SPI Module Sputter Coater 

equipment. SEM images were also used to evaluate the fiber diameter distribution using 

Image J software. To each condition three individual samples were analyzed and fifty 

measurements per image were carried out. The apparent density and porosity of 

electrospun meshes were calculated using the following equations (1)(2) [13], where the 

meshes thickness was measured by a micrometer. 

 

Apparent density (g. cm−3) =
mesh mass(g)

mesh thickness (cm)×mesh area (cm2)
                  (1) 
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Mesh porosity = (1 −
Mesh apparent density(g.cm−3)

Bulk density of PCL(g.cm−3 ) . 100%                  (2) 

 

The surface area to volume ratios (SA:Vol) for electrospun PCL meshes was, also, 

calculated. 

2.2.1.2 Weight loss and water uptake 

At each time-point (7, 14, 28, 42, 63, 77 and 91 days) the samples were removed from 

the buffer solution, washed with distilled water and weight to evaluate the swelling degree 

(3). After that, the samples were incubated during 24h at 37ºC and the dry weight was 

evaluated to quantify the weight loss (4). 

Degree of sweeling (%) =
Ww−Wd

Wd
. 100                                  (3) 

Where Ww is the wet weight and Wd is the dry weight. 

 

Weight loss (%) =
W0−Wd

W0
. 100                                        (4) 

Where W0 is the initial weight and Wd is the dry weight. 

 

2.2.1.3 Simultaneous Thermal Analysis (STA) 

Thermal properties and stability were determined using the Simultaneous Thermal 

Analyzer, STA 6000 system (PerkinElmer, USA). Samples with 1.5-2.5mg were placed 

into ceramic pans and the tests were performed under dry nitrogen purge (flow rate of 

20mL min-1). Samples were submitted to a heating from 30ºC to 450ºC at 10ºC/min. 

Melting temperatures (Tm) were obtained at the peak of the melting endotherms. The 

enthalpies of fusion (∆Hm) were obtained from the areas under the peaks. Indium and 

silver samples were used as calibration standards. The crystallinity degree (Xc(%)) was 

determined according to the following equation [14] :  

100).
Δ

HΔ
( =(%) X 0

m
c

mHw
                                                           (5) 

where, ∆Hm is the experimental melting enthalpy and w is the weight fraction of material. 

Additionally, it was assumed for ∆Hm
0  , the enthalpy of melting of 100% crystalline PCL 

the value of 139 J/g [15, 16]. 

 

 



100 
 
 

2.2.1.4 Gel Permeation Chromatography (GPC) 

The samples molecular weight distribution were determined using Gel Permeation/Size 

Exclusion Chromatographer system, with triple detection (GPC/SEC) (Malvern / Viscotek 

Instruments Ltd) composed of a Viscotek GPC Max pump and autosampler, with a 

viscotek T60A dual detector and a refractive index detector from Knauer, model 

K2301.  Samples were individually dissolved in tetrahydrofuran (THF) (HiperSolv 

Chromanorm, VWR) (99.7% purity). After that 100 µL of solution was injected into the 

GPC, which had been previously calibrated with polymethlylmethacrylate (PMMA) 

standards (Polycal) in THF with known molecular weights of 64898 and 95081 Da. 

Distilled THF with flow rate 1ml.min-1 was used as the mobile phase. The PL gel 10 µm 

mixed-B columns were composed of polystyrene diniylbenzene copolymer 7.5 mm, with 

spherical sizes from 2-100 µm. For each scaffold type, three samples were collected, 

each of which was analysed in triplicate. The average molecular mass distributions were 

determined using Omnisec Viscotek software, version 4,6,2,359.  

 

2.2.1.5 Contact angle (CA) 

To perform the evaluation of hydrophilicity character was used a static contact angle 

through optic tensiometer of Paralab Company with model: Theta. The water contact 

angle is measured through the droplet spreads on the surface and recording its height 

and width.  

 

2.2.1.6 Mechanical tests 

The elongation at break and Young’s modulus of PCL electrospun samples were 

determined using a texturometer (TA.XT Plus model, Stable Micro System SMD, 

England) with a 5N load cell. Testing was carried out in a controlled environment at RT 

and relative air humidity of 45%. The gauge length was 15 mm and the test speed was 

1 mm.s−1. At least five individual samples were tested from each group and 

measurements were reported as mean ± standard deviation. 

 

2.2.2 In vivo 

2.2.2.1 Subcutaneous implantation 

The electrospun meshes were prepared in circular shape with 0.8 mm of diameter and 

sterilized with UV light prior to implantation. All animal experiments were conducted 
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following protocols approved by the Ethics Committee of the Portuguese Official 

Authority on Animal Welfare and Experimentation (DGAV) and were performed at FMUP- 

Faculdade de Medicina da Universidade do Porto. CD1 male mice were housed at 22 

ºC with a 12 h light/dark cycle, and had ad libitum access to water and food. For each 

experimental group (7 days, 60 days and 90 days) 6 animals were used and 4 

electrospun meshes were subcutaneously implanted in the back of the subcutaneous 

pockets created in each animal. The animals were anesthetized by Ketamine/xylazine 

(0.1mL/20g mouse at final dosage of 87.5 mg/kg Ketamine/12.5 mg/kg Xylazine) and 

anesthesia was maintained over the course of surgery by continuous isofluorane 

delivery. The dorsal surgical sites were shaved and sterilized. Four subcutaneous 

pockets were created per mouse for the insertion of the electrospun membranes. After 

implantation, incisions were closed with sutures and analgesics were administrated 

(Tramadol). The animals were routinely monitored for general appearance, activity, and 

healing of the implant sites, and were euthanized after 7, 60 and 90 days for retrieval of 

implants. No animals were lost during the study. 

 

2.2.2.2 Histology and Hematoxylin and Eosin staining 

For histological evaluation, implantation sites were harvested, which included the entire 

electrospun mesh and some surrounding tissue and fixed in 4% paraformaldehyde 

overnight. Samples were dried through a series of graded alcohol baths and in xylene, 

embedded in paraffin and sectioned in 5 mm thick slices. Sections were stained with 

Hematoxylin and Eosin (H&E) (Beyotime, China). 

 
2.3. Statistical analyses 

All data points were expressed as mean ± standard deviation (SD). Statistical analysis 

(Levene’s and T test) was carried out using IBM SPSS Statistics 20.0 with 95% 

confidence level. The results were considered statistically significant when p ≤ 0.05 (*). 

 
3. Results and Discussion 

3.1 In vitro 

The electrospun PCL in vitro degradation rate was monitored in different mediums (PBS 

and PBS/lipase) and characterized with different techniques. 

3.1.1 Morphology, porosity and Surface area 

The microscopy images shows the morphology of non-degraded and degraded 

electrospun meshes according different periods of time for medium with or without 
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enzyme. As demonstrated in the Fig. IV.1a) the enzymatic degradation occurs at the 

material surface increasing the fibres surface roughness with time and, consequently, a 

massive decrease of fibres diameters.  For tissue engineering applications is appropriate 

that the fibres suffer gradual degradation leaving enough space for new tissue ingrowth. 

Comparing the Fig. IV.1a) with the Fig. IV.2b) is notorious that the enzyme accelerates 

the degradation process as expected. 

 

Figure IV.1. SEM images for different periods of time (Day 0, 7, 28, 63 and 91); a) 

enzymatic degradation, b) hydrolytic degradation. Scale bars corresponding to 100 µm. 
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Scaffolds must comprise a highly porous structure fully interconnected to provide large 

surface area to allow cell ingrowth, uniform cell distribution, and facilitate the 

neovascularization of the structure [17-19]. 

An ideal scaffold has to an open and interconnected pore network and a high degree of 

porosity (>60-90%) to interact and integrate with the host tissue [20]. According to the 

previous equations the theoretical values for the porosity of electrospun meshes 

produced is 98.11 ± 0.24 %. 

Most part of cells used in tissue engineering are anchorages dependent therefore the 

scaffold should facilitate their attachment. Thus, scaffolds with a large and reachable 

surface area are favourable in order to hold the number of cells required to replace or 

restore tissue or organ functions [21]. Approximate ratio of the electrospun mesh were 

determined (Table IV.1) and results demonstrated that the electrospun mesh provide 

higher surface area-to-volume ratio (SA:Vol = 14.3 mm-1) compared to other structures 

from the same material as a solvent cast film of PCL that show 10.26 mm -1 of SA:Vol 

[6].  

Table IV.1. Meshes dimensions and approximated surface-area-to-volume ratio for 

electrospun PCL meshes. The shape of the scaffold was assumed as a rectangular 

prism. 

Structure 
Lenght 
(mm) 

Width 
(mm) 

Thickness 
(mm) 

Surface 
area 

(mm2) 

Volume 
(mm3) 

SA:Vol 
(mm-1) 

Electrospun 
mesh 

40 10 0.17 97 6.8 14.3 

 

3.1.2 Physico and thermal characterization 

Weight loss is a direct measurement to quantify the polymer degradation. When the long 

polymer chains are cleaved to shorter ones the weight of the original fibre is reduced 

[22]. According to the weight lost results, the enzymatic degradation resulted in a 

massive samples degradation, as showed in Fig.IV.2. In PBS medium, the weight loss 

was slight, reaching only 1.44% after 91 days. On the other hand, the degradation on 

PBS/lipase medium showed a fast degradation until the 42 day reaching 84.42% of 

weight loss after that the degradation become slower but reached, at the end of the 

degradation time, 97.11% of weight loss. 

Upon implantation, the biomaterials interact with the surrounding fluids, initially by 

uptaking them, which starts the degradation process [23]. The water uptake makes the 

materials more flexible and promotes changes in the dimensions of the implant material. 
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Simultaneously, a higher water uptake enhances the hydrolysis process [23]. In the 

Fig.IV.3 it is possible to observe the water uptake in both mediums, their profile is very 

unstable as result of the constant degradation of samples that does not allow the 

evaluation with constant weight.  The meshes swelling degree profile showed that even 

though the PCL has a hydrophobic character the meshes with high porosity have a 

massive capability to retain water. The average values for both medium was above 200% 

of water uptake over all degradation period. 

 

Figure IV.2. Weight loss profile of PBS and PBS/lipase medium. Statistical significance 

(p ≤ 0.05). 

 

 

Figure IV.3. Water uptake profile of PBS and PBS/lipase medium. Statistical significance 

(p ≤ 0.05). 
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Using STA equipment was possible obtain curves corresponding to TG and DTA/DSC 

measurements of non-processed and processed PCL and PCL meshes degraded in 

different mediums. The values of melting temperature (Tm), degradation temperature 

(Tdeg), enthalpy and crystallinity level for all samples are presented in Table IV.2. 

The PCL grain results showed a Tm of 63.21 ± 0.41 ºC and a crystallinity degree of 31.6 

± 2.29 %. On the other hand, the processed PCL by electrospinning presents lower 

values of Tm (62.74 ± 0.73 ºC) and crystallinity (26.49 ± 2.60 %) than the raw material.  

According to the literature, several authors correlate the fast solvent evaporation with the 

low molecular arrangement into the polymer leading to a crystallinity decrease of 

electrospun fibres [24, 25]. The Tm is determined by the energy state of the sample that 

is often affected by the processing. The reduction of Tm in electrospun sample compared 

to the raw material might be due to the polymer chain orientations that change during 

the electrospinning process [26].The meshes degraded on PBS/lipase presents a turning 

point at the day 42, up it the crystallinity and the melting temperature increased due to 

the degradation of the amorphous part that occurred rapidly as the weight loss 

demonstrated. After that the velocity of weight loss decrease as the crystallinity and 

melting temperature correlated to the degradation of the crystalline part of the polymer. 

The samples degraded in PBS medium showed a slightly weight loss that corresponding 

only to the degradation of amorphous part thus the crystallinity increase as Tm.  

Table IV.2. Thermal properties of meshes during degradation period. Tm – Melting 

temperature; ΔH – Enthalpy; %Xc – Cristallinity degree; Tdeg. – Degradation 

temperature. 

Sample Type 
Degradation time 

(days) 
Tm (ºC) ΔH (J/g) %Xc Tdeg. (ºC) 

PCL grain - 63.21 ± 0.41 43.92 ± 3.18 31.6 ± 2.29 386.82 ± 0.75 

PCL mesh - 62.74 ± 0.73 35.16 ± 3.61 26.49 ± 2.6 376.86 ± 1.55 

PBS 

7 63.49 ± 0.95 37.99 ± 0.86 27.33 ± 0.62 379.13 ± 2.97 

14 64.27 ± 1.37 39.50 ± 0.29 24.42 ± 0.31 377.81 ± 1.94 

28 64.34 ± 0.38 47.65 ± 1.31 34.28 ± 0.94 376.9 ± 1.51 

42 64.59 ± 1.11 49.78 ± 3.51 35.81 ± 2.53 380.95 ± 1.26 

63 64.48 ± 0.78 51.36 ± 3.2 36.95 ± 2.3 380.22 ± 0.22 

77 64.93 ± 0.58 53.7 ± 3.82 38.64 ± 2.75 379.13 ± 0.39 

91 65.82 ± 0.10 53.96 ± 1.02 38.82 ± 0.74 380.98 ± 0.32 

Enzymatic 

7 64.36 ± 0.49 40.24 ± 1.06 28.95 ± 0.77 380.69 ± 1.25 

14 63.88 ± 0.28 47.29 ± 1.68 34.02 ± 1.21 377.76 ± 3.63 

28 64.67 ± 0.32 53.65 ± 0.89 36.60 ± 0.64 378.95 ± 2.86 
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42 65.68 ± 0.75 53.61 ± 3.34 38.57 ± 2.4 375.78 ± 2.20 

63 64.52 ± 0.77 43.83 ± 4.25 31.53 ± 3.06 369.98 ± 4.40 

77 65.42 ± 0.6 43.78 ± 1.72 31.5 ± 1.24 375.09 ± 2.86 

91 64.52 ± 0.86 33.74 ± 2.98 24.27 ± 2.15 374.32 ± 1.25 

 

During the degradation period, the molecular weights (Mw) of electrospun meshes were 

measured (Table IV.3.). In spite of the PCL theoretical molecular weight is 50kDa 

according GPC test this value is slightly low. The degradation can occur through two 

different mechanisms: surface erosion or bulk degradation, consequently the changes of 

Mw and weight during the degradation period allows to distinguish the two mechanisms 

[27]. Hydrolytic degradation is characterized by the bulk degradation for that reason 

despite the slight weight loss was observed a decrease of Mw. On the other hand, the 

enzymatic degradation reached 97.11 % of weight loss although the Mw remained closed 

to the initial value due to the surface erosion mechanism. In terms of Polydispersity index 

all samples shows values above 1 meaning that all samples present a very broad size 

distribution [28].  

Table IV.3. Electrospun meshes characterization according to the degradation 

mediums.a Samples without enough dimension to perform mechanical tests; 1 statistical 

significance (p ≤ 0.05) compared to Day 0; 2 statistical significance (p ≤ 0.05) compared 

to the homologous time-point of enzymatic degradation.  

Medium 
Degradation 

time 
(Days) 

Mn (Da) Mw(Da) PDI 
Contact Angle  

(°) E (MPa) EB (%) 

n.a. 0 32.7 ± 9.7 45.5 ± 6.6 1.7 121.09 ± 1.18 8.16 ± 3.56 221.22 ± 65.75 

P
B

S
 

7 41.5 ± 4.2 57.8 ± 11.6 1.4 124.05 ± 1.04 6.17 ± 4.7 99.84 ± 44.47 1 

14 46.7 ± 3.4 60 ± 1.5 1.3 131.41 ± 2.53 4.45 ± 2.66 157.04 ± 98.38 

28 47.5 ± 10.3 64.6 ± 15.8 1.4 
116.29 ± 3.05 

5.07 ± 0.64 2 
120.87 ± 58.46 

2 

42 28.1 ± 6.2 50.1 ± 10.3 1.8 113.48 ± 0.3 13.37 ± 5.5 2 187.96 ± 73.3 2 

63 39 ± 12.7 59.4 ± 18.2 1.5 
105.4 ± 1.21 

5.12 ± 2.6 
181.60 ± 
102.89 

77 25.5 ± 6.5 42.6 ± 3.1 1.7 97.33 ± 4.77 10.91 ± 1.99 138.90 ± 28.16 

91 35.3 ± 12.5 48.2 ± 9.9 1.4 124.75 ± 1.9 7.78 ± 0.60 81.09 ± 21.59 1 

E
n
z
y
m

a
ti
c
 

7 43.7 ± 3.7 59.7 ± 3.6 1.4 122.41 ± 0.93 13.39 ± 7.55 52.17 ± 21.48 1 

14 31.6 ± 11.8 48 ± 9.7 1.5 111.78 ± 1.34 49.12 ± 74.68 34.27 ± 39.98 1 

28 35.6 45.9 1.3 102.54 ± 1.18 69.78 ± 22.42 1 7.84 ± 2.0 1 

42 21.1 ± 5.8 33.3 ± 4.1 1.6 101.12 ± 4.75 139.65 ± 60.09 1 6.59 ± 0.83 1 

63 33 ± 7.8 45.9 ± 1.1 1.4 96.29 ± 6.63 - a -a 

77 26.6 ± 9 51 ± 11.8 1.9 0   
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91 38.5 ± 24.9 57.7 ± 2.9 1.5 0   

 

The water uptake of biodegradable polymers indicates its hydrophilic/hydrophobic 

character and consequently, their susceptibility to degradation by hydrolysis processes 

[29]. To evaluate the hydrophilic character of the electrospun meshes, the contact angle 

between the mats and the water droplet was measured. As known the PCL has a 

hydrophobic character and the nanofibres meshes produced through electrospinning 

process showed an angle of 121.09 ± 1.18 (Table IV.3.) meaning that electrospun 

meshes has, also, a hydrophobic behaviour. With the enzymatic degradation meshes 

became more permeable with bigger pores allowing the integration of the water droplet 

into de sample increasing the mesh hydrophilicity over the degradation period. 

  

3.1.3 Mechanical tests 

To evaluate the mechanical properties of electrospun meshes degraded, stress-strain 

tests were performed. For each degradation time, three consecutive tensile tests were 

measured for three different samples. The Young’s modulus (E) and the elongation at 

maximum strain at break (EB) are summarized in Table IV.3. According to the literature, 

several studies were performed to evaluate the skin Young’s modulus and elongation at 

break for tensile tests, being the average value between 2.9-150MPa and 17-207%, 

respectively [30-33]. The results obtained for electrospun samples meshes without 

degradation was 8.16 ± 3.56 MPa for Young’s modulus and 221.22 ± 65.75% for 

elongation at break, these values are in good agreement with the literature. The samples 

degraded in enzymatic medium showed a progressive increase of Young’s Modulus until 

day 28, after that, it suffer a slight decrease until day 42. This trend is correlated with the 

increase of crystallinity, observed by thermal analysis, showing that increasing the 

crystallinity the Young’s modulus increases too, due to the decrease of elasticity caused 

by the sharp degradation. According to the elongation at break was observed a decrease 

with time of degradation consequence of the huge degradation observed. The E and EB 

values of the samples in PBS medium showed a non-consistent trend, consequence of 

a slightly degradation during all degradation period. 

 

3.2 In vivo biocompatibility and degradation of electrospun meshes 

The main goal of the in vivo studies performed in this work was to assess the in vivo 

degradation profile of the electrospun meshes produced as described in the previous 
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sections. After the implantation and retrieval of the PCL electrospun meshes, specimens 

were routinely processed for histology and transversal sections were analyzed by 

standard H&E staining.  

After 7 days of subcutaneous implantation (Fig.IV.4), the membranes were clearly 

visualized and presented a macroscopic aspect similar to the hydrated membranes prior 

to implantation. Few adhesion sites were observed and no major alterations were 

detected. Image reconstruction of the full membrane (Fig. IV.4A) showed that the 

membranes remained parallel to the skin of the animal below the muscular layer. H&E 

staining images at higher magnifications revealed that low foreign body response was 

observed at the surface of the membranes (Fig. IV.4B) and in the interior part of the 

membrane we could already observe some cells (Fig. IV.4B and C dark pink) though the 

majority of the area is still occupied by the PCL nanofibers (Fig. IV.4C, light pink). The 

same can be observed throughout the membrane, even where the exposed membrane 

area was higher (at the end-limits of the meshes (Fig. IV:4D and E). 

 

Figure IV.4. H& E staining for PCL electrospun meshes implanted after 7 days. A) 

reconstruction of the full membrane; B –C) Interior membrane section; D-E) end-limits of 

the meshes. 
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At later timepoints (60 and 90 days, Fig. IV.5 and IV.6 respectively) higher cell infiltration 

was clearly present through the interior/ non-exposed area of the meshes. After 60 days 

of implantation, the retrieval was harder to achieve since the macroscopic observation 

of the membranes revealed translucent meshes but still presenting the circular format. 

When analysing histological sections (Fig. IV.5), one can clearly observe the increased 

cell number in the interior of the membranes and blood vessels can also be distinguished 

within the membrane (Fig. IV.5 B-E) (erythrocytes in bright red) demonstrating that the 

electrospun PCL membranes are in fact being integrated in host tissue. Furthermore, 

hollow spaces can also be observed indicating that the material is being degraded. 

 

Figure IV.5. H& E staining for PCL electrospun meshes implanted after 60 days. A) 

reconstruction of the full membrane; B –C) Interior membrane section; D-E) end-limits of 

the meshes. 

 

A very similar pattern can be observed on the 90 days post-implantation H&E sections 

(Fig. IV.6), where larger blood vessels containing red blood cells can be identified and 

stronger collagen staining (pink) is present (Fig. IV.6 B-D). 
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Figure IV.6. H& E staining for PCL electrospun meshes implanted after 90 days. A) 

reconstruction of the full membrane; B –C) Interior membrane section; D) end-limits of 

the meshes. 

 

When analysing the images along the time (Fig. IV.7) one can state that at the initial 

timepoints, host organism is in fact reacting to the electrospun meshes but after 7 days 

the inflammation processes are already lessened; the cells attach to the surface of the 

material and posterior timepoints (60 and 90 days) analysis revealed that the cells are in 

fact able to infiltrate the meshes and colonize the interior part. After 90 days, the cells 

that infiltrate the meshes are already producing extracelular matrix components (such as 

collagens displayed in pink) that are probably occupying the place of the degraded PCL 

nanofibers. Hollow spaces can be observed and the presence of blood vessels 

penetrating the matrices with larger diameters (with the increase of the time of 

permanence inside the host organism) show the biointegration of the PCL electrospun 

meshes. 
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Figure IV.7. Comparison of PCL electrospun meshes H&E staining implanted during 7, 

60 or 90 days. 

 

Surface and bulk erosion can describe how a degrading polymer erodes, in surface 

erosion, the polymer degrades from the exterior surface. The inside of the material does 

not degrade until all the surrounding material around it has been degraded [34]. In bulk 

erosion, degradation occurs throughout the whole material equally. Both the surface and 

the inside of the material degrade [34]. Surface erosion and bulk erosion are not 

exclusive, many materials undergo a combination of surface and bulk erosion [35]. In the 

electrospun PCL meshes a bulk erosion phenomena seam to take place though further 

studies are needed. 

PCL degradation rate depends on its structural organisation though in this field there is 

a controversy in the evaluation of electrospun degradation in vitro and/or in vivo. Several 

works have been explore in vitro degradation of PCL electrospun meshes either 

hydrolytic or enzymatic degradation. A study performed by Natu where evaluated the 

long term hydrolytic degradation for PCL in fibres, sponges, films and discs shapes, their 

results demonstrated that the processing does not affect significantly the degradation 

rate during the advanced stage [36]. In terms of weight loss Castilla-Cortázar study 

demonstrated that PCL network in degradation with lipase only lost 18% of weight after 
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14 weeks and according Peng the PCL electrospun fibres only 5% of weight was lose in 

18 days [16]. 

There are, also, some in vivo studies to evaluate the electrospun meshes degradation 

where PCL is combined with other materials, in all studies was created subcutaneous 

pockets to implant the electrospun meshes. According Jiang study, the histological and 

immunofluorescence evaluation showed that the continuous degradation of PCL/PTMC 

scaffolds induced a macrophagemediated foreign body reaction [37]. This study 

evaluated the samples after 1 month of implantation, from histology degradation was 

observed and correlated, by the authors, to the PTMC part [37]. Other study performed 

by Shi et al., evaluated the degradation during 24 weeks of PCL/Gel membranes with 

different ratios. The study demonstrated the incorporation of gelatin increases the 

biocompatibility and the biodegradation rate of the membranes [38]. The work developed 

by Xue et al., evaluated the PCL and Gelatin electrospun meshes in vivo during 6 months 

[39]. Results demonstrated that after 12 weeks the PCL samples were degraded, 

although the samples with 70% of PCL with 30% of gelatin takes only 1 week to degrade 

[39]. Only Bölgen work evaluated in vitro and in vivo degradation of PCL electrospun 

meshes during 6 months for hydrolytic degradation and 90 days for in vivo degradation. 

In this study was demonstrated that the main reason for the different degradation 

behaviour was attributed to the different surface/volume ratio of the fibres. Authors, 

demonstrated, also, that in vivo degradation was faster than hydrolytic one due to the 

enzymes presence [40].  

The present study evaluated, for the first time, the hydrolytic and enzymatic degradation 

and correlate with in vivo results, both performed during 90 days. Initially a slightly 

reaction to the PCL electrospun meshes was observed but at day 7 the inflammation 

process is residual. Posterior time-points (60 and 90 days) showed the cellular infiltration 

throughout of mesh and after 90 days the PCL electrospun meshes were replaced by 

collagen. 

 

4. Conclusions 

In vitro degradation of electrospun meshes were monitored during 91 days in different 

mediums (hydrolytic and enzymatic) in order to evaluate its degradation rate for short-

term applications, namely skin tissue regeneration. After the degradation period the 

samples in enzymatic medium reached 97.11% of weight loss, demonstrating the direct 

influence of enzyme in degradation velocity. Characteristic of enzymatic degradation was 

possible verify trough SEM microscopies the erosion of fibers surface throughout 
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degradation time. Consequently, YM increase and Eb decrease due to the transition to 

a brittle structure. From our results the degradation after 90 days was evident in both 

situations (in vitro and in vivo), demonstrating the use of PCL electrospun meshes for 

short-term applications suitable. 
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1. Introduction 

Skin is the largest vital organ in the body, protecting it against the external environment 

[1-5]. Although skin has a self-regeneration ability, this capacity is strongly reduced in the 

case of full-thickness lesions, making necessary the use of grafts or dressings [1]. The 

usual procedure when skin damage occurs consists in the application of a wound 

dressing due their efficiency, low cost and availability [6, 7]. Wound dressings made from 

electrospun nanofibers present advantageous properties compared to conventional 

dressings such as the potential to promote the hemostasis phase, wound exudate 

absorption, semi-permeability, easy conformability to the wound, functional ability and no 

scar induction [8]. 

Gelatin, derived from collagen, is a natural mimic of the extracellular matrix (ECM) of 

human tissues and organs and is widely used in the tissue engineering field due to of its 

excellent biological origin, biocompatibility, biodegradability non-immunogenicity, cell-

interactivity and commercial availability [9, 10]. However, gelatin is a water-soluble 

protein derived from partial hydrolysis of collagen and crosslinking is usually needed to 

improve its mechanical properties and stability, making gelatin scaffolds insoluble in 

biological environments [10]. Several gelatin crosslinking methods are available, such as 

enzymatic using transglutaminase [11, 12], or chemical using fructose [13], dextran 

dialdehyde [14], diepoxy [15], formaldehyde [16], glutaraldehyde [13, 16, 17], genipin [15, 

18, 19], diisocyanates [20], or carbodiimides [21]. The widely used aldehyde-based 

crosslinking strategy has provided a powerful tool to tailor the physical properties of 

gelatin films [22-24] although the assumed toxicity of such chemicals makes their use 

uncertain [22]. Epoxy compounds are preferred as a stabilizing agent of collagen-based 

materials for biomedical applications due to their lower toxicity compared to commonly 

used dialdehydes [25-27].  

The search for alternative crosslinkers presenting low toxicity and good stability is the 

main objective of this research work. Amongst water-soluble polyepoxides, 1,4-

butanediol diglycidyl ether (BDDGE) is commercially available as a crosslinking agent in 

dermal filler formulations [26]. Although un-reacted BDDGE should be considered from 

slightly to moderately toxic [27], residual BDDGE might undergo hydrolysis yielding a 

diol-ether (3,3′(butane-1,4-diylbis(oxy)) bis propane-1,2-diol), which has been proven 

non-toxic, thus limiting safety risks [26]. This study evaluates the ability of BDDGE to 

crosslink electrospun gelatin nanofibers and provides the first insights on the 

physicochemical and in vitro biological performance of produced scaffolds in the context 

of skin tissue engineering applications. 
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2. Materials and Methods 

2.1. Materials 

Gelatin powder of pig skin (type A, 300 bloom, 60 mesh) was kindly supplied by 

Italgelatine (Italy). Acetic acid (AA) glacial was purchased from PanReac AppliChem, 

triethylamine (TEA) from Sigma Aldrich, and 1,4-butanediol diglycidyl ether (BDDGE) 

from Alpha Aesar. All materials used were of reagent grade and used without any further 

purification. 

 

2.2. Electrospinning of crosslinked gelatin nanofiber meshes 

A gelatin/AA/TEA solution was prepared by dissolving gelatin (15 wt-%) in AA and then 

adding 2 wt-% of TEA to the solution and stirring at 37ºC overnight. TEA was added to 

increase the solution’s conductivity. Crosslinking of electrospun gelatin fibers was carried 

out through the incorporation of BDDGE on the gelatin solution immediately before fiber 

electrospinning to avoid the loss of configuration that is induced through a crosslinking 

bath after fiber production. The effect of different BDDGE concentrations (2, 4 and 6 wt-

%) at varied time-points (24, 48 and 72h) was tested.  

Gelatin nanofibrous meshes were processed using a home-made electrospinning 

apparatus. Non-woven gelatin electrospun meshes were obtained at room temperature 

(RT) and relative humidity of 40-50% with a constant flow rate of 0.4 mL/h (SP11Elite, 

Harvard Apparatus) and 12 kV of voltage. A grounded copper plate was used as collector 

and it was positioned 12 cm away from the needle tip.  

 

2.3. Physico-chemical characterization 

2.3.1. Apparent density and porosity 

The apparent density and porosity of gelatin electrospun meshes were calculated using 

equations (1) and (2) [28], respectively, and the mesh thickness was measured using a 

micrometer.  

 

Apparent density (g∙cm-3)=
mesh mass(g)

mesh thickness (cm) ∙ mesh area (cm2)
   (1) 

 

 

Mesh porosity= (1-
Mesh apparent density(g∙ cm-3)

Bulk density of gelatin(g∙ cm-3)
) ∙100%    (2) 
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2.3.2. Morphology and fiber diameter 

The morphology of each electrospun fibrous mesh was examined by scanning electron 

microscopy (SEM) using a Quanta 400 FEG ESEM/EDAX Genesis X4M (FEI Company, 

USA) in CEMUP, University of Porto. Prior to examination samples were coated with a 

gold/palladium (Au/Pd) thin film, by sputtering, using the SPI Module Sputter Coater 

equipment. SEM images were also used to evaluate the fiber diameter distribution using 

Image J software. To each condition three individual samples were analyzed and fifty 

measurements per image were carried out.  

 

2.3.3. Mesh Structure  

Fourier transform infrared (FTIR) spectroscopy with attenuated total reflectance (ATR) 

was used to evaluate the chemical composition of the materials and to detect possible 

structural changes. FTIR analyses were carried out using an Alpha-P Brucker FTIR-ATR 

spectrometer, in the range of 4000–500 cm−1, at a 4 cm−1 resolution with 64 scans.  

 

2.3.4. Crosslinking extent 

The ninhydrin (NHN) assay was used to quantify the number of amino groups involved 

in the crosslinking reaction through UV-vis spectrometry. Crosslinked gelatin electrospun 

meshes with different crosslinker percentages and dried after different periods of time 

were tested. A precise amount of sample (10.5±0.5 mg) was heated with ninhydrin 

solution (200 mg/100 mL) for 10 min in a water bath at 90ºC. Afterwards, 5 mL of ethanol 

was added to 100 µL of each sample and the absorbance recorded on a 

spectrophotometer (lambda 35 from Perkin Elmer, USA) at a wavelength of 570 nm with 

glycine as standard. Linear regression was performed with a correlation of 0.9976. The 

extent of crosslinking was defined according to eq. 3:  

Crosslinking degree (%)= (1-
NHt

NH0
) ∙100     (3) 

where, NH0 is the amount of free amino groups in the gelatin before crosslinking and NHt 

is the amount of free amino groups after crosslinking [29]. 
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2.3.5. Dissolvability and water uptake 

To assess the dissolvability, samples were dried for 24h before weight determination, 

followed by incubation in distilled water and sodium azide (0.02%) as bacteriostatic 

agent. After 24h of incubation samples were removed from the distilled water solution 

and weighted again to evaluate the swelling degree (eq. 4). Then, the samples were 

dried for an additional 24h period at 37ºC and weighted to evaluate their dissolvability 

(eq. 5).  

Degree of sweeling (%) =
Ww−Wd

Wd
∙ 100 ,    (4) 

 

where Ww is the wet weight and Wd is the dry weight. 

Dissolvability (%) =
W0−Wd

W0
∙ 100,     (5) 

where W0 is the initial weight and Wd is the dry weight. 

 

2.3.6. Water vapor permeability 

To evaluate the water permeation rate of electrospun meshes, glass bottles with the 

same size and type were filled with PBS solution and the electrospun meshes were fixed 

on their openings. The area available for vapor permeation was 2.39 cm2. Evaporation 

of water through the mesh was monitored by the measurement of weight loss according 

to standard test methods for water vapor transmission [30]. Briefly, each set was 

weighted and kept at 32°C during 24h, after which the weight of each set was recorded 

again to quantify the amount of water evaporated. 

 

2.3.7 Mechanical properties 

The tensile strength and modulus of crosslinked electrospun gelatin samples were 

determined both in the dry and wet state using a texturometer (TA.XT Plus model, Stable 

Micro System SMD, England) with a 5N load cell. Mechanical tests were carried out in a 

controlled environment at RT and relative air humidity of 45%. The gauge length was 15 

mm and the test speed was 1 mm.s−1. At least five individual samples were tested from 

each group and measurements were reported as mean ± standard deviation according 

the statistical method used (mixed effect model). 
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2.4. In vitro studies 

Human dermal neonatal fibroblasts (hDNF) isolated from the foreskin of healthy male 

newborns (ZenBio, US) were cultured, expanded, and maintained in Dulbecco’s modified 

eagle medium (DMEM) (Gibco, US), at 37ºC in a humidified atmosphere of 5% CO2. The 

culture medium was changed twice a week and cells were trypsinized (0.25% 

trypsin/0.05% ethylenediamine tetraacetic acid (EDTA)/0.1% glucose in PBS (pH 7.5)) 

when they reached 70-80% of confluence. Cells from passages between 8 and 11 were 

used in this study.  

 

2.4.1. Cytotoxicity 

To assess cytotoxicity, electrospun meshes were tested in direct (samples) and indirect 

(leachables) contact under different pre-conditions (washed and non-washed in ultrapure 

water). Samples were sterilized with UV light followed by washing during 24h. hDNF cells 

were seeded in culture wells for 24h at a density of 2x104 cells/well. 24h later, samples 

(direct contact) and culture medium having been in contact with samples (indirect 

contact) were incubated with the cells for another 24h. The culture medium was then 

removed from the wells and fresh basal medium with 20% v/v resazurin (Sigma) was 

added. Cells were incubated (37ºC, 5% v/v CO2) for an additional 2h period, after which 

300 µL per well were transferred to a black 96-well plate and measured (Ex at 530 nm, 

Em at 590 nm) using a micro-plate reader (Synergy MX, BioTek, US). The control 

consisted in cells alone.  

For the quantification of the total double-stranded DNA (dsDNA) content, the cell pellets 

were recovered from wells and washed with phosphate buffered saline (PBS). The 

suspension was then centrifuged (10 000 rpm, 5 min) and then stored at -20ºC until 

further analysis. The dsDNA quantification was performed using the Quant-iT PicoGreen 

dsDNA kit (Molecular Probes, Invitrogen, US), according to the manufacturer's protocol. 

Briefly, the samples were thawed and lysed in 1% v/v Triton X-100 (in PBS) for 1h at 250 

rpm at 4ºC. Then, they were transferred to a black 96-well plate with clear bottom 

(Greiner) and diluted in Tris-EDTA buffer (200 mM Tris–HCl, 20 mM EDTA, pH 7.5). After 

adding the Quant-iT PicoGreen dsDNA reagent, samples were incubated for 5 min at RT 

in the dark, and fluorescence was measured using a microplate reader (Ex at 480, Em 

at 520 nm).  
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2.4.2. Cell metabolic activity and proliferation 

Cell metabolic activity and proliferation assays were performed using hDNF cells seeded 

on electrospun meshes at a cell density of 1x104 cells per sample. To promote an 

efficient cell penetration into the mesh the seeding was performed with only 10 µL. After 

2h medium up to 500 µL was added and cultured during 7 days. Metabolic activity was 

estimated using the resazurin-based assay, using electrospun meshes without cells as 

control. For the proliferation assay samples were tested in direct contact with hDNF cells 

and pre-washed with ultrapure water. Afterwards, they were cultured for 7 days, and their 

metabolic activity was measured at days 1, 3 and 7. 

 

2.4.3. Cell morphology and fibronectin deposition 

For the same time-points as for the cell metabolic activity (1, 3 and 7 days), cells seeded 

in electrospun meshes were stained for filamentous actin (F-actin), nuclei (Dapi) and 

fibronectin (FN) deposition. Briefly, samples were washed with PBS, fixed for 20 min in 

4 wt-% paraformaldehyde (PFA, Sigma), and permeabilized with 0.2% Triton X-100 

(Sigma) for 7 min. Samples were then incubated for 1h with 1 wt-% bovine serum albumin 

(BSA, Merck) in PBS. For FN staining, electrospun meshes were incubated overnight at 

4ºC with rabbit anti-fibronectin (f3648, Sigma, 1: 300) and then with the goat anti-rabbit 

secondary antibody Alexa Fluor® 488 F(ab’)2 fragment (Molecular Probes-Invitrogen, 

1:2000, 2h at RT). Subsequently, samples were incubated with the conjugated probe 

phalloidin/Alexa Fluor® 594 (Molecular Probes-Invitrogen, 1:40, 1h at RT) for F-actin 

staining. Samples were then washed three times with the PBS solution and nuclei were 

counterstained with 40,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, 0.1 

mg.mL-1) in vectashield (vector), just before confocal visualization (CLSM, Leica 

SP2AOBS, Leica Microsystems) using LCS software (Leica Microsystems). The 

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

The cells cultured in electrospun meshes were also visualized trough SEM to evaluate 

their morphology. Briefly, samples were washed with PBS, fixed for 30 min in 2.5 wt-% 

glutaraldehyde (GA, Fluka), and dehydrated with a successive graded ethanol series 

(40, 50, 70, 90 and 100%) for 15 min each. After that, critical point drying (CPD7501, 

Polaron Range) was performed to ensure the complete dehydration of samples. 
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2.5. Statistical analyses 

All data points were expressed as mean ± standard deviation (SD). Statistical analysis 

(Levene’s and T test) was carried out using IBM SPSS Statistics 20.0 with 99% 

confidence level for extent of crosslinking and cytotoxicity assays. Linear mixed model 

(LMM) was used to test differences between the effects of concentration, time and 

environment (wet and dry) in Young’s Modulus, tensile strength at break and elongation 

at break. Concentration, time and environment were treated as a fixed factor and 

replication experiment was treated as a random factor to take into account possible 

heterogeneity of the samples in each set. Parameters estimation were performed by lme 

package and multiple comparison adjustment were performed by mulcomp package 

from the R statistical software [31]. The results were considered statistically significant 

when p ≤ 0.05 (*). 

 
3. Results and discussion 

3.1. Macroscopic and morphological characterization 

An optimal scaffold requires a highly porous (>60-90%) and fully interconnected structure 

to provide a large surface area for cell ingrowth, uniform cell distribution, easy access to 

oxygen and nutrients by the cells, facilitating vascularisation [32-35]. The porosity of 

electrosopun meshes can be influenced by several parameters such as the fiber diameter 

and fibers density per area. The theoretical values calculated for the porosity of 

electrospun meshes produced (Table V.1) range between 97.37 (2% v/v BDDGE, 72h) 

and 98.76% (4% v/v BDDGE, 24h). The results showed that higher diameters yield 

slightly high mesh porosity values as a consequence of less fibers packing, leaving larger 

spaces between fibers. However, all sample demonstrated a high degree of porosity. 

SEM morphological analyses of electrospun gelatin meshes with and without BDDGE 

are presented in Fig. V.1. The results show that the obtained electrospun meshes present 

an uniform random deposition, with well-defined filaments and without beads. The in situ 

crosslinked fibers keep their morphology after incorporating BDDGE in the polymeric 

solution prior to fiber spinning. Fiber diameters strongly depend on both the amount of 

crosslinker and the incubation time (Table V.1). For all samples, the fiber diameter 

generally decreased with increasing the crosslinking reaction time in BDDGE as a 

consequence of new bonds formation, bringing the molecular chains closer and thereby 

decreasing the fiber diameter. Using 2% of BDDGE the diameter decreased from 346 ± 

158 nm at 24h to 284 ± 120 nm at 72h of incubation. With 4% of BDDGE the diameter 

decreased from 378 ± 137 nm at 24h to 339 ± 91 nm at 72h of incubation and with 6% 
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of BDDGE there is a reduction from 341 ± 134 nm at 24h to 276 ± 88 nm at 72h. At 48h 

of crosslinking reaction a non-agreement with the general trend was observed, which can 

be correlated with the instability associated to an incomplete reaction. 

 
Figure V.1. Morphological evaluation of gelatin electrospun meshes. a) Uncrosslinked 

sample, b) Electrospun mesh at macroscale. c) Electrospun gelatin nanofibrous meshes 

crosslinked with different concentrations of BDDGE at different time-points. Average 

fiber diameter is indicated in white background. Scale bars correspond to 10 µm. 
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Table V.1. Characterization of gelatin electrospun meshes produced. Mechanical properties correspond to tests performed on wet samples only. 

Statistical significance for p<0.05, (a) compared to 6% of BDDGE at the same incubation time, (b) compared to 4% of BDDGE at the same 

incubation time and (c) compared to 2% of BDDGE at the same incubation time. 

BDDGE 
(%) 

Crosslinking 
duration (h) 

Crosslinking 
degree (%) 

Apparent 
density 

Porosit
y (%) 

Average 
fiber 

diameter 
(nm) 

Swelling degree 
(%) 

Dissolvability 
(%) 

Water vapor 
permeability 
(g/m2/day) 

Elastic 
modulus 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation at 
break 
(%) 

2 

24 9.55 ± 1.31a 0.01222 98.30 346 ± 158 460.01 ± 317.36 53.60 ± 18.58 2425.49 ± 137.71 0.77 ± 0.45 0.26 ± 0.15 35.45 ± 5.88 

48 25.49 ± 0.59a,b 0.01250 98.26 261 ± 170 380.65 ± 84.28 15.27 ± 6.23 2359.52 ± 91.13 0.42 ± 0.23 0.05 ± 0.02 23.80 ± 10.81 

72 43.45 ± 0.52 a,b 0.01893 97.37 284 ± 120 615.68 ± 31.34 30.68 ± 10.67 2462.43 ± 100.52 0.31 ± 0.11 0.08 ± 0.06 25.20 ± 8.99 

4 

24 35.19 ± 0.61a 0.00893 98.76 378 ± 137 644.40 ± 158.78 24.83 ± 1.56 2582.86 ± 46.80 0.67 ± 0.45 0.16 ± 0.15 45.01 ± 9.46 

48 42.75 ± 0.60 b,c 0.01471 97.96 157 ± 88 468.48 ± 227.89 23.91 ± 5.33 2647.62 ± 54.22 0.60 ± 0.26 0.12 ± 0.10 33.23 ± 19.67 

72 65.94 ± 0.23 b 0.01579 97.81 339 ± 91 567.22 ± 124.63 17.21 ± 10.19 2292.69 ± 147.36 0.30 ± 0.15 0.04 ± 0.03 29.10 ± 11.60 

6 

24 59.53 ± 0.97 b,c 0.01339 98.14 341 ± 134 2375.48 ± 274.11 52.65 ± 4.61 2111.36 ± 115.50 0.16 ± 0.19 0.03 ± 0.02 15.04 ± 8.32 

48 67.57 ± 2.04 b,c 0.01676 97.67 398 ± 198 1291.11 ± 142.93 38.06 ± 4.72 2160.13 ± 141.19 0.33 ± 0.15 0.04 ± 0.02 26.12 ± 7.76 

72 72.81 ± 1.70 c 0.01798 97.50 276 ± 88 820.79 ± 90.90 28.43 ± 7.99 2299.82 ± 101.10 0.43 ± 0.24 0.02 ± 0.01 35.67 ± 15.35 
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This seems to be confirmed by the fact that samples are more stable when incubated 

during 72h with 4% or 6% of BDDGE, corresponding to 65.94% and 72.81% of 

crosslinking degree and a decrease of fiber diameter of 34.56% and 46.72%, 

respectively, compared to the non-crosslinked gelatin mesh (518 ± 165 nm) (Table V.1 

and Fig. V.1a). Effectively, the decrease of standard deviation at the end of 72h suggests 

the stabilization of the reaction. 

 

3.2. Physico-chemical and structural characterization 

Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR) 

analyses were performed to evaluate the interaction between gelatin and BDDGE on 

electrospun meshes using uncrosslinked gelatin as control. The different spectra 

obtained are shown in Fig. V.2. The FTIR spectrum of gelatin (uncrosslinked) is 

characterized by strong and sharp bands that include prominent absorption bands 

directly associated with the protein’s secondary structure [36]. The FTIR spectra of 

crosslinked gelatin samples shows prominent bands in four different amide regions, 

namely at 1700-1600 cm-1 corresponding to amide I, at 1565-1520 cm-1, corresponding 

to amide II, at 1240-670 cm-1 corresponding to amide III, and at 3500–3000 cm-1 

corresponding to amide A [36-40]. The absorption of amide I contains contributions from 

the C=O stretching vibration of amide group and a minor contribution from the C-N 

stretching vibration [36]. Amide II absorption is related to N-H bending and C-N stretching 

vibrations. Amide III presents vibrations from C-N stretching attached to N-H in-bending 

with weak contributions from C-C stretching and C=O in-plane bending [41]. In samples 

crosslinked with BDDGE, at 2930 and 2890 cm−1, it is possible to observe intensity 

changes compared to the uncrosslinked gelatin spectrum, which are associated to the 

contribution of aliphatic moieties from BDDGE, confirming the incorporation of BDDGE 

into the gelatin matrix (Fig. V.2 and Table V.2) [39].  
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Figure V.2. FTIR spectra of uncrosslinked and gelatin crosslinked with BDDGE at 

different crosslinking degrees. 

 

Table V.2. Ratio between non-crosslinked and crosslinked samples at 2930 and 2890 

cm-1, ratio ≥1 means presence of BDDGE. 

BDDGE 

(%) 

Crosslinking 

duration (h) 

Ratio between intensity of non-crosslinked and 

crosslinked samples (a.u.) 

2930 cm -1 2890 cm -1 

2 

24 1.41 2.34 

48 0.99 2.47 

72 1.01 2.08 

4 

24 1.02 2.23 

48 1.01 2.34 

72 1.01 1.70 

6 

24 0.99 1.63 

48 0.98 2.49 

72 1.02 2.35 

 

The extension of crosslinking reaction was also assessed through UV/Vis used to 

quantify the crosslinking degree as a function of the amount of crosslinker and incubation 

time at different time-points. As expected, higher crosslinker amount and longer 

incubation times resulted in higher crosslinking degrees, showing that the crosslinking 
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degree, and thus the properties of the obtained meshes can be easily tuned by simply 

varying the amount of crosslinker and the incubation time. For instance, using 2% of 

BDDGE incubated for 72h resulted in a crosslinking degree of 43.45%, although using 

4% of BDDGE incubated for only 48h resulted in a similar crosslinking degree (42.75%). 

It is important to highlight that the maximum crosslinking degree reached was 72.81%, 

corresponding to samples crosslinked in 6% of BDDGE and incubated for 72h. The 

reaction between BDDGE and gelatin occurs in acidic conditions due to the AA/TEA 

solution used to dissolve the gelatin, which results in protonation of the carboxylic acid 

groups (Fig. V.3), and thereby limiting the achievement of 100% of crosslinking degree 

[39, 42, 43]. 

 

Figure V.3. Characteristic reaction between BDDGE and gelatin under acidic pH. 

 

3.3 Water uptake, swelling, dissolvability and water vapor permeability 

The water uptake of biodegradable polymers is an important indicator of their 

hydrophilic/hydrophobic character and, therefore, their susceptibility to degrade by 

hydrolysis [44]. The water uptake makes the materials more flexible and promotes 

changes in the dimensions of the implant material [45]. Table V.1 shows the correlation 

between the water uptake and the crosslinker concentration and incubation time. The 

uncrosslinked samples were not evaluated due to their high dissolvability in aqueous 

medium. The capability to absorb water is known to decrease with the increase of 

crosslinking degree as the polymer chains become closer due to the new bond formation, 

making the mesh more dense, with higher retraction forces [39, 46]. This trend was also 

observed in this work, using gelatin crosslinked with BDDGE (4 and 6% v/v) for different 

reaction times.  

Concerning the swelling degree, a less predictable behavior was observed, especially 

using 2% v/v of BDDGE, where an instability associated to incomplete reaction was 

observed. The results obtained for 4% and 6% of BDDGE clearly show that the swelling 

degree is influenced by the hydrophilic character of BDDGE, significantly increasing (for 

6%, comparing to 2 and 4%) with the increase of crosslinker content. This is probably 

due to an increase in pH, leaving less protons available, increasing anion-anion repulsive 

forces and allowing the absorption of an increasing water volume [47, 48]. 

The dissolvability assay represents the amount of uncrosslinked material immediately 

dissolved by the medium. Similarly, to the swelling degree the dissolvability decreased 
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with the increase of crosslinking degree due the presence of less unreacted components. 

Samples with the lowest crosslinking degree (9.55 ± 1.30%), corresponding to 2% of 

BDDGE at 24h, present 53.60 ± 18.58% of dissolved matter. Samples with the highest 

crosslinking degree (72.81± 1.70%) present only 28.43 ± 7.99% of dissolved material. 

Results show a clear evolution of swelling degree with the dissolution of samples with 

4% and 6% of BDDGE. 

An ideal wound dressing should control the water loss evaporation at an optimal rate. It 

should be permeable to maintain a moist environment avoiding wound dehydration. 

Therefore, the water vapor permeability (WVP) is one of the most important 

characteristics of wound dressings [49]. A wound with a dry environment causes tissue 

desiccation and consequently the tissue matrix becomes dehydrated, the cells die and a 

hard scab is formed [50]. Subsequently the keratinocytes have to pass beneath this scab 

to reach viable tissue, which consumes energy and time, and delays the wound healing 

process [49]. However, it is important to underline that a moist wound environment is not 

a wet wound environment, since excess of exudates will lead the patient to 

hypergranulation tissue formation in the wound bed and macerated periwound skin [49, 

50]. Therefore, an important objective in providing topical wound care relies in selecting 

a dressing which can maintain a moist wound surface and, at same time, remove 

exudates [49-51]. The common permeation rate for healthy skin is 204 g/m2/day, while 

for injured skin can range from 279 g/m2/day, for a first-degree burn, to 5138 g/m2/day, 

for a granulating wound [52, 53]. For an ideal wound dressing a rate of 2500 g/m2/day is 

recommended to provide an adequate level of moisture without risking wound 

dehydration [49, 52, 54]. The water vapor permeability through the gelatin electrospun 

meshes ranges between 2111.36 ± 115.5 and 2647.62 ± 54.22 g/m2/day, which is in the 

range of recommended values. The WVP of dressings is influenced by the pore size and 

interconnectivity between pores, with meshes with small pores and packed fibers 

resulting in low permeability to water vapor [55]. From Table V.1 it is possible to observe 

that there’s a general tendency for a decrease in WVP values with the increase in 

crosslinking degree from 2 to 6% of BDDGE, which can be correlated with both the 

reduction in the fiber diameter and the increase in packing of the fibers. 

 

3.4. Mechanical characterization 

The mechanical properties of crosslinked electrospun gelatin meshes were also 

investigated as a function of amount of crosslinker and incubation time. Representative 

stress-strain curves for samples tested in the dry and wet state are shown in the Fig. 

V.4a. From those curves, it was possible to obtain the Young’s modulus, the tensile 
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strength and the elongation at break. As expected, in the dry state gelatin electrospun 

meshes show the distinctive behaviour of brittle and rigid materials, having high values 

of Young’s modulus and low values of elongation at break, as a consequence of a rigid 

protein network [39]. In the dry state, the Young’s modulus of all samples (Fig. V.4b) 

decrease by increasing the incubation time in BDDGE from 24 to 72h. The same trend 

was observed for samples in the wet state (Fig. V.4b), except for samples crosslinked 

with 6% of BDDGE, which showed a slight increment from 24 to 72h although not 

statistically significant. This decrease of the Young’s modulus is related to the new bonds 

formed between polymer chains upon crosslinking, which increases the elasticity of the 

structure. It is worthwhile mentioning that samples in the wet state exhibited Young’s 

modulus values between 0.16 ± 0.19 and 0.77 ± 0.45 MPa, in comparison to 25.61 ± 

9.71 to 113.09 ± 63.85 MPa in the dry state, clearly demonstrating that an hydrogel was 

formed after crosslinking with BDDGE, directly improving the elasticity of the produced 

meshes. Samples in the dry state present low elongation at break values due their rigid 

nature without water (Fig. V.4c). According to independent works of van Wachem and 

Zeeman, crosslinking of collagen with BDDGE at acidic pH promoted higher tensile 

strength and elongation at break values than the crosslinking reaction under alkaline 

conditions [56, 57]. In the wet state, the elongation at break, up to 4% of crosslinker, 

decreased with the incubation time, while an increase was observed when 6% of BDDGE 

was used, as a consequence of the higher crosslinking degree achieved, leading to a 

denser and more compact structure. However for incomplete reactions (24h and 48h), 

at lower concentrations (2% and 4% v/v of BDDGE), the elongation and tensile strength 

was higher due to the plasticizing provided by the secondary hydroxyl groups and 

hydroxyl-terminated pendant groups from hydrolyzed un-reacted epoxides of BDDGE 

[39]. 

The tensile strength at break (TSB) is characterized by the maximum tensile stress 

supported before sample break. In both states (dry and wet) the TBS values decreased 

with the incubation time for each set and from the lower crosslinker concentration to the 

higher concentration. These variations can be attributed to the hydroxyl compounds from 

hydrolyzed un-reacted epoxides of BDDGE that may be attached to gelatin and can take 

part in weakening the interactions between protein chains, consequently enhancing the 

mobility of the macromolecules, reducing the Young’s modulus and tensile strength and 

enhancing the elongation of electrospun meshes crosslinked with BDDGE [39]. 

For the human skin values of 2.9-150 MPa for Young’s Modulus, 1-32 MPa for Tensile 

Strength and 17-207% for elongation at break can be considered as reference [58-61]. 

Several works have been demonstrating the similarity between the mechanical 

properties of skin tissue and electrospun meshes made by different materials and 
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production strategies [62-64]. In terms of mechanical properties, the gelatin electrospun 

meshes developed here exhibit values generally lower than natural skin, although this 

behavior can be easily improved by developing hybrid structures to mimic the mechanical 

properties of the skin.  

 

 
 

Figure V.4. Mechanical behaviour of electrospun gelatin meshes in the wet and dry state. 

a) Stress-strain representative curves. b) Young’s Modulus. c) Elongation at break. d) 

Tensile strength at break. Statistical significance for p≤0.05 (*) and statistical significance 

for p≤0.05 compared to the same condition in wet state (#). 

 
3.5. Biological behavior  

The cytotoxicity of the electrospun meshes was assessed using samples crosslinked in 

BDDGE at different concentrations (2, 4 and 6%) during only 48h which, according to 

the previous results, are representative of low, medium and high crosslinking degrees 

(35.18%, 42.75% and 65.94%, respectively).  

The results presented in Fig. V.5 show that fibroblasts remained metabolically active in 

all considered cases. After 24h no cytotoxicity was observed even for samples with high 

amount of crosslinker and the additional washing step did not influence the toxicity, either 
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in direct or indirect contact assays. In direct contact assays differences between samples 

with 2 and 6% of BDDGE exhibited statistical significance to the control (pre-washed or 

not). In indirect contact assays, statistically significant differences were observed 

between samples with 2% BDDGE (control and washed) and between samples with 6% 

BDDGE (control and non-washed samples). In indirect contact assays results show an 

increased metabolic activity of cells in indirect contact with samples compared to the 

control, which can eventually be explained by the release of uncrosslinked gelatin to the 

medium. Gelatin displays many integrin-binding sites for cell adhesion, migration, 

proliferation, and differentiation due to the abundant Arg–Gly–Asp (RGD) amino acid 

sequences in its protein chain, which may enhance the metabolic activity of cells [65]. 

 
a) 

 
b) 

Figure V.5. Cytotoxicity assessment of electrospun gelatin meshes crosslinked with 2, 4 

and 6% of BDDGE for 48h. a) Direct contact (DC) and b) Indirect contact (IC) with hDNF 

cells, using as cells alone as control. Statistical significance for p≤0.05 (*). 
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The proliferation of fibroblasts seeded on the electrospun gelatin meshes crosslinked 

with 4% of BDDGE (72h) during 7 days was accessed using the metabolic activity assay 

and cell morphology was further observed by SEM and confocal microscopy. Samples 

with 4% BDDGE (72h crosslinking) were selected according to the previous results. 

Since no samples showed cytotoxic effects the selection was based on the combination 

of adequate crosslinking degree, stability and mechanical properties but providing the 

lower amount of crosslinker possible. As shown in Fig. V.6a fibroblasts cultured on the 

crosslinked gelatin electrospun meshes proliferated throughout the 7 days of culture.  

SEM images (Fig. V.6b) show the intimate interaction between the cells and the 

nanofibrous structures. From day 1 to day 7, in agreement with metabolic activity 

assessment, it is possible to observe an increase in cell number, as well as the 

integration and spreading of cells in the filamentous electrospun mesh. According to Jin 

and co-authors (2014) the integrin-binding sites available on gelatin promote cell 

adhesion and proliferation, and the nano-sized fibers encourage better cell proliferation 

and signaling [65].  

Electrospinning presents a unique ability to fabricate nanofiber-based scaffolds that best 

mimic the nanometer scale of the native ECM of skin [66]. Consequently, electrospun 

skin substitutes have been claimed to have increased potential to promote better cellular 

attachment, growth and differentiation due the high surface area, high aspect ratio and 

high microporosity provided by the low fiber diameter structure [67-69], which seems to 

be confirmed in the present work. Confocal microscopy images (Fig. V.6b) of cells 

cultured on the electrospun meshes show the capability of fibroblasts to adhere and 

proliferate across the 7 days of culture and that they exhibit a proper phenotype, with a 

typical fibroblastic morphology. Additionally, after 7 days of culture, the production of 

fibronectin by the fibroblasts is clearly observed, sowing their ability to synthesize new 

ECM. Fibronectin is a large glycoprotein which plays an essential role in development, 

wound healing and angiogenesis [70]. 
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Figure V.6. Proliferation of hDNF cells on electrospun gelatin meshes. a) Metabolic 

activity, using electrospun meshes without cells as control. Statistical significance for 

p≤0.05 (*). Scale bars correspond to 50 µm; b) SEM and confocal microscopy images of 

cells cultured on electrospun meshes (blue: nuclei; red: actin; green: fibronectin). Scale 

bars correspond to 50 µm. 

 

Gelatin is a cost-effective, biocompatible, biodegradable and cell-interactive material, 

known for not causing any adverse immune response [65]. However, its fast degradation 

in aqueous media, associated to usually low mechanical properties, considerably limit its 

application [71]. Hence, new non-toxic gelatin crosslinkers are fundamental to improve 

the potential application of this biomaterial for tissue engineering applications. BDDGE 

b) 

a) 
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is a widely used crosslinker in hyaluronic fillers already available in the market for several 

years. FDA determined that the use of unreacted BDDGE below 2 parts per million is 

safe since those trace amounts are prone to hydrolysis ultimately yielding CO2 and water 

[26]. Martucci and colleagues (2015) described for the first time the use of BDDGE as 

crosslinker of gelatin for preparing biodegradable films for food packaging. According to 

this study, the films produced by casting with different percentages of BDDGE (0.5, 1 

and 3%), revealed a great potential for food packing due to their non-toxicity and 

enhanced mechanical properties [39]. However, this paper reports for the first time the 

use of BDDGE as in situ crosslinker of electrospun gelatin nanofibers for biomedical 

applications. Due to its similarity with the native ECM, gelatin electrospun meshes have 

been previously investigated as dressings for wound healing and drug release, revealing 

promising properties [9]. However, most of the crosslinkers used are toxic and/or non-

stable, inducing changes in the fiber morphology due to the crosslinking bath/vapor used 

after fibers production [9, 72]. The in situ crosslinking method used here represents a 

more effective crosslinking strategy than the traditional vapor crosslinking due to the 

homogenous mixing between polymer and crosslinker at the syringe prior to fiber 

formation [73]. The current study further demonstrates the possibility of modulating fiber 

diameter by controlling the in situ crosslinking parameters. Furthermore, the obtained 

electrospun meshes kept their morphology after the crosslinking process. Ultimately, 

gelatin electrospun meshes crosslinked with BDDGE shows great potential as wound 

dressings due to their ideal water vapor permeability rate, stability on aqueous medium, 

adequate swelling degree, non-toxicity and capability to promote fibroblasts attachment, 

proliferation and production of ECM proteins. 

4. Conclusions 

The main purpose of this research work was to explore, for the first time, the potential of 

crosslinking gelatin fibers with BDDGE, improving its stability in aqueous media and 

mechanical properties. BDDGE-crosslinked gelatin meshes were synthesized, 

characterized and tested regarding their toxicity and potential as wound dressing. 

Electrospun gelatin fibers crosslinked with BDDGE were successfully produced, allowing 

to obtain meshes with a well-defined morphology and random deposition. The 

crosslinking degree could be tuned changing the amount of crosslinker and the 

incubation time, which allowed the control of both fiber diameter and mechanical 

properties. 4% and 6% BDDGE (both incubated for 72h) provided gelatin fibers with high 

crosslinking degree and stable diameters of 339 ± 91 and 276 ± 88 nm, respectively, 

although 4% BDDGE resulted in the best combination of mechanical properties. 

Cytotoxicity assays revealed no toxicity and proliferation assays showed that fibroblasts 
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were able to attach and proliferate, producing new extracellular matrix within the 

electrospun meshes. Overall, this study demonstrated the potential of BDDGE as an 

alternative gelatin crosslinker due its non-toxicity and capability to tailor gelatin’s 

mechanical and physical properties.  
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1. Introduction 

The largest vital organ in the body is the skin. It represents 7% of its total weight, being 

its main function to protect the human being against the external environment [1-5]. This 

layered tissue plays other important functions such as the control of the body 
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temperature, sense of touch or the synthesis of vitamin D [1, 6]. When skin damage 

occurs a consecutive cascade of events takes place to restore the skin structure and 

function [7, 8].This is known as wound healing, a process that consists, mainly in five 

different phases: hemostasis, inflammation, migration, proliferation and maturation, 

occurring sequentially after damage [7, 9]. Through this elaborate process the skin 

presents self-regeneration ability, although this capacity is strongly reduced in the case 

of full-thickness lesions, requiring for the use of a graft or dressing [4]. Despite the 

encouraging recent developments of new wound dressings and tissue engineering-

based products, there is plenty of room for innovative strategies to promote skin tissue 

regeneration [10, 11]. Important advances have been made clinically with the use of 

PermaDerm® (Regenicin Inc., USA) and Apligraf® (Novartis, USA) [12], but a skin 

equivalent, able to fully replicate the important aspects of its functionality is yet to be 

developed. Over the last years electrospun meshes are have gained increasing attention 

through the combination of materials and processing strategies, which present great 

potential for skin regeneration [3].This year was certified the first company (Bioinincia, 

Spain) with the capability to scale up electrospinning technique for biomedical 

applications representing a great advance to materialise the research developed in this 

field [13]. Wound dressings prepared from electrospun nanofibers have been claimed to 

present exceptional properties compared to conventional dressings, such as improved 

promotion of haemostasis, absorption of wound exudates, adequate permeability, 

conformability to the wound, and avoidance of scar induction [9, 14-16]. The skin 

multilayer structure, with a mesh-like organization, can be mimicked by electrospinning 

technology [17]. New electrospinning processing strategies are thus being explored in 

which natural and synthetic materials are combined with new design approaches 

allowing the production of hybrid structures [17]. Several research works explored the 

development of hybrid structures combining different fiber diameters [18-20], different 

materials to improve the properties of the structure [21-23] or combining aligned/random 

fibers [24]. For skin regeneration most of the available works only explore the 

combination of materials and different fiber diameters, building structures without 

gradients[17].  

In this work, we propose to combine the advantages of natural (gelatin) and synthetic 

(polycaprolactone) polymers into electrospinned nanofibers through different 

approaches to investigate the most suitable structure to promote skin regeneration. 

Polycaprolactone (PCL) is a well-known aliphatic linear polyester that has been 

extensively used in tissue engineering applications due to its biodegradability, 

biocompatibility, structural stability and mechanical properties [25, 26]. PCL presents 

semi-crystalline structure, hydrophobic nature and low bioactivity which reduces the cell 
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affinity and small tissue regeneration rates [27, 28]. To overcome these drawbacks we 

introduced into the structure gelatin, which is obtained through the collagen denaturation 

and is typically derived from bovine or porcine skin [29, 30]. Due to its biological origin, 

gelatin is similar to collagen and apparently is able to retain signals information such as 

the arginine–glycine–aspartic acid (RGD) sequence [12]. It also promotes differentiation 

and proliferation, which makes it an attractive polymer for tissue engineering [31-33]. 

Despite the similarity of gelatin with collagen, it presents better tensile modulus and 

possess excellent biodegradability, non-antigenicity, and cost efficiency as collagen [29, 

34]. One of the major drawbacks of gelatin is that it dissolves as a colloidal solution at 

temperatures at 37 °C or above, and gels near room temperature [31, 35]. As such, 

gelatin electrospun meshes are often cross-linked or combined with synthetic polymers 

in order to maintain a fibrous structure [36, 37] 

Here we explore three different processing strategies, multilayer, coating and blending 

to combine both materials into hybrid wound dressing structures capable of promoting 

skin regeneration. The main goal is to better mimic the skin ECM not only at the 

morphological point of view but, also, its mechanical and biological properties. 

 

2. Materials and Methods 

2.1 Materials & Methods  

Poly (ɛ-caprolactone) (PCL) (Mw 50000 (g/mol), bulk density: 1.1g.cm-3) was kindly 

supplied by Perstorp and dissolved in acetone that was purchased to Sigma-Aldrich. 

Gelatin (Ge) powder of pig skin (type A, 300 bloom, 60 mesh) were kindly supplied by 

Italgelatine, and the acetic acid glacial was purchased from PanReac AppliChem. To 

increase the gel/AA solution conductivity was added, to the solution, 2% v/v of 

Triethylamine (TEA) purchased from Sigma Aldrich. BDDGE was provided from Alpha 

Aesar and used as crosslinking agent of gelatin without any further purification. A 

gelatin/AA/TEA solution (15 wt-%) and PCL/DMK (17wt-%) was prepared for 

electrospinning by dissolving the polymers and stirred it at 37ºC overnight. The 

crosslinker was added and stirred immediately before the electrospun fibers’ production. 

To the preparation of the blend solution PCL and Ge were dissolved in acetic acid and 

TEA (2 % v/v), (17 wt-% and 15 wt-%, respectively) and was stirred together during 2h 

before the production of the meshes. No crosslinker agent was added due the hydrogen 

bonds formed between materials which stabilized gelatin in aqueous solution [38]. 

Pure PCL and gelatin meshes have been used as controls. Gelatin was crosslinked with 

1,4-butanediol diglycidyl ether (BDDGE) according to our previous chapter. 
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2.2 Electrospun meshes preparation 

Polymeric nanofibre meshes were processed by using a specially designed 

electrospinning machine using a single jet approach. Control samples were produced 

with pure PCL and Ge while the hybrid structures resulted from a combination of both 

polymers using three distinct methodologies (Fig.VI.1). The multilayer structure was 

composed by 5 layers combining the materials (Ge/PCL/Ge/PCL/Ge). The 5 layers was 

defined in order to obtain a compact structure (with no physical separation between 

layers). The second reason was to guarantee that, independently of side (top or bottom), 

the first contact between the multilayer structure and cells occurs always with the same 

material. The blended mesh was produced after mixing both polymers in solution 

followed by spinning into one single fibre to obtain a filament that combined both 

materials and consequently obtain combined properties. Finally, we have used coating 

methodology which consisted in the electrospinning of a PCL fibre mesh production 

followed by immersion in a gelatin solution (5 w/v-% with 1 v/v-% of BDDGE) and drying 

at 37 ºC. The details regarding the different processing parameters are available in Table 

VI.1. The optimal processing parameters of PCL and Gelatin electrospun mesh were 

defined in previous work. Blend processing otimization is available on appendix A, 

section 3. 

All the non-woven electrospun meshes were obtained at room temperature and relative 

humidity of 40-50 % using a syringe pump (SP11Elite, Harvard Apparatus) combined 

with a high voltage source (HV power supply, Gamma High Voltage Research, US) and 

a grounded copper plate as collector. Crosslinking of electrospun gelatin fibers was 

carried out through the incorporation of BDDGE on gelatin solution to avoid the loss of 

configuration that is usually induced by immersion in the crosslinking solution [39]. 
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Figure VI.1. Representative scheme of methodologies used to prepare hybrid structures, 

a) electrospinning scheme, b) Multilayer methodology, c) Blend methodology, d) Coated 

methodology, e) SEM cross-section of multilayer mesh, f) EDS of coated mesh to 

demonstrate the presence of gelatin and PCL, g) Fluorescence microscopy image, 

gelatin was marked with FTIC to demonstrate the presence of PCL and Ge in the same 

filament. 
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Table VI.1. Processing parameters and after processing. 

Electrospu
n mesh 

Flow rate 
(mL/h) 

Distance between 
collector and needle tip 

(cm) 

Voltage 
(kV) 

After processing 

PCL 3.17 12 10 none 

Gelatin 0.4 12 12 
Incubation at 37ºC, 

during 72h 

Multilayer 5 layers structure (Ge-PCL-Ge-PCL-Ge)  
Incubation at 37ºC, 

during 72h 

Coated 3.17 12 10 

Immersion in a gelatin 
solution during 30 min 
followed by incubation 

at 37ºC, during 72h 

Blend 0.3 12 12 None 

 

2.3. Physicochemical characterization 

2.3.1. Apparent density and porosity 

The apparent density and porosity of electrospun meshes were calculated using 

equations (1) and (2) [40], respectively, where the mesh thickness was measured using 

a micrometer. 

 

Apparent density (g∙cm-3)=
mesh mass(g)

mesh thickness (cm) ∙ mesh area (cm2)
   (1) 

 

 

Mesh porosity= (1-
Mesh apparent density(g∙ cm-3)

Bulk density of PCL/gelatin(g∙ cm-3)
) ∙100% (2) 

 

2.3.2. Morphology and fiber diameter 

The morphology of each electrospun fibrous mesh was examined by scanning electron 

microscopy (SEM) using a Quanta 400 FEG ESEM/EDAX Genesis X4M (FEI Company, 

USA) in CEMUP, University of Porto. Prior to examination samples were coated with a 

gold/palladium (Au/Pd) thin film, by sputtering, using the SPI Module Sputter Coater 

equipment. SEM images were also used to evaluate the fiber diameter distribution using 

Image J software. To each condition three individual samples were analyzed and fifty 

measurements per image were carried out.  

 

2.3.3. Structure 

Fourier transform infrared (FTIR) spectroscopy with attenuated total reflectance (ATR) 

was used to evaluate the chemical composition of the materials and to detect possible 
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structural changes. FTIR analyses were carried out using an Alpha-P Brucker FTIR-ATR 

spectrometer (Brucker, Belgium), in the range of 4000–500 cm−1, at a 4 cm−1 resolution 

with 64 scans.  

 

2.3.4. Water uptake 

To assess the swelling degree samples were dried for 24h before weight determination, 

after which they were incubated in distilled water and sodium azide (0.02%) as 

bacteriostatic agent. After 24h of incubation samples were removed from the distilled 

water solution and weighted again to evaluate the swelling degree (eq. 4).  

 

Degree of sweeling (%) =
Ww−Wd

Wd
∙ 100,    (4) 

 

where Ww is the wet weight and Wd is the dry weight. 

 

2.3.5. Water vapor permeability 

The water permeation rate of electrospun meshes was estimated. Glass bottles with the 

same size and type were filled with PBS solution and the electrospun meshes were fixed 

on their openings. The area available for vapor permeation was 2.39 cm2. Evaporation 

of water through the mesh was monitored by the measurement of weight loss according 

to standard test methods for water vapor transmission [41]. Briefly, each set was 

weighted and kept at 32°C during 24h, after which the weight of each set was recorded 

again to quantify the amount of water evaporated. 

 

2.3.6. Contact Angle 

To assess the hydrophilicity of electrospun samples a static contact angle through optical 

contact angle was used (Data Physics, model: OCA 15 plus, Germany). The water 

contact angle was measured through the spread of droplets on the surface and recording 

its height and width. Each experiment was recorded during 1 minute. 

 

2.3.7 Mechanical properties 

The tensile strength and modulus of electrospun samples were determined in wet state 

using a texturometer (TA.XT Plus model, Stable Micro System SMD, England) with a 5N 

load cell. Testing was carried out in a controlled environment at RT and relative air 

humidity of 45%. The gauge length was 15 mm and the test speed was 1 mm.s−1. At 
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least five individual samples were tested from each group and measurements were 

reported as mean ± standard deviation according the statistical method used (mixed 

effect model). All experiments were performed with samples thickness prior perform the 

tensile tests. 

 

2.4. In vitro studies 

Human dermal neonatal fibroblasts (hDNF) isolated from the foreskin of healthy male 

newborns (ZenBio, US) were cultured, expanded, and maintained in Dulbecco’s modified 

eagle medium (DMEM) (Gibco, US), at 37ºC in a humidified atmosphere of 5% CO2. The 

culture medium was changed twice a week and cells were trypsinized (0.25% 

trypsin/0.05% ethylenediamine tetraacetic acid (EDTA)/0.1% glucose in PBS (pH 7.5)) 

when they reached 70-80% of confluence. Cells from passages between 8 and 11 were 

used in this study.  

 

2.4.1. Cytotoxicity 

To evaluate their cytotoxicity electrospun meshes were tested in direct (samples) and 

indirect (leachables) contact under pre-washed in ultrapure water. Samples were 

sterilized with UV light followed by washing during 24h. hDNF cells were seeded in 

culture wells for 24h at a density of 2x104 cells/well. 24h later, samples (direct contact) 

and culture medium having been in contact with samples (indirect contact) were 

incubated with the cells for another 24h. The culture medium was then removed from the 

wells and fresh basal medium with 20% v/v resazurin (Sigma) was added. Cells were 

incubated (37ºC, 5% v/v CO2) for an additional 2h period, after which 300 µL per well 

were transferred to a black 96-well plate and measured (Ex at 530 nm, Em at 590 nm) 

using a micro-plate reader (Synergy MX, BioTek, US). The control consisted in cells 

alone.  

For the quantification of the total double-stranded DNA (dsDNA) content, the cell pellets 

were recovered from wells and washed with phosphate buffered saline (PBS). The 

suspension was then centrifuged (10 000 rpm, 5 min) and then stored at -20ºC until 

further analysis. The dsDNA quantification was performed using the Quant-iT PicoGreen 

dsDNA kit (Molecular Probes, Invitrogen, US), according to the manufacturer's protocol. 

Briefly, the samples were thawed and lysed in 1% v/v Triton X-100 (in PBS) for 1h at 250 

rpm at 4ºC. Then, they were transferred to a black 96-well plate with clear bottom 

(Greiner, AUT) and diluted in Tris-EDTA buffer (200 mM Tris–HCl, 20 mM EDTA, pH 

7.5). After adding the Quant-iT PicoGreen dsDNA reagent, samples were incubated for 
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5 min at RT in the dark, and fluorescence was measured using a microplate reader (Ex 

at 480, Em at 520 nm).  

2.4.2. Cell metabolic activity and proliferation 

Cell metabolic activity and proliferation assays were performed using hDNF cells seeded 

on electrospun meshes at a cell density of 1x104 cells per sample. To promote an 

efficient cell penetration into the mesh the seeding was performed with only 10 µL and 

incubated for 2 hours. 500 µL was then added and cultured during 14 days, changing 

the medium every 3 days. Metabolic activity was estimated using the resazurin-based 

assay and using electrospun meshes without cells as control. For the proliferation assay 

samples direct contact assay was performed with hDNF cells and pre-washed with 

ultrapure water. Afterwards, they were cultured for 14 days, and their metabolic activity 

was measured at days 1, 3, 7 and 14. 

 

2.4.3 Cell morphology, fibronectin deposition and Ki-67 expression 

For the studied time-points (1, 3, 7 and 14 days) cells seeded in electrospun meshes 

were stained for filamentous actin (F-actin), nuclei (Dapi), fibronectin (FN) deposition and 

ki-67 protein expression (ki67). Briefly, samples were washed with PBS, fixed for 20 min 

in 4 wt-% paraformaldehyde (PFA, Sigma), and permeabilized with 0.2% Triton X-100 

(Sigma) for 7 min. Samples were then incubated for 1h with 1 wt-% bovine serum albumin 

(BSA, Merck) in PBS. For FN staining, electrospun meshes were incubated overnight at 

4ºC with rabbit anti-fibronectin (f3648, Sigma, 1: 300) and then with the goat anti-rabbit 

secondary antibody Alexa Fluor® 488 F(ab’)2 fragment (Molecular Probes-Invitrogen, 1 

: 2000, 2 h at RT). After this, samples were incubated with the conjugated probe 

phalloidin/Alexa Fluor® 594 (Molecular Probes-Invitrogen, 1: 40, 1 h at RT) for F-actin 

staining. For ki67 staining, electrospun meshes were incubated overnight at 4ºC with 

rabbit anti-ki67 (Ab15580, Abcam, 1: 200) and then with the goat anti-rabbit secondary 

antibody Alexa Fluor® 488 F(ab’)2 fragment (Molecular Probes-Invitrogen, 1: 1000, 2 h 

at RT). In both staining samples were subsequently washed three times with the PBS 

solution and nuclei were counterstained with 40,6-diamidino-2-phenylindole 

dihydrochloride (DAPI, Sigma, 0.1 mg.mL-1) in vectashield (vector), just before confocal 

visualization (CLSM, Leica SP2AOBS, Leica Microsystems) using LCS software (Leica 

Microsystems). The scanned Z-series were projected onto a single plane and pseudo-

colored using ImageJ. The cells cultured in electrospun meshes were also visualized 

trough SEM to evaluate their morphology. Briefly, samples were washed with PBS, fixed 

for 30 min in 2.5 wt% glutaraldehyde (GA, Fluka), and dehydrated with a successive 
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graded ethanol series (40, 50, 70, 90 and 100%) for 15 min each. After that, critical point 

drying (CPD7501, Polaron Range) was performed to ensure the complete dehydration 

of samples. 

 
2.5. Statistical analyses 

All data points were expressed as mean ± standard deviation (SD). Statistical analysis 

(Levene’s and T test) was carried out using IBM SPSS Statistics 20.0 with 99% 

confidence level for cytotoxicity assays. Linear mixed model (LMM) was used to test 

differences between the effects of composition in Young’s Modulus, tensile strength at 

break and elongation at break. Composition was treated as a fixed factor and replication 

experiment was treated as a random factor to take into account possible heterogeneity 

of the samples in each set. Parameters’ estimation was performed by lme package and 

multiple comparison adjustment was performed by mulcomp package from the R 

statistical software [42]. The results were considered statistically significant when p ≤ 

0.05 (*). 

 
 

3. Results and discussion 

3.1 Macroscopic and morphological characterization 

Electrospun skin substitutes are demonstrating an increased potential to promote cellular 

attachment, growth and differentiation due the high surface area, high aspect ratio and 

high microporosity provided by the low fiber diameter structure [11, 43-45].  

SEM morphological images of electrospun meshes for different methodologies and 

controls are shown in Fig. VI.2 (a-d). According to the SEM images, electrospun meshes 

obtained show uniform random deposition with continuous filaments well defined without 

presence of beads. Depending on the methodology there are distinct average diameters 

that can be visualized in table VI.2. For multilayer samples the average fiber diameter 

are 490 ±330 nm, in which the standard deviation is high as consequence of the average 

diameters corresponding to fibers from PCL and Gelatin and consequently the range of 

diameters is high. The coated methodology presents the fibers with highest diameters 

(2050 ± 700 nm) of methodologies as consequence of coating. After PCL electrospun 

preparation the gelatin bath make gelatin cover some filaments make it larger and fill 

some pores. With the blend methodology was possible to obtain the smallest fibers 

diameters (199 ± 107 nm) even compared to the control meshes, 417 ± 165 and 339 ±91 

corresponding to PCL and Gel, respectively. 
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The skin ECM fibers, composed of collagen, elastin and fibrillin fibers , are reported to 

exhibit diameters between 10 and 300 nm, and the minimum fiber diameter required for 

fibroblast adhesion and migration, and maximum interfiber distance that fibroblasts are 

able to bridge, have been described as approximately 10 and 200 nm [11, 46, 47]. 

According to the above mentioned equations (Equations 1 and 2) the theoretical values 

for the porosity of the electrospun produced meshes range between 97.32 ± 0.83 

(coated) and 98.78 ± 0.33 % (Gelatin) (Table VI.2). In the case of the coated 

methodology the value is below of 98% since the fibres were coated with the gelatin. 

Comparing gelatin and the other electrospun meshes (PCL, Multilayer and Blend) the 

porosity is similar between them (~98.5%).
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Table VI.2. Properties of electrospun mesh structures. 

Sample 
Apparent density 

( g.cm -3) 

Porosity 

(%) 

WVP 

(g/m2/day) 

Swelling degree 

(%) 

Average fiber 

diameter 

(nm) 

Contact angle 

(º) t=2s 

Mechanical properties 

Elastic 

Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation at 

break (%) 

PCL 0.021 ± 0.003 98.11 ± 0.24 2365.50 ± 121.22 341.19 ± 68.34 417 ± 165 135.98 ± 6.62 5.41 ± 2.45 0.87 ± 0.37 219.97 ± 76.08 

Gelatin 0.009 ± 0.002 98.78 ± 0.33 2292.69 ± 147.36 568.92 ± 67.28 339 ± 91 36.62 ± 15.83 0.31 ±0.15 0.04 ± 0.03 29.1 ± 11.60 

Multilayer 0.017 ± 0.001 98.61 ± 0.04 2470.75 ± 171.34 354.87 ± 13.05 n.a. 101.58 ± 17.82 2.51 ± 0.71 0.34 ± 0.11 83.20 ± 14.84 

Coated 0.033 ± 0.010 97.32 ± 0.83 1862.13 ± 182.58 149.29 ± 46.51 2050 ± 700 91.86 ± 5.25 7.47 ± 1.85 1.09 ± 0.13 64.13 ± 10.57 

Blend 0.015 ± 0.003 98.80 ± 0.24 2466.57 ± 76.84 198.06 ± 33.05 199 ± 107 37.74 ± 17.82 4.61 ± 4.14 1.29 ± 1.24 69.40 ± 33.25 
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3.2 Physico-chemical and structural characterization 

Fourier transform infrared spectrometry with attenuated total reflection (FTIR-ATR) 

analysis was performed to evaluate any interaction between synthetic and natural 

polymer in the hybrid structures developed, using the “raw” meshes as control. The 

different spectra obtained are shown in Figure VI.2 g). PCL spectrum is characterized by 

the presence of several bands being the most common at 1720.7 cm-1, corresponding to 

the C=O bond characteristic in esters. Between 750 and 1500 cm-1 we can observe some 

bands corresponding to a CH2 groups of PCL chain. Lastly, it can be observed two bands 

with 2863.69 cm-1 and 2941.57 cm-1, corresponding to the CH bond. The FTIR spectra 

of gelatin shows pronounced bands in four different amide regions, specifically at 1700-

1600 cm-1 corresponding to amide I, at 1565-1520 cm-1, to amide II, at 1240-670 cm-1 to 

amide III, and at 3500–3000 cm-1 corresponding to amide A [48-52]. The absorption of 

amide I contains contributions from the C=O stretching vibration of amide group and a 

minor contribution from the C-N stretching vibration [48]. Amide II absorption is related 

to N-H bending and C-N stretching vibrations. Amide III presents vibrations from C-N 

stretching attached to N-H in-bending with weak contributions from C-C stretching and 

C=O in-plane bending [53]. In our FTIR results, corresponding to the hybrid electrospun 

meshes no chemical change was observed, being possible to detect the presence of 

both polymers in the same structure. 
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Figure VI.2. Scanning electron microscopy of hybrid structures and controls, a) PCL, b) 

Gel, c) Coated, d) Blend, e) Multilayer top and cross-section, f) comparative fiber average 

diameters, g) FTIR spectrums of electrospun meshes. Statistical significance for p≤0.05 

(*). Scale bars: 10 µm, except c) that is 20 µm and e) cross-section that is 50 µm. 
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The water uptake of biodegradable polymers indicates the hydrophilic/hydrophobic 

character of the materials and therefore, their susceptibility to degradation by hydrolysis 

processes [54]. To evaluate the hydrophilic character of the electrospun meshes, the 

contact angle between the meshes was measured by the sessile drop technique. As 

known, PCL has a hydrophobic character [55]. In agreement, nanofiber meshes 

produced through electrospinning process presented an angle of 135.98 ± 6.62º (Table 

VI. 2). On the other hand, gelatin is characterized by its hydrophilic behaviour [56] and 

presented an angle of 36.62 ± 15.83º. The hybrid structures were, also, tested 

demonstrating a decrease of contact angle that are directly associated to the increase of 

hydrophilic character of sample through the incorporation of gelatin. Due to the intrinsic 

characteristics of electrospun meshes after 30 seconds all sample absorbed the water 

droplet, being the values above corresponding to the two seconds of test. In fact, the 

high porosity allows for the penetration of water throughout the meshes even when is 

made by hydrophobic material. 

One of the most important feature of a wound dressing is to control the water loss 

evaporation at an optimal rate. The dressing should be permeable to keep a moist 

environment and prevent wound dehydration [57]. However, it is important to emphasize 

that a moist wound environment is not a wet wound environment, since excess of 

exudates will lead the patient to hypergranulation tissue formation in the wound bed and 

macerated periwound skin [57, 58]. Therefore, an important objective in providing topical 

wound care is selecting a dressing which can maintain a moist wound surface while 

being able to remove the produced exudate [57-59]. A healthy skin presents a 

permeation of 204 g/m2/day, while for injured skin, a first-degree burn, can range to 279 

g/m2/day and for a granulating wound to 5138 g/m2/day [60, 61]. An ideal wound 

dressing must have a rate of 2500 g/m2/day to provide an adequate level of moisture 

without compromising wound dehydration [57, 60, 62]. The permeability of water vapor 

through the electrospun meshes produced ranges from 1862.13 ± 182.58 (Coated) to 

2470.75 ± 171.34 g/m2/day (Multilayer). WVP is influenced by the pore size and 

interconnectivity between pores, small pores and packed fibers into the mesh decrease 

the permeability to the water vapor. The PCL mesh presents higher WVP than Gelatin.  

Despite the porosity of Gelatin being slightly higher the packing of fibers can be bigger 

due to lower diameter as compared to PCL fibers and for that reason the WVP is less 

than the PCL mesh. Looking to the hybrid structures, the Multilayer and Blend 

methodologies presents values in the range of the ideal permeation rate, 2470.75 ± 

171.34 and 2466.57 ± 76.84 g/m2/day, respectively. However, the coated structure 

presents a WVP rate far from the ideal rate that is related to the lower porosity as 
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compared to the other methodologies, consequence of coating with gelatin that fill some 

pores. 

The swelling degree of biodegradable polymers is correlated with its 

hydrophilic/hydrophobic character and, therefore, their susceptibility to degradation by 

hydrolysis processes [63]. The swelling increase the materials’ flexibility and promotes 

changes in the dimensions of the implant material [64]. The processing methodologies 

have generated fiber meshes with distinct capabilities to uptake water. According to the 

swelling degree values shown in Table VI.2, Gelatin presents the higher swelling degree, 

consequence of its hydrophilic character. In spite of the hydrophobic character of PCL, 

the PCL structure demonstrated a great capability to retain water consequence of mesh 

high porosity. Coated structures have a swelling degree of 149.29 ± 46.51% which is the 

lowest value from all the processed fiber meshes, which is correlated with the fact that 

some pores were filled with gelatin limiting the water uptake. Regarding the Blend fiber 

meshes the swelling degree is also low compared to the other structures which can be 

related to the high packing of fibers due its low fiber diameter. The Multilayer structure 

presented the highest value of the hybrid meshes (354.87 ± 13.05%) because it 

combines, in the same structure, both materials in different layers which allows to keep 

the main characteristics of raw materials. In the same structure it was possible to 

increase the hydrophilicity and avoid the fiber packing due to the combination of fibers 

with a different range of diameters. 

 

3.3 Mechanical properties 

Electrospun meshes were investigated according different structures composition. 

Representative stress-strain curves are shown in the Figure VI.3a).  From that was 

possible obtain the Young’s Modulus (MPa), Elongation at break (%) and Tensile 

Strenght at break (MPa). Besides improving the adequate environment for cells to 

adhere and proliferate, one of the most important reasons to combine PCL with gelatin 

is to improve the poor mechanical properties of gelatin [56], which is possible to observe 

in Figure VI.3. An important objective of this study is to evaluate which hybrid structure 

matches closely skin mechanical properties. Pure PCL and Gelatin meshes where used 

as controls, corresponding to the best and the worst mechanical properties, respectively. 

The main idea behind developing hybrid structures is to achieve intermediate properties 

and according to the results (Fig. VI.3b), c) and d) and Table VI.2) it is notorious that the 

hybrid structures present improved properties (Young’s modulus, Tensile strength at 

break and elongation at break) compared to pure Gelatin. The Young’s Modulus of hybrid 

structures have not statistical significance when compared to the PCL, where PCL 
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presents 5.41 ± 2.45 MPa, Multilayer 2.51 ± 0.71 MPa, Coated 7.47 ± 1.85 MPa and 

Blend 4.61 ±4.14 MPa. Comparing the hybrid structures, the Multilayer and Coated show 

statistical significance, the last one presenting the higher elastic modulus even when 

compared to the PCL probably due to the lower porosity degree presenting a behavior 

more similar to a film than an electrospun mesh. 

The tensile strength at break (TSB) is based on the maximum tensile stress supported 

by the sample before break. The Coated and Blend samples show the high values of 

TSB, followed by PCL, Multilayer and Gelatin. Only the Blend structure presents 

statistical significance when compared to Multilayer and Gelatin electrospun meshes. 

Regarding to the elongation at break the PCL presents the highest value (219.97 ± 

76.08) with statistical significance from other samples. Overall hybrid structures 

presented a better mechanical performance as compared to pure Gelatin. 

Due to the heterogeneity of human skin, its mechanical properties presents a wide range 

of values [17]. Can be considered as reference values: 2.9-150 MPa for Young’s 

Modulus, 1-32 MPa for Tensile Strength and 17-207 % for Elongation at break [65-68]. 

According to the results, in terms of mechanical properties, all hybrid structures show 

improved properties as compared to the gelatin electrospun mesh. There is no statistical 

significance between the studied mechanical parameters of Coated and Blend structures 

which are both stiffer then the Multilayer structure, closely mimicking the native skin 

mechanical properties. However, the standard deviation associated to the Blend 

structure can be related to the lack of fiber diameter homogeneity. 
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Figure VI.3. Mechanical behaviour at wet state, a) stress-strain representative curves; 

b) Young’s Modulus, c) Tensile strength at break and d) Elongation at break. Statistical 

significance for p≤0.05 (*). 

 

3.4 Cytotoxicity 

The cytotoxicity of the produced electrospun meshes was performed to the hybrid 

structures and single structures. According to the results obtained (Fig. VI.4), fibroblasts 

remained metabolically active in all conditions tested. In the direct contact assay, after 

24h, no cytotoxicity was observed for Gelatin, Multilayer and Coated samples. However, 

a slight decrease in the metabolic activity of PCL and Blend samples can be correlated 

with the presence of a small amount of solvent residues into the electrospun mesh. In 

the indirect assay no sample has present any toxicity.  

From all the tested samples, the multilayer structures presented the higher metabolic 

activity in direct contact and PCL in the indirect contact assay. 
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Figure VI.4. hDNF Metabollic activity normalized for DNA content of different 

methodologies. Statistical significance (*) p≤0.05. 

 

3.5 Cell metabolic activity and proliferation 

The proliferation of hDNF during 14 days seeded on electrospun meshes was accessed 

using the metabolic activity assay (Fig. VI.5) and cells morphology were further observed 

by SEM (Fig. VI.6) and confocal microscopy (Fig. VI.7 and VI.8). Throughout of 14 days 

the cells remaining metabolic active and increasing its activity between time-points.  

According literature PCL does not have affinity to the cells due to its hydrophobic 

character [55]and on the other hand gelatin has many integrin-binding sites and thus can 

enhance the metabolic activity of cells. So is expected that the hybrid structures present 

better biologic activity than PCL electrospun meshes due the addition of gelatin. At day 

1 the metabolic activity is low, probably due to the release of any residue of solvent, or 

cells are still adhering and adapting to the surface of the fibres, or some of them lost 

during the seeding. Though after it the hDNF activity increases consistently over the 14 

days with statistical significance as compared with the control. Looking to the results at 

day 3, PCL presents the lowest activity and Blend the highest, additionally both are 

statistical different from the other samples. The other approaches presents similar results 

without statistical significance. At day 7 the PCL and Blend presents the same behavior 

that in the previous time-point. Its notorious that after 7 days of culture the hybrid 

structures present higher metabolic activity than Ge and this trend is kept up to 14 days. 

At the end of proliferation assay the hybrid structure with higher activity was the Coated 

followed by Multilayer and Blend structure. This important result clearly demonstrates 

that to promote the cell activity is necessary, not only, the adequate biological 
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environment but, also, the appropriate mechanical properties. According to Wells 

substrate stiffness affect in different ways the cell function, from the most simple point of 

view stiffness can regulate cell growth, viability and resistance to apoptosis [69]. 

Moreover, enough scaffold stiffness is crucial for anchorage-dependent cells helping it 

bonding to the matrix and proliferate [70]. However, the cell migration is commonly 

associated to an intermediate stiffness level [71]. The coated structure is stiffer than the 

other hybrid structures and the cells metabolic activity is higher up day 14, corroborate 

the literature. 

 

Figure VI.5. hDNF metabolic activity assay. The control were used electrospun meshes 

without cells seeded. Statistical significance for p≤0.05 (*) and ‘#’ for statistical 

significance compared with all other samples, ‘#1‘except gelatin, ‘#2’ except PCL. 

 

3.6 Cell morphology, fibronectin deposition and Ki-67 expression 

Regarding SEM, after 24h it is possible to observe cells adhered to the nanofibers 

presenting the typical spindle-like fibroblast morphology, showing a higher degree of 

spreading with some extended lamellipodia over the surface of all the electrospun 

structures. Depending on the type of sample it is possible observe different amount of 

cells there are directly related to the hydrophilic/hydrophobic character of the structure. 

The seeding was made on the center of the structure but in the hydrophilic structures the 

seeding is automatically absorbed and the cells are spread around all structure. In the 

case of hydrophobic surface the cells take more time to spread across the structure and 

for that reason the cells density is higher in the center of sample. With time, cells spread 
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across all structures, although, at day 14 the PCL, Multilayer and Coated samples 

present an uniform film formed with cells at the structure’ surface.  

 

Figure VI.6. Scanning electron microscopy images representative of hDNF proliferation 

in different structures over 14 days (Scale bars: 50 µm). 

 

Confocal microscopy was performed at day 1, 3, 7 and 14 of culture. Time-points of 1st 

and 14th day are represented in Figures VI.7 and VI.8, respectively. The time-points 

corresponding to day 3 and 7 can be found in appendix A, section 4. According to the 

images obtained, all structures present the typical fibroblastic morphology, increasing the 

number of cells with the culture time, correlating well with SEM observation. Fibronectin 

deposition was explored due to its importance in the wound healing process and the Ki-

67 expression was evaluated due to its association to cell proliferation [72, 73]. 

Regarding to the images at Day 1, it is possible observe in PCL, Gelatin and Coated 

structures the interaction between cells. However, only in PCL, Coated and Blend 

samples have fibronectin deposition in a fibrillary form. In terms of cell proliferation all 

structures present Ki-67 protein but with highest expression in Gelatin, Multilayer and 

Blend structures. After 14 days of culture the presence of cytoskeleton, which provides 

a structural framework, facilitates intracellular transport, supports cell junctions and 
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transmits signals about cell contact, adhesion and motility, is lower in the Gelatin 

electrospun mesh, probably due to the poor structure stiffness. In the other electrospun 

meshes a complex cytoskeleton was observed with several cell junctions, forming a 

network exhibiting cell alignment, mostly in case of the Coated and Blend structures that 

is common occurs with aligned fibres. 

In all structures the fibronectin has been deposited by the cells in a fibrillar form and 

comparing with the actin cytoskeleton location indicates that its distribution followed 

cellular organization. After 14 days the cells on PCL, Gelatin, Multilayer, Coated and 

Blend structures continues proliferating, although with higher expression of Ki67 marker 

in Multilayer structure.  

 

Figure VI.7. Confocal representative images after 1 day of hDNF culture, a) stained for 

nuclei (blue), F-actin (red), Fibronectin (green) and b) stained for Ki67 (green) (scale 

bars: 50µm). 
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Figure VI.8. Confocal representative images after 14 day of hDNF culture, a) stained for 

nuclei (blue), F-actin (red), Fibronectin (green) and b) stained for Ki67 (green) (scale 

bars: 50µm). 

 

PCL is a well-known biomaterial widely used in tissue engineering applications mostly 

due to its mechanical properties, although its hydrophobic nature limits its application in 

biomechanical systems [55]. On the other hand, gelatin presents many integrin bindings 

that are essentials to promote cell adhesion, differentiation and proliferation although 

presents poor mechanical properties [74]. The development of combined and functional 

structures has been highlighted as the most promisor strategy to overcome the 

limitations of each of the materials alone [17]. Most of the published works in the literature 

explore the combination of PCL with gelatin as a blend using different ratios and have 

evaluated the best performing formulation for a specific application [33, 38, 75, 76]. 
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However, most of these studies evaluate the mechanical properties in dry state when 

final application is in moist environment. 

Few works [77, 78] have been exploring the core/shell approach with PCL/Ge or vice-

versa. Those studies described that is possible make fibers with well-defined core and 

shell demonstrating its potential for drug delivery systems and the possibility to tailor the 

fibers properties according materials concentration. 

Planz et al., work evaluated two different approaches (Blend and Multimaterial) and 

demonstrated that fabricated a structure that mimic the biomechanical characteristics of 

native ECM in human skin [70]. However, gelatin fibers were used as sacrifice material 

to create a bio-adaptive hybrid structure, degrading into the cell culture medium and 

increasing the mesh porosity over time [70]. In our work are addressed and compared, 

for the first time, three different strategies to produce hybrid structures where PCL and 

Gelatin are combined according to different processing approaches (Blend, Multilayer 

and Coated). The current study demonstrates the impact of using different strategies to 

combine two widely studied materials into hybrid structures on several properties. This 

will affect the materials’ properties and stability and ultimately the biological performance 

towards a wound dressing application. The compromise between the physical 

environments vs biochemical cues (adhesion points) is a key factor to favors the cell-

matrix interactions.  

Furthermore, the hybrid electrospun meshes obtained show different properties and 

performances being the most promisors the Multilayer and Blend structures. Both have 

shown to have a great potential as wound dressings due to their ideal water vapor 

permeability rate, adequate water uptake, hydrophilicity, non-toxicity and capability to 

promote fibroblasts attachment, proliferation and ECM production (fibronectin). The 

multilayer structure has the particularity of being easier to handle due to its multiscale 

fibers and, therefore, ideal to be used as wound dressing. 

 

4. Conclusions 

A correlation between the different electrospun hybrid structures using PCL and Gelatin 

was addressed in this work, targeting wound dressing applications. Hybrid structures 

were successfully developed combining the major advantages from individual PCL and 

Gelatin electrospun meshes make possible to obtain constructs with good mechanical 

and biological performance, fitting the requirements to promote an optimal wound healing 

process. According to the biological assays the use of toxic solvents and crosslinker does 

not induce any toxicity to the final structures and the hDNF cells can proliferate during 14 

days. From the hybrid structures and according all characterization performed the 
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multilayer structure demonstrated to be the most promising strategy to be used as a 

combined processing route for wound dressing. 
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Concluding Remarks and 
Future Prospects |Chapter VII 

_____________________________________________________ 
 

In this work, a bold attempt was made to achieve a new wound dressing composed of 

electrospun fibers to promote wound healing. For this purpose, hybrid structures were 

developed to better mimic the skin 3D microenvironment. 

The re-design of electrospinning apparatus was made successfully increasing the home-

made system reproducibility through the replacement of most metallic parts by non-

conductive components. The validation was made aided by SEM images obtained 

ranging the solution and processing parameters. From all samples prepared, the optimal 

conditions were defined as 17 wt-% of PCL dissolved in DMK and 15 wt-% of Ge 

dissolved in AA/TEA (2v/v-%). PCL meshes were produced with 10kV of voltage, a 

distance between needle and collector of 12 cm and a flow rate of 3.17mL/h. Ge 

electrospun meshes were prepared with 12kV, a distance between needle and collector 

of 12 cm and a flow rate of 0.4mL/h. 

In vitro enzymatic degradation showed a weight loss of 97.1% after 90 days 

demonstrating the increase of degradation rate compared to the bulk material 

consequence of high surface area and porosity degree. In vivo results evidence that the 

pores size does not limit the cell infiltration, after 60 days a complete integration of 

electrospun meshes with surrounding tissues were verified. And, after 90 day of 

implantation a dense extracellular matrix components were produced indicating the 

possible degradation of electrospun meshes. In vitro and in vivo results demonstrated 

that PCL electrospun meshes are suitable for short-term applications. 

A new methodology was explored successfully to induce an internal gelatin crosslinking 

to overcome its solubility in aqueous medium and keep the fiber morphology after 

crosslinking reaction. Moreover, ranging the reaction time and crosslinker amount was 

possible to tailor the fiber diameters and consequently the electrospun mesh properties. 

Hybrid structures were design to mimic the skin ECM in terms of morphology and 

biomechanical properties. The hybrid structures obtained demonstrated that by exploring 

different processing strategies it is possible obtain structures with distinct properties. 

Biological assays proved that more than biological cues the mechanical structures 

properties had an important role to support the cell adhesion and proliferation. 
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Mechanical tests showed that hybrid structures provide similar properties to the native 

tissue. From the methodologies, the Coated approach demonstrated some limitations in 

terms of WVP rate and lower porosity degree consequence of the coating after 

electrospun fibers production. On the other hand, the Blend and Multilayer approaches 

fit most of the requirements to be an ideal wound dressing, although the thickness of 

Blend structure is a concern topic due to its weakness. Multilayer structure demonstrated 

be the most robust structure according the characterizations performed. 

Concluding, the attained results suggest that hybrid structures show a huge potential to 

be used as wound dressing. Combining biological and mechanical properties in a wound 

dressing has an important role to the wound healing process. This study casts light on 

the improvement on electrospun structures preparation, exploring different processing 

approaches to achieve desirable properties. The development of these hybrid structures 

provided a further insight on wound dressing applications, benefiting from the advantage 

of the electrospun fibers similarity to the native skin ECM conjugated with the good 

polymer properties. At least, it should be underlined that no subject was completely 

explored and there is always room for improvement. 

For future work, regarding the hybrid structures development, other approaches should 

be considered, optimized and characterized. Encapsulate drugs, growth factors or 

antibacterial agents into the fibers should be explored and optimized followed by a deep 

physical-chemical characterization. 

 

The cellular adhesion and proliferation observed in all hybrid structures must be 

addressed to the poor cellular infiltration, commonly associated to the electrospun 

meshes. Additionally, a more comprehensive study should be directed to the in vitro and 

in vivo degradation kinetics of hybrid structures. 

 

Related to the multilayer structure the integrity of the structure should be evaluated to 

guarantee its behavior as a complete structure avoiding layers’ separation. The co-

culture of fibroblasts and keratinocytes must be performed to evaluate the potential of 

the hybrid fiber mats for the hierarchical three-dimensional co-cultivation of different 

human skin cells.  

 

Study the healing effect of hybrid structures after cutaneous application in vivo by 

evaluating it microbiologically, morphologically, and histologically. 
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Appendix A – Supplementary data 

Section 1 - Technical drawing
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Section 2 – SEM images  

 

Figure SA.II.1. SEM of 6wt% of PCL in AA/TEA (2% v/v), scale bars: 20µm. 
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Figure SA.II.2. SEM of 11 wt% of PCL in AA/TEA (2% v/v), scale bars: 20µm. 
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Figure SA.II.3. SEM of 17 wt% of PCL in AA/TEA (2% v/v), scale bars: 20µm. 
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Figure SA.II.4. SEM of 6 wt% of PCL in DMK, scale bars: 20µm. 
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Figure SA.II.5. SEM of 11 wt% of PCL in DMK, scale bars: 20µm. 
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Figure SA.II.6. SEM of 5 wt% of Ge in AA/TEA (2% v/v), scale bars: 20µm. 
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Figure SA.II.7. SEM of 10 wt% of Ge in AA/TEA (2% v/v), scale bars: 20µm. 
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Section 3 – SEM images 

 

Figure SA.III.1 . Blend production optimization. A) 1:1 (11 wt-% PCL: 15 wt-% Ge (AA/ 

1% TEA)) 12kV, flow rate 0.3-0.4 mL/h and distance 10-12cm; B) 1:1 (17 wt-% PCL: 15 

wt-% Ge (AA/ 1% TEA)) 12kV, flow rate 0.3-0.4 mL/h and distance 10-12cm; C) 1:1 (17 

wt-% PCL: 15 wt-% Ge (AA/ 2% TEA)) 12kV, flow rate 0.3-0.4 mL/h and distance 10-

12cm. Scale bars: 20µm. 
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Section 4 – Confocal images 

 

Figure SA.IV.1 . PCL confocal images for each time-point, scale bars: 50µm. 
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Figure SA.IV.2. Ge confocal images for each time-point, scale bars: 50µm. 
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Figure SA.IV.3. Multilayer confocal images for each time-point, scale bars: 50µm. 



 

197 
 

 

Figure SA.IV.4. Coated confocal images for each time-point, scale bars: 50µm. 
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Figure SA.IV.5. Blend confocal images for each time-point, scale bars: 50µm. 
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a b s t r a c t

In recent years, nanotechnology has received much attention in regenerative medicine,
partly owing to the production of nanoscale structures that mimic the collagen fibrils of
the native extracellular matrix. Electrospinning is a widely used technique to produce
micro-nanofibers due its versatility, low cost and easy use that has been assuming an
increasingly prominent position in the tissue engineering field. Electrospun systems have
been especially investigated for wound dressings in skin regeneration given the intrinsic
suitability of fibrous structures for that purpose. Several efforts have been made to com-
bine distinct design strategies, synthetic and/or natural materials, fiber orientations and
incorporation of substances (e.g. drugs, peptides, growth factors or other biomolecules)
to develop an optimized electrospun wound dressing mimicking the native skin. This paper
presents a comprehensive review on current and advanced electrospinning strategies for
skin regeneration. Recent advances have been mainly focused on the materials used rather
than on sophisticated fabrication strategies to generate biomimetic and complex con-
structs that resemble the mechanical and structural properties of the skin. The technolog-
ical limitations of conventional strategies, such as random, aligned and core-shell
technologies, and their poor mimicking of the native tissue are discussed. Advanced strate-
gies, such as hybrid structures, cell and in situ electrospinning, are highlighted in the way
they may contribute to circumvent the limitations of conventional strategies, through the
combination of different technologies and approaches. The main research challenges and
future trends of electrospinning for skin regeneration are discussed in the light of
in vitro but mainly in vivo evidence.

� 2016 Published by Elsevier Ltd.
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1. Introduction

The first shield between the external environment and the human body is the skin. This tissue plays a crucial role in body
protection and, when damaged at full-size, the human life could be in risk [1,2]. According to the World Health Organization
(WHO) it is estimated that every year 265,000 deaths occurs caused by burns and, annually about 6 million people were
burned requiring medical attention [3–6]. The average length of stay in the hospital is 8.4 days, thus resulting in a consid-
erable social and economic burden for the health care systems worldwide. Therefore, innovative strategies are required to
promote skin tissue regeneration, despite the encouraging recent developments in wound dressings and tissue
engineering-based products [7]. Electrospun meshes have been gaining increasing attention through the combination of
materials and processing strategies of great potential for skin regeneration [8]. Wound dressings prepared from electrospun
nanofibers have been claimed to present exceptional properties compared to conventional dressings, such as similarity to
architecture of the natural extracellular matrix (ECM), improved promotion of hemostasis, absorption of wound exudates,
permeability, conformability to the wound, and avoidance of scar induction [9]. New processing strategies are thus being
explored in which natural and synthetic materials are combined with new design approaches allowing the incorporation
of substances that turn not electrospinnable materials into electrospinnable ones. In this review skin regeneration strategies
will be revised with a focus on electrospinning methodologies and materials.

2. Skin tissue and wound healing process

The human body comprises several organs each one with specific functions, dimensions and shapes. The largest vital
organ in the body is the skin that represents 7% of the total body weight and has the main function of protecting the human
being against the external environment. It also helps protecting the body against excessive water loss, against attacks from
chemicals and other harmful substances, and ultraviolet radiation [1,8,10–12]. In spite of the protective function of the skin,
this tissue plays other important functions namely: (i) control of body temperature, by secreting sweat through the sweat
glands, thereby lowering the temperature; (ii) sensory, through different receptors able to detect touch, pain, pressure and
temperature; and (iii) synthesis of vitamin D (after exposure to sunlight), a precursor of calcitriol hormone that is converted
in the liver and kidneys and plays an important role in the calcium absorption in the small intestine [10,13]. Although the
skin works as a barrier it is not totally impermeable: some substances are transferred across the skin, such as sweat, drugs
and biomolecules [10,14].

Skin functions are carried out by specialized cells and structures found in the two main skin layers, epidermis and dermis
(Fig. 1). Besides these two layers, beneath the dermis there is the hypodermis that provides support to the dermis [10,15].
The epidermis, the outermost skin layer, is around 120 lm thick and is composed by numerous cells closely linked in dif-
ferent stages of differentiation, which form the stratified squamous epithelium [10]. The epidermis is avascular (nourished
through diffusion from the dermis), consists of 4 different types of cells (keratinocytes, melanocytes, Langerhans cells and
merkels cells) and presents 5 distinct cell layers (stratum basale, spinosum, granolosum, lucidum and corneum) [16,17].
The dermis layer is composed by a complex mesh of ECM material that provides structure and resilience to the skin. The
thickness of this layer varies according to the body region but is in average of 2 mm [10,17]. The dermis is composed by
a nanometer-sized network of structural proteins (collagen, which provides strength and flexibility, and elastin, which pro-
vides elasticity), blood and lymph vessels, and specialized cells (mast cells that help in the healing process and protect
against pathogenic organisms, and fibroblasts that produce collagen and elastin). This ECM network is engaged in a ground
substance that is mostly composed by glycosaminoglycans and plays an important role in hydration and in maintaining
moisture levels in the skin [10,14]. The ECM is also highly dynamic, being constantly synthesized and re-organized by the
cellular components, but in turn also having a prominent role in directing cellular behaviour through direct and indirect
signaling. For instance, ECM molecules control cell adhesion through specific cell binding sites, cell migration through
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proteolytically sensitive functionalities, and cell differentiation through bound and soluble signaling biomolecules. With rel-
evance for the present topic is the nanometer scale of the several pores and fibers (collagen, hyaluronic acid, elastin, laminin,
fibronectin, proteoglycans) that constitute the ECM, highlighting the relevance of mimicking the physical nanometer scale
fibrillar nature of this structure through electrospinning. ECM fibers are reported to exhibit diameters between 10 and
300 nm, and the minimum fiber diameter required for fibroblast adhesion and migration, and maximum interfiber distance
that fibroblasts are able to bridge, have been described as approximately 10 and 200 lm, respectively, which lie within
parameters achievable by electrospinning but hardly achievable using alternative cell culture settings [18,19]. Furthermore,
due to their intrinsic ability to synthesize their own ECM, skin cells are known to be able to self-organize even in the absence
of molecular cues provided that an adequate 3D nucleation structure exists to enable their self-organization, thereby rein-
forcing the stimulating role of electrospun nanofibrous structures for skin regeneration [19,20].

When skin damage occurs a consecutive cascade of events called wound healing takes place to restore the skin structure
and function [17,21]. A wound can result from burns, contusion, hematoma or a disease process, causing chronic wounds. At
present, due to the increasing life expectancy, diseases with high incidence such as diabetes have been considerably increas-
ing the incidence of chronic wounds and thus making it of high social relevance [11,21].

The wound healing process consists, in general, in five different phases, namely hemostasis, inflammation, migration, pro-
liferation and maturation, occurring sequentially after damage [9,21] (Fig 1). During hemostasis, platelets suffer aggregation
to promote clotting and stop any bleeding. Delivery of important growth factors to the inflammation process occurs, which
trigger the wound healing process through attraction and activation of neutrophils, lymphocytes, macrophages and mast
cells [22,23]. The inflammation phase occurs at the same time as hemostasis. In this phase, blood neutrophils followed by
phagocytes enter and penetrate inside to the injured area to destroy bacteria and eliminate debris from dying cells and dam-
aged matrix [14,24]. The following phases, migration and proliferation, are considered by several authors as the same phase
due to their interdependence [22,25]. Migration is characterized by infiltration of new epithelial cells moving on to the dam-
aged area to replace the dead cells and during the migration the inflammation decreases. The proliferation phase consist on
covering all damaged area with epithelial cells and macrophages, while simultaneously fibroblasts and endothelial cells
move to the damaged area forming a granular tissue composed by a new matrix and blood vessels, respectively [22,25].
The last phase, maturation, comprises the remodeling process, in which fibroblasts cover all the damaged surface with a

Fig. 1. Skin structure and wound healing phases.
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new skin layer and ideally leaving no evidence of scar [14,23]. Through this elaborate process of wound healing the skin has
self-regeneration ability although this capacity is strongly reduced in the case of full-thickness lesions, requiring the use of a
graft or dressing [11].

3. Skin regeneration products

3.1. Autografts and allografts

When skin lesions result in large full-thickness defects the standard clinical procedure is the autologous skin transplan-
tation based on transplanting split-thickness grafts [7,8,26]. However, this transplantation contains all of the epidermis layer
but only a small part of the dermis often leading to scar formation [15]. This process has the obvious restriction of total
amount of autologous skin that can be removed and the split-skin donor site takes one week to heal and can be used for split
skin harvesting up to 4 times. Frequent harvests also lead to scars in donor sites and hospital stays for long periods of time
[6,27,28]. Allografts are grafts removed from other individuals and constitute efficient alternatives to prevent fluid loss and
infection, reduce pain and promote the healing of underlying tissues. However, this type of graft presents several ethical
problems and is influenced by the donor’s availability and potential disease transmission [26].

3.2. Wound dressings

The first procedure when skin damage occurs consists in applying a wound dressing due their efficiency on preventing
wound infection and promoting exudate absorption, low cost and availability. The main functions of a dressing are promot-
ing a moist environment in the wound, and protecting the wound against mechanical injury and microbial contamination,
especially during the inflammatory stage [7,29]. Ideally, the dressing should be able to fit the wound shape, absorb wound
fluid without increasing bacterial proliferation or causing excessive dehydration, provide pressure for hemostasis, and pre-
vent leakage from the bandage. The dressing should also support the wound and surrounding tissues, eliminate pain, pro-
mote re-epithelialization during the reparative phase, and be easily applied and removed with minimal injury to the
wound [30].

Wound dressings can be categorized according to different characteristics. One possible classification relies in classifying
the wound dressings in passive or interactive [9,31]. The passive ones correspond to the common wound dressings and their
main function is covering the wound and allowing the regeneration beneath the dressing. Some examples are tulle dressings
(made of cotton or viscose gauze impregnated with paraffin) and low-adherence dressings (made of materials as knitted vis-
cose or polyester fabric) [32]. On the other hand, the interactive wound dressings present some advantages like the capabil-
ity to modify the wound chemical environment facing to the physiological conditions of the wound for a faster healing
process. Although in some cases this modification could take long periods of time [9,33]. Commercial available interactive
wound dressings, according the widely accept classification, are divided into hydrocolloids, hydrofibers, hydrogels, foams,
alginates and bioactive/biological dressings [32].

3.3. Tissue engineering-based products

During the past few years, the progress and evolution on tissue engineering (TE) field have been growing exponentially.
This field has been exploring the regeneration of several tissues, including skin, involving knowledge from different disci-
plines. TE includes the combination of live cells, tissues or organs, with structures and materials designed to mimic the struc-
ture of a particular tissue [34,35]. The use of TE strategies for skin tissue regeneration consists essentially in expanding skin
cells in the laboratory, cultivating them on a scaffold and applying cell-scaffold construct for restoring the barrier function
(first step in burn patients), or to promote wound healing (for instance in chronic non-healing ulcers), thereby reducing pain
and promoting optimal conditions for a correct healing [11]. Several products for skin regeneration based on TE are already
clinically available that meet the essential requirements for a clinical product, namely be safe for the patient, clinically effec-
tive and conveniently handled and applied by health care professionals [6,11].

TE skin substitutes present several advantages when compared with other available solutions including less required vas-
cularisation in the wound bed, increased dermal component of the healed wound, reduced presence of inhibitory factors and
faster and safe coverage [8]. TE skin substitutes available in the market can be classified according to different features. The
most common classification is related with the anatomical structure to be regenerated, resulting in epidermal, dermal or der-
mal/epidermal (or composite) substitutes [6,26]. An important phase in the production of epidermal substitutes is the iso-
lation of keratinocytes, obtained through a 2–5 cm2 skin biopsy from the donor. The epidermis is separated and in vitro
cultured on top of fibroblasts [6,36]. There are several epidermal substitutes available for clinical applications using cells
either of autologous or allogenic origin, with the allogenic products presenting reduced manufacturing costs compared to
autologous substitutes. Some of the commercial epidermal substitutes available are MySkin� (CellTran ltd, UK) a synthetic
silicone support layer with surface coated and seeded with keratinocytes, Epicel� (Genzyme Biosurgery, USA), sheets of
autologous keratinocytes attached to the petrolatum gauze support, and Epidex� (Eurodern GA, Switzerland), an epidermal
equivalent from the patient’s own outer root sheath, where the keratinocytes are cultured in silicone membranes. Despite
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their efficiency in proving epidermal coverage, autologous and allogenic epidermal substitutes are claimed to present poor
attachment rates that can lead to blister formation [26].

The development of dermal substitutes emerged due the lack of dermal tissue in full thickness wounds and the poor qual-
ity of the scars after treatment with split thickness autografts or cultured epithelial grafts which contain little or no dermal
component, respectively [37]. There are several products available in the market that have been demonstrating great effec-
tiveness in dermal regeneration, such as Dermagraft� (Shire Regenerative Medicine, Inc, USA), a cryopreserved human
fibroblast-derived dermal substitute, generated by the culture of neonatal dermal fibroblasts onto a bioresorbable poly
(lactic-co-glycolic acid) (PLGA) mesh scaffold [38], IntegraTM (Integra LifeSciences, USA), which is a nanofibrous bilayer mesh
specifically designed to be used in conjunction with negative pressure wound therapy, comprising crosslinked bovine tendon
collagen and glycosaminoglycan and a semi-permeable polysiloxane layer, and KarodermTM (Karocell Tissue Engineering AB
company, Sweden), a human donated cell free dermis that can also be used as a biological scaffold for autologous
keratinocytes.

To mimic skin layers (dermis and epidermis) in the same construct dermal/epidermal substitutes have been explored.
Several studies have been carried out with different cell types to evaluate their performance although only autologous ker-
atinocytes were claimed effective to achieve permanent closure of skin defects [6,26]. Dermal/epidermal substitutes avail-
able in the market include PermaDerm� (Regenicin Inc., USA), composed by cultured fibroblasts and keratinocytes on an
absorbable collagen substrate, and Apligraf� (Novartis, USA), that combines two distinct nanofibrous layers, the lower der-
mal layer containing bovine type I collagen and human fibroblasts and the upper epidermal layer formed by culturing human
keratinocytes.

In spite of the great progress achieved on TE-based skin substitutes several challenges still need to be overcome to
achieve the optimal skin substitute, such as: to avoid use animal-derived materials (e.g. serum), to improve the adhesion
of cultured keratinocytes to the wound bed, to improve the rate of neovascularization of tissue engineered skin and to
enhance the scaffolds materials to resist wound contraction and fibrosis [7,8,34,39,40].

3.4. Advanced skin substitutes

Advanced skin regeneration strategies have been emerging combining cells, growth factors and scaffolds overcoming
some of the problems associated to the clinical application of skin grafts, dressings and TE-based products [7]. Scaffolds
are a crucial component because the isolated cells on their own are not able to restore the native structure of the skin with-
out support to guide the ECM growth [1]. For scaffolds fabrication, there are two main strategies: the top-down and bottom-
up approaches [41,42]. The top-down is considered the traditional approach and is based on cells seeded in a porous scaffold
generating a cellular construct, which is later subjected to the maturation process in a bioreactor. With this methodology is
expected that the cells adhere, proliferate and differentiate inside the scaffold creating an appropriate ECM stimulated by the
growth factors and mechanical or other types of stimulation [41,43]. Most TE products described before are based on this
strategy.

The bottom-up approach consists on developing biomimetic modular structures that can be created through self-
assembled aggregation, microfabrication of cell-laden hydrogels, fabrication of cell sheets or direct printing with specific
microarchitectural features [41,44,45]. The major advantages of this approach are better control over cell seeding, increasing
cell density and complexity of microarchitecture than with top-down approaches. Major disadvantages of using bottom-up
approaches include the fact that some cell types are unable to produce enough ECM, migrate or form cell-cell junctions, and
the great difficulty in developing assembly techniques able to generate engineered tissues with clinically relevant length
scales and mechanical properties [7,41,46].

4. Electrospun skin substitutes

Although the electrospinning technique is under growing development in the biomedical field its principles emerged
around 1600s. However, since 1980s, several research groups demonstrated that it is possible to produce electrospun fibers
with organic polymers increasing, since then, the number of publications exponentially [47,48]. Some of the most important
milestones are summarized on Table 1. Further details about electrospinning’s history are available elsewhere [47,49–52].

Electrospinning is a technique allowing to create submicron to nanometer scale fibers from polymer solutions or melts
and was developed from a basis of electrospraying, widely used for more than 100 years [65,68]. It is also known as electro-
static spinning, with some common characteristics to electrospraying and the traditional fiber drawing process [69].

The conventional setup for an electrospinning system consists of three major components: a high voltage power supply, a
spinneret and a collector that can be used with horizontal or vertical arrangement [47,65,70]. The syringe contains a
polymeric solution or a melt polymer, pumped at a constant and controllable rate. The polymer jet is initiated when the
voltage is turn on and the opposing electrostatic forces overcome the surface tension of the polymer solution. Just before
the jet formation, the polymer droplet under the influence of the electric field assumes the cone shape with convex sides
and a rounded tip, known as the Taylor cone [59,69,71]. During the jet’s travel, the solvent gradually evaporates, and charged
polymer fibers are randomly deposited or oriented in the collector [71].
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Fig. 2. Electrospinning fabrication strategies, fiber orientation types and types of collectors used.

Table 1
Historical milestones of electrospinning.

Year Author Historical milestone Refs.

Around 1600s Gilbert Study of the magnetic behaviour and electrostatic phenomena [49]
Late 1800s Rayleigh Investigation of liquid jet hydrodynamic stability, with or without applied electric field [47,50]
1902 Cooley Patent registration entitled ‘‘Apparatus for electrically dispersing fluids”, considered as the

first description of a process recognizable as electrospinning
[53,54]

1914 Zeleny Study of the fluid droplets behaviour at the end of metal capillaries [51,52]
1934–1944 Formhals Publication of several patents describing important developments towards electrospinning

commercialization
[55–65]

1936 Norton Patented the use of melted polymers [49,66]
1964–1969 Taylor Development of theoretical electrospinning underpinning, which allowed the mathematical

modeling of the cone shape formed by the liquid droplet that became known as Taylor’s cone
[51,67]

Table 2
Effect of electrospinning parameters in fiber formation.

Parameter Effect Refs.

Solution Viscosity Determines the fiber formation [74,77]
Surface tension Determines the applied voltage; it must be higher than surface tension of the solution to initiate the

process
[76,78]

Conductivity Higher conductivity avoids droplet deposition in the fibers [75–77]
Dielectric effect High dielectric properties reduce bead formation and fiber diameter [77,78]

Processing Applied voltage Influences the jet stretching and acceleration and consequently fiber morphology [75,77]
Flow rate Influences the fiber diameter, its geometry and mesh porosity [75–77]
Needle diameter A small internal diameter reduces droplet formation in the fibers [77,78]
Distance needle-
collector

Influences the solvent evaporation rate [75,77]

Ambient Temperature The increase of temperature favors the solvent evaporation rate [67,77]
Humidity If too high induces morphological changes increasing the surface heterogeneity and for hydrophilic

polymers is unable form fibers and electrospraying occurs
[47,67,77,78]

Atmosphere
types

Some gases are influenced by the electrostatic field blocking the process [77]

Pressure If pressure is lower than atmospheric one the solution exists through the needle causing jet
instability

[77]
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The electrospinning process can be influenced by several parameters, such as: solution parameters (viscosity, concentra-
tion, type of solvent), processing parameters (flow rate, distance between needle and collector, voltage supply, type of col-
lector) and ambient parameters (temperature and humidity), as summarized in Table 2 [47]. It should be emphasized that
the acceleration of fiber formation is up to 600 m/s2, which is much higher than the value of acceleration of gravitational
forces on earth (at sea level and at 45� of latitude it corresponds to 9.80665 m/s2), meaning that gravity does not influence
the process [72,73].

The technique is also highly versatile since, in addition to the conventional fiber configuration, it is possible to obtain a
variety of other configurations, namely core/shell (co-axial) or emulsion configurations and, according to the fiber orienta-
tion, it is possible to produce aligned or randomly oriented fibers depending the type of the collector used (Fig. 2).

The use of electrospinning to regenerate damaged tissues rose in the last decade due to its simplicity to produce meshes
and its capacity to mimic the micro-nanostructure of the natural ECM. The nanofibers produced through electrospinning
confer a high surface area to the structure, high interconnectivity that is beneficial for regenerative tissue growth and cell
migration and great potential for effective delivery of biomolecules, [47,79]. According to tissue engineering principles an
ideal scaffold should hold cellular activities, and should disappear over time while tissue regeneration occurs. To enable this,
scaffolds should mimic native tissue regarding its structure, appropriate mechanical strength, porosity for cellular infiltra-
tion and growth [35,69].

Traditional scaffolding methodologies like solvent casting and particulate leaching, gas foaming, freeze drying and gas
foaming have limited ability to form scaffolds that mimic the native tissue nanostructural architecture [80,81]. However,
electrospinning presents a unique ability to fabricate nanofiber-based scaffolds that best mimic the nanometer scale of
the native ECM as well as the mechanical properties of the native skin. Electrospun skin substitutes have been claimed to
have increased potential to promote better cellular attachment, growth and differentiation due the high surface area, high
aspect ratio and high microporosity provided by the low fiber diameter structure [35,52,82]. The versatility of this technol-
ogy further allows tuning of fibrous scaffold design in terms of mechanical properties, fiber diameter, density and orientation
to mimic the physical features of the ECM, as shown in several examples ahead.

The mechanical properties of skin in vitro and in vivo have been evaluated using different techniques (ultrasounds, inden-
tation, tensile tests, suction and torsion) [83–85]. Human skin is a complex tissue due its heterogeneity, viscoelasticity, ani-
sotropy, adhesive properties and non-linear stress-strain behaviour [83,84,86]. Table 3 presents the mechanical properties of
skin tissue in comparison to electrospun meshes made by different materials and production strategies, showing that the
mechanical properties of electrospunmeshes are similar to those of skin, thus demonstrating the potential of this technology
to mimic skin tissue due not only due to its similarity in terms of organization (nanofibrous mesh-like structure) but also
mechanical properties.

Additionally, the high specific surface area and porosity of electrospun meshes constitute additional functional advan-
tages by providing tunable fluid absorption and drug and biomolecule delivery, adequate oxygen, water and nutrient diffu-
sion coupled with efficient metabolic waste removal.

In spite of the significant advances in electrospinning, in the biomedical field only a few companies provide customized
nanofibers production either as single or bi-layers combining different materials. Commercially available products also
include cell culture well-plates integrating electrospun structures and meshes for stent coverage [94–96]. Specifically for
skin regeneration, a clinical trial was carried out for the treatment of diabetic foot ulcers using a multilayer polyurethane
electrospun transdermal patch releasing nitric oxide [97]. However no clinical trials using the electrospinning technique
for skin regeneration are ongoing [98].

4.1. Randomly oriented fiber meshes

Conventional electrospinning set-up configuration consists in fibers randomly deposited over the grounded collector,
which is usually a metal plate [47,79,99]. The random deposition is a consequence of the jet instability resulting from the
electric field applied to overcome the polymeric solution surface tension [51,100].

There are several studies comparing random and aligned deposition strategies in terms of nanofibers morphology,
hydrophilicity, mechanical properties and cell adhesion and proliferation [101,102].

In terms of biological response numerous studies demonstrated that aligned fibers usually exert a more relevant influence
on cellular behaviour including cell morphology, cellular density and gene expression. In terms of mechanical properties the
elongation at break presents better results when fibers are randomly oriented [101–104]. Although both strategies allow
producing structures with suitable properties to promote skin regeneration, skin is generally characterized by a meshlike
random orientation of fibrils, making random meshes the electrospun structures the more suited to mimic native skin’s
ECM [18]. Jha and colleagues explored the application of randomly oriented fiber meshes to improve wound healing, in
which they assessed skin regeneration promoted by collagen electrospun fibers crosslinked with glutaraldehyde on adult
guinea pigs [105]. In vitro and in vivo results showed that the created wounds closed after 16 days of implantation and no
adverse inflammatory reactions or other antigenic complications were observed, showing the great potential of this strategy
for dermal reconstruction. Said and co-workers [106,107] also investigated randomly oriented electrospun fibers for wound
healing by combining PLGA with different substances as antimicrobial wound dressing. In vivo results after application of
fusidic acid (FA)-loaded PLGA electrospun ultrafine fibers showed high efficacy of this strategy to promote wound healing
and reduced infection (Fig. 3) [106,107]. A study performed by Coskun et al. evaluated the performance of randomly oriented
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electrospun poly (vinyl alcohol)/sodium alginate as wound dressing in vivo. This study compared commercially available
wound dressings (tulle grass, Eczacibasi), woven cotton antibacterial bactigras (Smith & Nephew) and nonwoven
Suprasorb-A (Lohmann) made from calcium alginate fibers to the electrospun meshes during 21 days. In the early time-
points (4 and 6 days) no significant differences were observed, although after the following time-points (15 and 21 days)
important differences were observed. Electrospun meshes presented the best healing performance as shown through epithe-
lization, epidermis characteristics, vascularization and formation of hair follicles (Fig. 4) [108].

These studies demonstrate the importance of the nanostructure provided by randomly oriented electrospun meshes to
promote wound healing. In fact the electrospinning technique allows production of nanostructures with similar diameter
(native range between 10 and 300 nm), porosity and random orientation similar to the collagen fibrils in the ECM of skin
[18,108].

4.2. Aligned fiber meshes

In the TE field one of the most important criteria to design the optimal scaffolds relies in mimicking the tissue ECM, which
may involve a considerable degree of orientation, depending on the tissue type and ECM. Hence, random fiber deposition
may not be adequate when mimicking tissues where specific fiber orientation is required [72,79]. Therefore several alterna-
tive set-ups to conventional electrospinning have been developed to achieve optimized architectures. To obtain aligned

Fig. 3. Effect of plain and fusidic acid loaded PLGA ultrafine fibers on the healing of wounds in rats [107].

Table 3
Mechanical properties of skin tissue and electrospun meshes.

Structure Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%) Refs.

Human skin 2.9–150 1–32 17–207 [87–90]
PCL 21.42 ± 0.04 6.87 ± 0.25 116.0 ± 6.53 [91]
PCL/collagen 82.08 ± 17.86 8.63 ± 1.44 24.0 ± 7.16 [91]
PLCL 47.66 ± 2.24 7.24 ± 0.16 158.54 ± 66.67 [90]
CA/pullulan 2.91 ± 0.21 0.13 ± 0.08 22.2 ± 0.01 [92]
HA/PLGA core/shell 28.0 1.52 60.07 [93]

CA – cellulose acetate; HA - hyaluronic acid; PCL – poly (Ɛ-caprolactone); PLCL – poly(Ɛ-caprolactone-co-lactide); PLGA – poly(lactic-co-glycolic acid).
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fibers by electrospinning several collectors with varied configurations have been designed to match the desired orientation
(Fig. 2). Fiber alignment can also be achieved using near electrospinning or melt electrospinning. In both cases the collector is
moving in X and Y directions to induce filament orientation and the process is characterized by short distances between the
tip of the needle and the collector. To achieve a stable jet region for controllable deposition the average distance of near elec-
trospinning lies between 500 lm and 3 mm and for melt electrospinning between 3 and 5 cm [109–111].

Compared to randomly oriented fibers, aligned fibers present significantly higher resistance to tensile stress, when tested
parallel to fiber alignment, and also exert a distinct influence on cell behaviour [70]. Since a variety of tissues are constituted
by oriented fibers the development of support structures capable of influencing cellular behaviour at the right orientation is
of significant importance. These tissues include ligaments, tendons, brain, muscles, cardiac and vascular tissues [112]. Recent
studies demonstrated the influence of aligned fibers over cell organization and function [113–115].

Despite the general random orientation of native skin tissue, Annaidh and colleagues have reported the relevance of the
orientation of collagen fibers in the dermis due to the correlation between their orientation and Langer lines [85]. In the past,
Cox and Stark already concluded that the Langer lines have an anatomical basis, since they remained after removal of skin
from the body and after tension tests [116,117]. A few studies have investigated the use of aligned fiber meshes to promote
wound healing. Patel et al. developed aligned and bioactive nanofibrous scaffolds by immobilizing extracellular matrix pro-
tein and growth factor onto poly(L-lactide) (PLLA) nanofibers, which simulated the physical and biochemical properties of
native matrix fibrils. The aligned nanofibers significantly induced neurite outgrowth and enhanced skin cell migration during
wound healing compared to randomly oriented nanofibers. Furthermore, the immobilized biochemical factors (as efficient as
soluble factors) synergized with aligned nanofibers to promote highly efficient neurite outgrowth but had less effect on skin
cell migration [118]. Kurpinski and co-authors showed that aligned PLLA nanofibers enhanced bovine aortic endothelial cells
(BAECs) infiltration as a result of a high pore openness, which facilitated cell migration across the structure. In vitro and
in vivo tests on a dermal wound healing model showed the importance of nanofiber alignment coupled with the effect of
added heparin as effective biophysical and biochemical cues, respectively, to regulate the cellular behaviour and tissue
remodeling [119]. In terms of wound size reduction no significant improvements were observed after 7 days. However, his-
tological findings revealed that in aligned fibers the epidermal layer grew, migrating from the wound edge towards nanofi-
brous graft [119].

4.3. Fibers with core/shell structure

The core/shell technology emerged among the most promising set-ups in the field of electrospinning since it is based on
the combination of two different materials or substances. Using this approach, the same filament may have distinct inner

Fig. 4. Histological cross-sections of tissues obtained from regions covered by wound dressings on the 21st postoperative day. (a) Tulle grass. (b) Bactigras.
(c) Suprasorb-A. (d) Electrospun poly (vinyl alcohol)/sodium alginate mesh. Arrows: hair follicies (reprinted from [108], with permission from IOS Press)
[108].
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and outer layers, allowing different compositions such as a material surrounded by another material or by a matrix loaded
with dispersed particles [79,120]. This design was developed to incorporate substances (e.g. drugs, enzymes, growth factors
or other biomolecules) inside the nanofibers. It presents two main advantages [52]: (i) substances can be incorporated in the
inner layer being protected from environmental factors, such as the organic solvents usually used in the electrospinning
technique and (ii) and the incorporated substance can be released from the inner layer and past the outer shell layer in a
more controlled and sustained pattern [70]. The design parameters, selected materials, thickness and microstructure of
the shell will directly influence the release pattern of the substance contained inside of the fibers. The core/shell design is
also being widely explored to improve the surface properties of nanofibers, such as the hydrophilicity, which in turn will
influence the biological response [70].

There are two different processes to produce core/shell fibers: co-axial electrospinning and emulsion electrospinning. Co-
axial electrospinning consists on a capillary concentrically inserted inside the other capillary, resulting in a co-axial config-
uration in which each capillary is connected to a reservoir containing a given material. Similarly to the conventional elec-
trospinning set-up this approach can work in the vertical or horizontal positions [120]. Through this process, several
structures can be produced, such as bicomponent fibers, hollow fibers and fibers with microparticles (Figs. 2 and 5). Bicom-
ponent fibers with core/shell configuration can be obtained from two electrospinnable materials or the combination of a
spinable material with other non-spinable. This approach presents as major advantages the obtention of a final fiber present-
ing unique properties and the use of materials that on their own could not be used in the electrospinning process. Using this
approach, the range of materials used in electrospinning considerably increases, overcoming the limitations to obtain elec-
trospun fibers from specific materials due their low molecular weight, limited solubility, unsuitable molecular arrangement,
or lack of required viscoelastic properties [120]. For instance, Nguyen and co-workers (2011) developed electrospun meshes
of chitosan (CS) (core) and poly(lactic acid) (PLA) (shell) although CS, due to its high molecular weight, high viscosity and
polycationic nature, cannot be electrospun on its own, and demonstrated their antibacterial activity and the high potential
of these composite nanofibers for applications in the biomedical field [121].

The combination of fibers with drugs, growth factors and other substances or biomolecules also provides novel function-
alities to the produced fibers [120]. The entrapment of substances inside the fibers allows controlling the release rate, which
is dependent on the degradation rate of the outer fiber polymer, thus smoothing the sudden release [52]. Several research
groups have been showing interesting results from substances encapsulation. Maleki et al. reported an easier control of drug
release profile through core/shell fibers compared to monolithic fibers using tetracycline hydrochloride (TCH) as core and
poly(lactide-co-glycolide) (PLGA) as shell [124]. Despite their interesting properties the wide application of liposomes in
regenerative medicine is difficult due to their short half-life and inefficient retention at the site of application. Mickova
and co-workers claim that these disadvantages could be significantly reduced by their combination with nanofibers
[123]. They demonstrated the incorporation potential of liposomes into nanofibers by coaxial electrospinning of poly(vinyl
alcohol) (PVA) (core) and polycaprolactone (PCL) (shell). The study validated that the enzymes encapsulated on liposomes
dispersed into PVA fibers survived intact to the process fabrication. The potential of this system was also proved by the
enhancement of mesenchymal stem cell proliferation, indicating its promising characteristics as drug delivery system [123].

Not many studies are available reporting the use of core-shell nanofibers for skin regeneration. Jin et al. demonstrated
that nanofibers composed of gelatin (core)/poly(L-lactic acid)co-poly-(e-caprolactone) (PLLCL) (shell) and epidermal induc-
tion medium embedded in the core promoted the desired sustained release of the medium without burst release and further
induced the differentiation of adipose-derived stem cells into epidermal lineages [125]. According to Xu et al. an efficient
delivery system is critical for the success of cellular therapies. To deliver cells to a dynamic organ, the biomaterial vehicle
should mechanically match the non-linear elastic behaviour of the host tissue. In this study, non-linear elastic biomaterials
have been fabricated from a chemically crosslinked elastomeric poly(glycerolsebacate) (PGS) (core) and the thermoplastic
poly(L-lactic acid) (PLLA)(shell) using the core/shell electrospinning technique. Mechanical tests demonstrated values com-
parable to skin tissue (Table 3) and ex vivo and in vivo trials shown that the elastomeric mesh supports and fosters the
growth of enteric neural crest (ENC) progenitor cells.

Fig. 5. Core/shell fibers (a) Transmission electron microscopy image of: Core/shell chitosan/poly(lactic acid) electrospun composite nanofibers produced
using a co-axial approach [121]. (b) Scanning electron microscopy image of a cross-section of a polycaprolactone (PCL) hollow fiber in water coagulation
bath [122]. (c) Confocal microscopy image of a poly(vinyl alcohol) (core)/PCL (shell) nanofiber mesh with encapsulated liposomes (in the core) stained with
fluorescein [123].
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Co-axial electrospinning can also be used to produce hollow fibers without the need of a template to be coated, as in the
chemical vapor deposition method [126]. In this strategy the core material is dissolved by a specific solvent, at the end of the
process or the core interacts with shell forming a hollow fiber during the processing. Wei et al. showed the potential of hol-
low fibers to act as a drug delivery system using core/shell fibers of PVA (core) and polyethersulfone (PES) (shell) with the
core material containing the drug (curcumin). During the fabrication process the core and shell wall interacted forming a
hollow fiber bilayer containing the drug on the fiber inner wall [127].

Core/shell fibers can also be produced using emulsions. This approach does not require a special needle with a physical
separation between the core and the shell solutions neither such a careful selection of operation parameters as in the co-
axial approach. In this case the dispersed drop in the emulsion turns into the core and the continuous matrix become the
shell [120,128,129]. Ma et al. reported the formation of core/shell fibers through the emulsion using sodium alginate as core
and poly(ethylene oxide) (PEO) as shell. However, when crosslinking occurs it induces changes on fiber morphology and the
electrospun mesh looses the configuration and becomes a film. The water-in-oil (w/o) emulsion is being widely explored to
encapsulate hydrophilic drugs or bioactive molecules in the core to avoid burst release and prolong the release time [128].
Zhang et al. prepared bovine serum albumin (BSA) entrapped in a water-in-oil emulsion as the core, encapsulated in the shell
polymer (methoxy polyethylene glycol-b-poly(L-lactide-co-e-caprolactone) (PELCL) and poly(L-lactide-co-glycolide)(PLGA))
via emulsion-core (EC) coaxial electrospinning. The fibrous membranes reduced the initial burst release of BSA, which can
be tailored by changing the composition to PLGA in the core emulsion. The results showed that EC electrospinning performed
better than conventional co-axial electrospinning with respect to protein delivery for tissue engineering applications [130].

4.4. Hybrid structures

The characteristic small pore size of nanofibrous meshes produced by electrospinning and the lack of specific groups to
interact with cells on the commonly used polymers limits the cellular migration into the scaffold and could results in 2D
tissue formation becoming a hindrance to the success on 3D tissue regeneration [131,132]. To overcome these limitations
several promising approaches have been developed, either combining different variants of electrospinning or through com-
bination with additive technologies [133,134].

The combination of different electrospinning set-ups allows the fabrication of hybrid structures. Several research works
explored the development of hybrid structures combining different fiber diameters [135–137], different materials to improve
the properties of the structure [138–140] or combining aligned/random fibers [141]. For skin regeneration most of the avail-
able works only explore the combination of materials and different fiber diameters, building structures without gradients.

The droplet formation phenomena, initially considered an handicap to fiber production, is a consequence of the low vis-
cosity of the polymeric solutions used in electrospinning [50,142]. However, exploration of particle formation under influ-
ence of an electric field, a new technique was developed, called electrospraying, ensuring that with one entanglement per
chain it is possible to obtain particles from micro to nano scale [143]. Particle electrospraying is of great interest for tissue
engineering applications by providing encapsulation of biomolecules due its high encapsulation efficiency and increase in
the surface area [144,145]. Only a few works are available combining electrospraying with electrospinning, aimed at devel-
oping hybrid structures mimicking native tissues. It has been previously demonstrated that combining both techniques it is
possible obtain hybrid structures with potential for tissue regeneration due its capacity to promote cell adhesion and pro-
liferation (Fig. 6a) [146–149]. The combination could be an interesting approach to produced meshes for skin regeneration
although it has not been explored in that sense yet. As previously explained nanofiber meshes have unique properties to pro-
mote skin regeneration although, especially coupled with controlled delivery of relevant therapeutic molecules. This could
be achieved using the electrospraying technique that provides advantages over the more widespread use of nanoparticles
prepared through conventional techniques, since no emulsion nor high temperatures are required, no further drying step
is necessary and it provides an enhanced control over particle size distribution [145,150,151].

Hybrid structures produced through the combination of solution and melt electrospinning is another interesting emerg-
ing approach. The use of a molten polymer with electrostatic field was reported for the first time by Larrondo and Mandley
[154–156]. However, only recently the use of melt polymers has received attention again rather than polymers dissolved in
organic solvents. Although fibers obtained through melt electrospinning usually present relative high diameters, the tech-
nology presents important advantages namely not using organic solvents, thus avoiding solvent accumulation and the need
to subsequently eliminating them to decrease sample toxicity [109,157]. The combination of solution with melt electrospin-
ning also contributes to solve the problems associated with low cellular infiltration as a consequence of high-density packing
of nanofibers, with the microfibers increasing the pore size and porosity required for cell infiltration, and nanofibers con-
tributing to promote cell attachment and growth [145,158]. However, despite the potential of this kind of combination, only
few works are available explored this approach, demonstrating that 3D hybrid structures made from PLGA micro and nano-
fibers show improved mechanical properties, cell attachment and growth than structures composed only by microfibers,
thus representing a greater potential for tissue engineering applications, namely for skin regeneration (Fig. 6b) [134,152].

Another strategy to obtain hybrid structures involves additive manufacturing technology combined with electrospinning.
Additive manufacturing (AM) techniques have been widely studied for scaffold fabrication due their ability to produce por-
ous structures with high reproducibility, tailored external shape and internal morphology [159–161]. However, the pro-
duced scaffolds present lack of nanometer-sized details to mimic the native ECM of tissues. To improve cellular
behaviour the combination with electrospun nanofibers is a possibility [131,160,162,163]. The initial works combining both
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techniques were reported in 2008, demonstrating improved mechanical properties, cell attachment and proliferation of the
hybrid structures and their potential for tissue engineering (Fig. 6c) [153,164,165]. Since then, only few additional works
have been reported, most of them combining additive techniques based on fused deposition modeling (FDM) with electro-
spinning, and often using PCL [160,166–172]. Although no works exploring this approach for skin regeneration are available

Fig. 6. Hybrid structures produced by combination of: (a) Electrospinning and electrospraying [146,147]. (b) Solution electrospinning and melt
electrospinning [152]. (c) 3D printing (FDM) and electrospinning [153].

Table 4
Critical analysis of the essential characteristics of scaffolds produced by additive manufacturing (AM) in comparison with nanofibers produced by
electrospinning and their influence on tissue regeneration.

Type of
structure

Characteristics Influence Refs.

AM scaffolds Controlled microstructure Facilitates oxygen and nutrients transport across the structure by
increasing the diffusion efficiency

[161,164,173]

Suitable mechanical properties Maintains scaffold structural integrity and stability and matches
native tissue’s mechanical characteristics to expose cells to the
correct stress environment

[164,165,174,175]

Large pore size Limits cell seeding efficiency [166,168,171,176]
Smooth filaments Inhibits initial cell attachment [164,166,171]

Electrospun
nanofibers

High surface area Mimics the hierarchical structure of ECM that is critical for cell
attachment, spreading and proliferation, as well as for nutrient/
waste transportation

[52,79,82,168]

High porosity Favors cell attachment, differentiation and mimics the native
ECM, facilitating nutrient and waste exchange and vascularization

[70,75,177–179]

Fibers with low diameter Fiber diameters match structural properties of the ECM and confer
high surface area to volume specific ratio

[50,70,142,180]

Low mechanical properties Limits structural and functional integrity and does not provide the
correct stress environment to produce neotissues

[70,99,164,167]

High packing required to obtain 3D
structures

Restricts cellular infiltration across the mesh [160,181,182]
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it would be interesting to integrate the advantages of AM (control of pore size, pore size distribution, interconnectivity and
mechanical properties) with electrospun nanofibers. The use of hybrid structures allows combining the advantages of both
techniques and reducing or eliminating the disadvantages resulting of the separate use of each technique, as explained in
Table 4.

Despite recent advances towards the development of hybrid structures for tissue engineering applications, several chal-
lenges still remain. Most of the hybrid structures produced are based on the combination of solution electrospinning
together with electrospraying, melt electrospinning or additive manufacturing technologies. Combinations with other
techniques, although yet little explored, represent equally exciting potential, even if for specific applications. Pateman
and colleagues explored the potential of combining the stereolithography and electrospinning to create channels with ori-
ented fibers supporting the regeneration of injured nerves and guide Schwann cell growth [183]. This approach could be
equally interesting for wound dressing development by, for instance, allowing to produce fibers with photocrosslinkable
hydrogels that combine the advantages of wound dressings composed by nanofibers (promoting hemostasis, semiperme-
ability, no scar induction, among others) with photocrosslinkable hydrogels that, beyond the advantages of hydrogels in
the wound healing process, allow precise control over the diffusion rate of bioactive substances across the structure
[9,181,184].

4.5. Cell electrospinning

Scaffolds are critical to support, promote and guide cell growth, thus making the development of structures mimicking
the ECM a subject of intense research. To recreate the complex tissue nano-microstructure, modular structures are
required providing precise control over the architecture, biomechanical behaviour, cell density and degradation rate
[1,7,41]. At present, two main approaches are available to integrate cells into the scaffolds: cell seeding and cell print-
ing/bioprinting, correlated with top-down and bottom-up approaches, respectively. Cell seeding is the most widely used
method to integrate cells into 3D structures and consists on seeding cells on scaffolds. However, this approach presents
limited control over cell density, localization and spreading, resulting in low seeding efficiency, minimal cell penetration
of scaffold walls and not mimicking the cellular organization of native tissues [185–187]. Although different approaches
exist for cell seeding, cell printing been attracting great attention due to the possibility of integrating cells directly into the
filaments that compose the 3D structure [188,189]. Different cell printing technologies allow the production of 3D struc-
tures, in which cells and biomaterials can be positioned in pre-determined places due to the precise control over the inter-
nal/external architecture and layer-by-layer fabrication [161,186,189]. The most widely used technologies for cell printing
are the inkjet [45,190–192] extrusion [189,193,194], laser [195–197], valve-based [188,198] and acoustic ones [199,200]
(Fig. 7).

The biological performance of electrospun meshes, similarly to other structures designed for tissue engineering applica-
tions, depends on their ability to incorporate the desired cell types and to promote the intended functionality of the incor-
porated cells [201]. As previously mentioned, the most common procedure relies in incorporating cells after scaffold
production, although recent works have been exploring the combination of electrospinning with bioelectrospraying to seed
cells during the production of the structure. The earlier incorporation of a high number of cells was reported to improve
structural stability and biochemical composition of engineered tissues [202,203].

Similarly to the previous cell printing technologies mentioned, the cell electrospinning methodology intends to signifi-
cantly reduce the time needed to generate complex cellularized structures, the non-uniformity in the seeded cells and
the time required for cells to fully infiltrate the entire architecture [204]. This concept was pioneered in 2006 by Jayasinghe’s
research team, when they proposed cell electrospinning with different cell concentrations and using a core-shell set-up and
varying flow rates [205]. The cell line used belongs to the neuronal lineage, and hence is more suitable to function under the
influence of electric impulses without damage. Since cell suspensions by themselves are not electrospinnable the core-shell
approach was used, in which the inner part was composed by a cellular suspension and the outer part by polydimethylsilox-
ane (PDMS). The outer solution should act as a shield for cells and provide a matrix for cell growth. The cellular viability
in vitro post electrospinning was evaluated through flow cytometry and showed that cell growth and 100% of confluence
in all samples was reached after 3 weeks of culture. In vivo tests were performed using real-time bioluminescent imaging
in which results showed that the processing did not compromise the ability of the electrospun cells to proliferate [205–
207]. However, according to Townsend-Nicholson and colleagues, when the bicomponent filaments (PDMS/cell in suspen-
sion) were submerged into the cell growth medium the nanofiber mesh configuration was lost, thus indicating that the cell
viability mentioned before corresponded to the cell suspension alone and not to the performance of electrospun meshes
incorporating cells. Nevertheless, the study showed the possibility of electrospinning living organisms. The same research
team updated the previous work by using the same polymer (PDMS) but increasing the cell concentration from 106 to 107 -
cell/mL and using primary porcine vascular smooth muscle cells and rabbit aorta smooth muscle cells [206]. Although cell
viability was described as not affected by the electric field and fibers were electrospun containing high cellular concentra-
tions, no evidence of remaining scaffolds after cell culture was provided. Recently, Sampson and co-workers reported in vitro
and in vivo studies using cell electrospun meshes produced with modified matrigel as shell to the cell suspension. According
to their results the cells submitted to the electric discharge showed a similar behaviour to the control ones (not submitted to
any discharge), although the matrix was dissolved and cells disassociated from the scaffold before analysis [207].
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Although a few publications already exist on the topic of cell electrospinning, the issues related to cell behaviour in a high
electric field, namely the in depth assessment of cellular damage, has not been reported yet. Jayasinghe and his team
reported that cells survive the electrospinning process without any major damage, although enough evidence is still missing
showing that the 3D structures encapsulating the cells maintain their architecture over time. Another limitation of this pro-
cess is related with the fiber size. One major advantage of electrospun nanofibers in wound healing is the relatively small
fiber diameters (in the order of nanometers), which mimics the native ECM. In suspension cells assume a size of around
10–20 lm, which considerably limits the fiber diameter achievable with the cell electrospinning approach to the micrometer
size range, thus compromising the natural advantage of electrospinning to mimic the native fibers of ECM (10–300 nm) com-
pared to other competing technologies such as cell printing.

Therefore, additional studies are required to further address the issues described above. However, in the field of skin
regeneration this new approach brings enormous potential, with the possibility of incorporating cells into the core of poly-
mer fibers, thus eventually decreasing the problems associated with low cell infiltration as a consequence of small pore size
and high packing associated to electrospun 3D meshes.

4.6. In situ electrospinning

In situ electrospinning is, a new concept that intends to produce appropriate substitutes for tissue repair and regeneration
directly on the patient’s lesion [7]. To fabricate the adequate substitutes this approach is associated to real-time imaging tech-
niques and path-planning devices for the digitalization of the damaged area and definition of the path for the deposition of
biomaterials with or without cells that can be combined with encapsulated cells [7]. The main goal of this approach is to pro-
vide a tool to directly create a customized wound dressing to the wound bed, with easy and quick application, painless to
remove and at a low cost [208,209]. Xu et al. recently patented an easily handled and portable e-spinning battery-operated
apparatus for in situ electrospinning (Fig. 8a) [210], allowing the deposition of electrospunmeshes, with similar characteristics

Fig. 7. Cell printing technologies.
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to the ones obtained by the conventional electrospinning technique, directly to the skin and using varied polymeric
micro/nanofibers (Fig. 8b) [208]. More recently, the same team explored the effect of in situ electrospinning on the wound
healing process. They deposited in situ mesoporous silica nanoparticles (Ag-MSNs) dispersed in PCL electrospun fibers and
evaluated the antimicrobial activity and biological efficacy in wistar rats. The in vitro and in vivo results confirmed the antimi-
crobial activity and bioavailability of 5% Ag-MSNs/PCL electrospun fibers (average diameter of 658 nm). The results showed
efficient antibacterial properties against predominant pathogenic bacteria (gramnegative Escherichia coli) responsible for sev-
eral burn wound infections. In vivo studies clearly showed the improvement of in situ deposited nanofibers on wound healing
compared to the control groups. After four weeks of post-treatment it was possible to observe significant wound closure and
complete re-epithelialization (Fig. 8c) [209]. This new approach can bring considerable advances in the wound care field,
allowing a quick deposition of skin substitutes independently of wound size and depth, although some issues still remain
to addressed, such as the decrease of fiber diameter (from ca. 650 to 10–300 nm, the average diameter of fibers in native
ECM), and the matching of mechanical properties between structures developed and native skin.

5. Concluding remarks and future trends

Nanoscale constructs, and electrospun meshes in particular, have been receiving great attention from the scientific and
medical communities for skin regeneration. In the past few years, important advances have been achieved in terms of
nanofiber fabrication strategies, and related material synthesis and functionalization, and in vitro cell culture procedures.
The developments in the field reported so far have been considerably contributing for a more efficient mimicking of the
ECM through the combination of materials, growth factors, proteins and biomolecules which, associated to the novel
advanced processing strategies, making possible the production of wound dressings with a remarkable potential for skin
regeneration. However, recent advances in the specific topic of skin regeneration have been mainly focused on materials
rather than in sophisticated fabrication strategies to generate biomimetic and complex constructs that resemble the
mechanical and structural properties of skin. Research efforts have been focused on both the development of novel material
combinations and the improvement of the biochemical properties of existing materials, for instance, through the use of func-
tionalization procedures and surface modification processes. In general, improved skin substitutes need to be developed to
avoid the use of animal-derived materials, improve the adhesion of cultured keratinocytes to the wound bed, improve the
rate of neovascularization of tissue engineered skin and enhance the scaffolds materials to resist to the wound contraction
and fibrosis.

Fig. 8. In situ electrospinning concept, (a) portable electrospinning system, (b) SEM of electrospun meshes obtained with portable system, (c) in vivo
evaluation of in situ electrospun mesh, PCL-polycaprolactone, Ag-MSNs -mesoporous silica nanoparticles [208,209].
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Several advances on the evolving field of electrospinning can be foreseen with specific application in wound healing,
namely:

(i) Development of combined and functional structures using different deposition strategies, such as the multimaterial
approach,where two ormorematerials are deposited at the same time on a single collector, or create amultilayer struc-
ture with sequential production. Other interesting strategy is the use of hybrid structures through the combination of
filaments produced using different methodologies, such as using emulsions, copolymers, or the core/shell approach.

(ii) Integration of different technologies with electrospinning and different electrospinning approaches to obtain hybrid
structures with tunable gradients, properties and functionalities. Combining different materials and fiber composi-
tions, different fiber diameters and nano/microarchitectures to achieve the most suitable mimetic structure to regen-
erate the skin tissue;

(iii) Cell electrospinning of skin cells (keratinocytes and fibroblasts) needs to be explored to evaluate the electric field influ-
ence on the cells viability, proliferation and gene expression. The integration of cells into electrospun fibers will bring
forward a new generation of skin substitutes and solve problems of cell infiltration associated to electrospun meshes;

(iv) The in situ electrospinning is a promising technology providing the possibility of direct deposition of electrospun
nanofibers on the wound with no restriction due to wound size or depth. This technology open considerable possibil-
ities, especially combined with previously mentioned developments, namely the deposition of multilayer structures to
build hybrid structures or the integration with cell electrospinning.
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Abstract: The electrospinning technique is being widely explored in the biomedical field due to its simplicity to produce 
meshes and its capacity to mimic the micro-nanostructure of the natural extracellular matrix. For skin tissue engineering 
applications, wound dressings made from electrospun nanofibers present several advantages compared to conventional 
dressings, such as the promotion of the hemostasis phase, wound exudate absorption, semi-permeability, easy conformability 
to the wound, functional ability and no scar induction. Despite being a relatively simple technique, electrospinning is 
strongly influenced by polymer solution characteristics, processing parameters and environmental conditions, which 
strongly determine the production of fibers and their morphology. However, most electrospinning systems are wrongly 
designed, presenting a large number of conductive components that compromises the stability of the spinning process. This 
paper presents a new design of an electrospinning system solving the abovementioned limitations. The system was assessed 
through the production of polycaprolactone (PCL) and gelatin nanofibers. Different solvents and processing parameters were 
considered. Results show that the proposed electrospinning system is suitable to produce reproducible and homogeneous 
electrospun fibers for tissue engineering applications.
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1. Introduction

Electrospinning is an electrostatic fibre fabrication 
technique that has been attracting increasing 
interest due to its versatility and potential for 

applications in different fields[1]. In the biomedical field, 
electrospinning has been used to produce biosensors, 
filtration devices, scaffolds for tissue engineering, wound 
dressing, drug delivery and enzyme immobilization 
systems[2,3]. In tissue engineering, electrospun meshes 
have a great potential due to their high surface area and 
interconnectivity and are beneficial for tissue ingrowth 
and cell migration, coupled with controlled delivery of 
incorporated biomolecules[4–6].

The conventional setup of a solution electrospinning 
system consists of three major components: a high 
voltage power supply, a spinneret and a collector that 
can be used in a horizontal or vertical arrangement[5,7,8]. 
The syringe contains a polymeric solution, pumped 
at a constant and controlled rate. The polymer jet is 
initiated when the voltage is turned on and the opposing 
electrostatic forces overcome the surface tension of 
the polymer. Just before the jet formation, the polymer 
droplet under the influence of the electric field assumes a 
cone shape with convex sides and a rounded tip, known 
as the Taylor cone[2,9,10]. During the jet’s travel, the 
solvent gradually evaporates, and charged polymer fibers 
are deposited in the collector[10]. 
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Several laboratory-type and industrial scale electro-
spinning systems are commercially available[11–13]. 
However, laboratory-type systems are still relatively 
expensive, and, due to its low complexity, most research 
laboratories assembled their own systems[14–16]. 

The solution electrospinning process is influenced 
by several parameters, such as: solution parameters 
(e.g., viscosity, polymer concentration, solvent type), 
processing parameters (e.g., flow rate, distance between 
needle and collector, voltage, type of collector) and 
ambient conditions (e.g., temperature and humidity)[17]. 
For tissue engineering applications, where hydrogels 
are commonly used, it is fundamental to control the 
fabrication environment. However, this is not possible 
with most commercial available laboratory-type systems 
that present several limitations such as:

- metallic parts in contact with the electric field and 
thus affecting it, inducing the formation of secondary 
jets, and consequently, the deposition of fibers was not 
only on the collector surface but also over all metallic 
components. Moreover, non-stable jets can induce 
solvent drop deposition over the electrospun meshes, 
making them toxic;

- flow rate control exerted by a step motor that limits 
the accurate control of flow rate compared to the use of a 
syringe pump;

- fiber production mostly limited to horizontal mode 
strategies.

These drawbacks limit the versatility and repro-
ducibility of this technique by compromising the stability 
of the electric field. To solve some of these limitations 
a new design of an electrospinning system is presented 
and evaluated.

2. Materials and Methods

2.1 New Design of an Electrospinning System
The digital representation of the new design of a solution 
electrospinning system is presented in Figure 1. 

In this new system a significant number of non-
conductive components were introduced. The box of the 
equipment (1) is made in acrylic, with a main hole to 
allow solvent evaporation. This structure incorporates 
a door to access to the equipment inner part and some 
additional entry spot to allow the entrance of the infusion 
tubes supplying the polymeric solution. The base of the 
equipment (3) is made in cork (Corecork TB40, Amorim, 
Portugal) due to its adequate mechanical re- sistance 
and machinability properties, insulation characteristics 
and eco-friendly nature. An acrylic part (2) is used to 
support the rod (4) made of teflon. The collector (5) is a 
grounded copper plate. The needle support (6) is made 
of acrylonitrile butadiene styrene (ABS) and slides on to 
adjust the distance between the needle (single or core/

shell) and the collector. The collector (5) is static but its 
fixation system allows its easy replacement by other type 
of collectors. Items (1), (2), (4) and (5) were purchased 
and items (3) and (6) produced using a computer numeric 
control machine (CNC, from INAUTOM, Portugal) 
and an additive manufacturing system (Dimension 
machine from Stratasys). Additionally, the new system 
includes a syringe pump (model Pump 11Elite, Harvard 
apparatus) to supply the polymeric solution, a polymeric 
tube connecting the syringe and the needle, a Liquid 
Crystal Display (LCD) to control the voltage, an 
emergency button and a high voltage source (model PS/
MJ30P0400-11, Glassman High Voltage, Inc).

The assembled electrospinning, which corresponds 
to a more versatile, flexible and user-friendly system, is 
shown in Figure 2. Key features of this system are:

- Allowing the preparation of samples using vertical or 
horizontal configurations;

Figure 1. New design of electrospinning system. (A) Computer-
aided design (CAD) model of electrospinning system proposed; 
(B) Main components:1 – acrylic box, 2 – acrylic support, 3 – 
cork base, 4 – teflon rod, 5 – collector, 6 – needle support.

Figure 2. Assembled electrospinning apparatus
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- Keeping the jet stable, not presenting secondary jets; 
due to the selection of non-conductive materials the jet  
is kept stable, and not presenting secondary jets;

- Providing accurate regulation of voltage due to the 
addition of a controller to the high voltage source.

2.2 Materials
Poly (ɛ-caprolactone) (PCL) (Mw 50,000 (g/mol), bulk 
density: 1.1 g.cm-3) was kindly supplied by Perstorp 
(UK) and dissolved in dimethyl Ketone (DMK) (Sigma-
Aldrich), and acetic acid (AA) (PanReac AppliChem). 
Gelatin powder from pig skin (type A, 300 bloom, 60 
mesh) were kindly supplied by Italgelatine (Italy). For 
polymers dissolution, different solvents were explored as 
indicated in Table 1. In order to increase the conductivity 
of the solutions prepared with acetic acid, 2 % v/v of 
triethylamine (TEA, Sigma Aldrich) was added. After 
optimization, 1,4-butanediol diglycidyl ether (BDDGE, 
Alpha Aesar, Germany) was used as the gelatin 
crosslinker.

2.3 Electrospinning of Nanofiber Meshes
Polymeric meshes were processed using a single jet 
approach. Table 1 presents the processing parameters 
used to produce the meshes. Non-woven electrospun 
meshes were obtained at room temperature and relative 
humidity of 40–50%. Crosslinking of electrospun 
gelatin fibers were produced through the incorporation 
of BDDGE on the gelatin solution immediately before 
fiber electrospinning to avoid the loss of configuration 
that is induced through a crosslinking bath after fiber 
production.

2.4 Physico-chemical Characterization

2.4.1 Morphology and Fiber Diameter

The morphology of the produced meshes was examined 
by scanning electron microscopy (SEM) using a Quanta 
400 FEG ESEM/EDAX Genesis X4M (FEI Company, 
USA). Prior to examination, samples were coated with 
a gold/palladium (Au/Pd) thin film, by sputtering, using 
the SPI module sputter coater equipment. SEM images 
were also used to measure the fiber diameter using Image 
J software. For each condition, three individual samples 
were analyzed and fifty measurements per image were 

carried out.

2.4.2 Structure

Fourier transform infrared (FTIR) spectroscopy with 
attenuated total reflectance (ATR) was used to evaluate 
the chemical composition of the materials and to detect 
possible structural changes. FTIR analyses were carried 
out using an Alpha-P Brucker FTIR-ATR spectrometer, 
in the range of 4000–500 cm−1, at a 4 cm−1 resolution 
with 64 scans. 

2.5 In Vitro Studies
Human dermal neonatal fibroblasts (hDNF) isolated from 
the foreskin of healthy male newborns (ZenBio, US) 
were cultured, expanded, and maintained in Dulbecco’s 
modified eagle medium (DMEM) (Gibco, US), at 37 
oC in a humidified atmosphere of 5% CO2. The culture 
medium was changed twice a week and cells were 
trypsinized (0.25 % trypsin/0.05 % ethylenediamine 
tetraacetic acid (EDTA)/0.1% glucose in PBS (pH 7.5)) 
when they reached 70 %–80 % of confluence. Cells from 
passages between 8 and 11 were used in this study. 

To assess cytotoxicity, electrospun meshes were tested 
in direct (samples) and indirect (leachables) contact 
with different pre-conditions (washed and non-washed 
in ultrapure water). Samples were sterilized with UV 
light followed by washing during 24 hours. hDNF cells 
were seeded in culture wells for 24 hours at a density of 
2×104 cells/well. 24 hours later, samples (direct contact) 
and culture medium in contact with samples (indirect 
contact) were incubated with cells for another 24 hours. 
The culture medium was then removed from the wells 
and fresh basal medium with 20 % v/v resazurin (Sigma-
Aldrich) was added. Cells were incubated (37oC, 5% v/v 
CO2) for an additional period of 2 hours, after which 300 
µL per well were transferred to a black 96-well plate and 
measured (Ex at 530 nm, Em at 590 nm) using a micro-
plate reader (Synergy MX, BioTek, US). The control 
consisted in cells alone. 

For the quantification of the total double-stranded 
DNA (dsDNA) content, the cell pellets were recovered 
from the wells and washed with phosphate-buffered 
saline (PBS). The suspension was then centrifuged 
(10,000 rpm, 5 min) and then stored at ‒20 oC until 
further analysis. The dsDNA quantification was 

Table 1. Parameters tested to optimized the electrospun mesh production

Polymer
Solution parameters Processing parameters

Solvent system Polymer concentration (wt%) Distance between collector and needle(cm) Voltage (kV) Flow rate (mL/h)

PCL
AA/TEA (2% v/v)

6, 11, 17
7, 10, 12 7, 10, 12

0.72, 3.17
DMK

Gelatin AA/TEA(2% v/v) 5, 10, 15 0.4, 0.72
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performed using the Quant-iT PicoGreen dsDNA kit 
(Molecular Probes, Invitrogen, US), according to the 
manufacturer's protocol. Briefly, the samples were 
thawed and lysed in 1% v/v Triton X-100 (in PBS) for 
1 hour at 250 rpm at 4 oC. Then, they were transferred 
to a black 96-well plate with clear bottom (Greiner) and 
diluted in Tris-EDTA (TE) buffer (200 mM Tris–HCl, 20 
mM EDTA, pH 7.5). Finaly, samples were incubated for 
5 min at room temperature in the dark, and fluorescence 
was measured using a microplate reader (Ex at 480, Em 
at 520 nm). 

2.6 Statistical Analyses
All data points were expressed as mean ± standard 
deviation (SD). Statistical analysis (Levene’s and T- test) 
was carried out using IBM SPSS Statistics 20.0 with 99 
% confidence level for cytotoxicity assays. The results 
were considered statistically significant when p ≤ 0.05 
(*).

3. Results and Discussion

3.1 Microscopic and Macroscopic 
Characterization of Electrospun Meshes
SEM images of the different produced meshes are 
presented in Figure 3 and Figure 4. For simplicity, only 
the tested conditions that resulted in fibers without beads 
or drops are presented in these figures. 

Results show that a stronger electric field increased the 
amount of produced fibers per time, which is correlated 
to the higher amount of charges into the solution, 
thereby increasing the jet velocity and, consequently, 
supplying more solution to the collector. The distance 
between the needle tip and the collector also determines 
the fiber diameter. By increasing this distance, the 
flight time is longer, allowing the solvent to evaporate, 
resulting in higher polymer chain stretching, which leads 
to a decrease in fiber diameter. These results show that 
the designed electrospinning is able to process proper 
meshes, being particularly relevant the production of 
gelatin meshes, which is strongly affected by ambient 
parameters, namely the relative humidity. 

Concerning the PCL and gelatin meshes, according 
to the parameters tested significant differences were 
observed in terms of fiber diameter or morphology. 
Thus, for further analyses, the following requirements 
were selected, providing (i) longer distance to promote 
solvent evaporation and high chain stretching, (ii) high 
density of fibers per area, requiring less production 
time and (iii) continuous and uniform fiber production 
enhancing mechanical performance. Therefore, the 
following fiber production parameters were selected: 
17 wt% of PCL dissolved in DMK, produced with a 
flow rate of 3.17 mL/h, 12 cm distance between needle 

and collector and 10 kV of voltage; 15 wt% of gelatin 
dissolved in AA and 2% v/v of TEA, produced with a 
flow rate of 0.4 mL/h, a 12 cm distance between needle 
and collector and 12 kV of voltage. Moreover as gelatin 
is a water-soluble protein, a crosslinking is needed to 
improve its mechanical properties and to increase its 
stability in aqueous medium[19]. Gelatin fibers were in 
situ crosslinked with BDDGE, according a protocol 
previously established[20]. The morphology of selected 
meshes are shown in Figure 5A–C. The fiber diameter 
measurements, the reduced standard deviation observed 
and the homogeneity of the obtained fibers demonstrates 
the stability of the system in producing nanoscale 
meshes. From Figure 5E it is also possible to observe 
that the developed system improves fiber deposition in 
the collector.

FTIR-ATR spectra, used to evaluate possible structural 
changes in the electrospun meshes, are shown in 
Figure 5D. The spectrum of PCL meshes presents a 
1720.7 cm-1 peak, corresponding to the C=O bond, 
characteristic to esters, and additional peaks between 
750 and 1500 cm-1, corresponding to the CH2 groups 
of PCL chain. Two other peaks at 2863.69 cm-1 and 
2941.57 cm-1 can also be observed, corresponding to 
the CH bonds. The FTIR spectrum of gelatin shows 
prominent peaks in four different amide regions, 
namely at 1700‒1600 cm-1, corresponding to amide I; 
1565‒1520 cm-1, corresponding to amide II; 1240‒670 
cm-1, corresponding to amide III; and 3500‒3000 cm-

1, corresponding to amide A. The absorption of amide I 
contains contributions from the C=O stretching vibration 
of amide group and a minor contribution from the C-N 
stretching vibration. Amide II absorption is related to 
N-H bending and C-N stretching vibrations. Amide 
III presents vibrations from C-N stretching attached 
to N-H in-bending with weak contributions from C-C 
stretching and C=O in-plane bending. At 2930 and 2890 
cm−1, it is possible to observe two peaks associated to 
the contribution of aliphatic moieties from BDDGE, 
confirming the incorporation of BDDGE into the gelatin 
matrix (Figure 5D). For both samples no solvent residues 
were detected and no structural changes were observed. 

3.4 Cytotoxicity of Nanofibers Produced
Cytotoxicity of the produced electrospun meshes system 
was assessed to demonstrate the process stability, as a 
stable jet allows to produce electrospun meshes without 
solvent deposition. According to the obtained results 
(Figure 6), fibroblasts cultured on the electrospun 
meshes remained metabolically active for both PCL 
and gelatin meshes. After 24 hours, no cytotoxicity 
was observed either in direct or indirect contact assays. 
In direct contact assays no statistical significance was 
observed between control and samples, meaning that 
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Figure 3. Electrospun PCL meshes (17 wt%, dissolved in DMK) obtained using different flow rates, distances between needle and 
collector and voltage. For each mesh it is presented the average fiber diameter. Scale bar: 20 µm.
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Figure 4. Electrospun gelatin meshes (15 wt%, dissolved AA/TEA 2% v/v) obtained using different flow rates, distances between needle 
and collector and voltage. For each mesh it is presented the average fiber diameter. Scale bar: 20 µm.
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the structures, when in contact with cells, does not 
induce any toxicity. Regarding indirect contact assay, 
no leachables delivered from the samples to the medium 
presented toxicity.

4. Conclusions
This paper introduces a solution electrospinning 
system developed to produce electrospun meshes 
for applications in tissue engineering and more 
specifically for wound dressing applications. For 
the fabrication of the electrospinning system non-
conductive materials (cork and polymers) were used 
to replace metallic ones, allowing to obtain a feasible 
and versatile laboratory-scale apparatus with ability to 
produce reproducible nanofiber meshes from materials 
with distinct characteristics. The system was used to 

produce nanofibers from two distinct polymers, using 
two different solvents, demonstrating its versatility 
of the new reassembled apparatus. The fabrication of 
gelatin meshes is particularly relevant; as like other 
natural polymers, it is a material very sensitive to the 
environmental conditions, in particular the relative 
humidity. Keeping the processing parameters stable is 
key to obtain high quality and reproducible meshes, 
i.e., with no beads, resulting in filaments with constant 
diameter and in meshes with high porosity between 
pores. Meshes did not show any presence of remaining 
solvents, which can be correlated to the lack of toxicity 
detected through the biological assays. 

The two selected materials are particularly relevant 
for skin applications. PCL presents high mechanical 
properties but, due to its hydrophobic nature, presents 

Figure 5. Characterization of PCL and gelatin electrospun meshes selected for further analysis. (A) Fiber morphology with 1000× 
and 5000× magnifications of PCL meshes; (B) Fiber morphology with 1000× and 5000× magnifications of gelatin meshes crosslinked 
with BDDGE; (C) Comparison between PCL and gelatin average fiber diameter; (D) FTIR spectra of PCL and crosslinked gelatin and 
(E) Influence of the purpose electrospinning system on fiber deposition over the collector in comparison with initial one comprising a 
significant metallic components.
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low interaction with cells. Contrary, gelatin displays 
many integrin-binding sites for cell adhesion, migration, 
proliferation, and differentiation due to the abundant 
Arg–Gly–Asp (RGD) amino acid sequences in its protein 
chain, which has been claimed to favor cell behavior. 
The combination of both materials may allow to produce 
meshes with improved properties.
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A strategy to obtain functional tissues engineering with desired biomechanical properties was used to 
develop scaffolds with morphologies mimicking the native environment to guide tissue regeneration. Non-
woven scaffolds, with fibre dimensions at a nanometre scale, can mimic the physical structure of natural 
extracellular matrices (ECM). Though its clinical application is yet limited, nano/micro fibrous scaffolds 
produced by electrospinning gains more and more interest in different Tissue Engineering fields. The 
electrospinning technique is controlled by several parameters, such as polymer solution and processing 
ambient, being one of the most important parameters the solution viscosity, which allows defining the 
minimum viscosity needed to obtain fibres. 
This research work investigates the rheological behaviour of PCL solutions to produce nanoscale fibre 
meshes for cartilage application. Poly (ε-caprolactone) (PCL) solutions were prepared using glacial acetic 
acid (AA) and glacial acetic acid with triethylamine (AA/TEA) at different concentrations. It was necessary 
to double the value of the critical concentration (c*), that is 10 wt% for PCL/AA and 9,6wt% for 
PCL/AA/TEA, to prepare suitable fibres. Results also show that a more homogenous mesh can be 
produced by adding TEA.  

1. Introduction 
Tissue engineering is a multidisciplinary field, combining efforts of biologists, engineers and clinicians 
towards the development of biological substitutes to maintain, restore or improve tissue and organ 
function. Tissue engineering comprises three main strategies: i) cell-based strategies, which involves the 
direct in vivo implantation of isolated cells or cel scaffold that provides a substrate for implanted cells and 
a physical support to organize the formation of the new tissue (Meyer et al, 2009, Ringeisen et al, 2008).  
A variety of techniques have been proposed to produce scaffolds from biomaterials  being one of these the 
electrospinning (Yang et al, 2008). Electrospinning is a technique to create submicron to nanometre scale 
fibres from a polymer solution or melt with some common characteristics to electrospraying and the 
traditional fibre drawing process (Nukavarapu et al, 2008). The sub-micron range spun fibres produced by 
this process offer several advantages like high surface area to volume ratio, harmonious porosity and the 
ability to manipulate nanofibre composition in order to get desired properties and function (Bhardwaj et al, 
2010). 
The electrospun meshes by this technique have fine filaments that appear to promote the communication 
between the matrix and the cells which leads to increased cellular adhesion and proliferation due to a 
greater number of anchor points (Kuo et al, 1991, Saetone et al, 1994, Moore et al, 1995) .  However, it is 
clear from the literature that the physical and mechanical properties of the electrospun polymer meshes 
are very dependent on the solvent used in the electrospinning process. For instance, Kanani et al. (2011), 
studied the effect of different solvents (glacial acetic acid, 90% acetic acid, methylene chloride/dimethyl 
formamide, glacial formic acid and formic acid/acetone) on the morphology of  PCL nanofibrous meshes 
(Kanani et al, 2011). They  found that the use of glacial acetic acid as solvent led to the formation of fibers 
with nonuniform distribution of fibre diameters.  Scheren et al. (2011) have also evaluated the use of 
solvents such as chloroform, formic acid, acetic acid, methanol and ethanol in the preparation of PCL 
Scaffolds (Scheren et al, 2011). They emphasised the major potential of the solvent mixture formic acid/ 

1015



acetic acid for the electrospinning of PCL. In this work we propose to understand the dependence of the 
type of solvent, as well as of the polymer concentration, on the type of PCL fibers and the suitability of 
such fibres for their use in tissue engineering. This was carried out by dissolving different concentrations of 
PCL in solvents with different polarities and observe the fiber formation. Our physicochemical 
interpretation underlines the importance of having PCL solutions above the polymer overlap concentration 
to get fibers.  

2. Materials and Methods 

2.1 Materials 
For nanofibres meshes preparation was used PCL (Mw 50000[g/mol]), by Perstorp Company (CAPA 
6500), dissolved AA (Mw 60.05 [g/mol]), by Labsolve company and AA added with 2wt% of TEA (Mw 
101.19 [g/mol]), obtained from Sigma-Aldrich. After solutions preparation with different concentrations 
(1.5wt%, 3wt%, 6wt%, 9wt% and 11wt %) were placed in a shaking incubator during 24 hour, and heated 
between 25ºC and 65ºC, with a heating rate of 5ºC/min. 

2.2 Methods 

2.2.1 Rheology 
The rheological analysis, allow us to estimate the molecular organization of the polymeric solutions and 
also to predict its dynamic properties, i.e. the viscosity. Solutions were analyzed using Reologica 
StressTech Rheometer at different temperatures: 15ºC, 20ºC and 25ºC. 

2.2.2 Electrospinning 
Electrospun meshes were produced using the homemade system shown in Figure 4. The following 
processing conditions were considered: syringe volume – 2.5 mL; needle diameter – 0. 6 mm; applied 
voltage – 10 kV; distance between the needle and the collector – 10 cm and flow rate - 0.72 mL/h. 
 

 
 
 
 
 
 
 
 
 

Figure 1. Equipment of Electrospinning process. 

2.2.3 Scanning Electron Microscopy (SEM) 
Each mesh of electrospun fibres was examined by scanning electron microscopy (model: FEI Quanta 
600F) using a Cambridge Instruments S360 SEM. The samples were coated with gold prior to 
examination. The SEM images were used to evaluate the morphology of each mesh and the diameter 
distribution within each mesh.  

3.  Results and Discussion 

3.1 Rheology 
Homogenous solutions were readily prepared up to a concentration of PCL of 11wt% for systems based 
on AA and those prepared with AA and 2% of TEA. 
The Figure 2a shows the variation of the zero-shear viscosity of the PCL solutions as a function of the 
polymer concentration with acetic acid as the solvent.  The viscosity increases with the concentration of 
PCL until a cross-over point at c ~ 5.0 for solutions dissolved in AA and c ~ 4.8 for solutions dissolved in 
AA/TEA, where the rate of increase of the viscosity with concentration markedly increases. This happens 
because of the transition from dilute to semi-dilute regime where the polymer chains form entanglements. 
Figure 2b shows the equivalent data for the solutions containing TEA.  Shenoy et al. (2005) have argued 
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that the critical concentration for the formation of fibres by electrospinning is twice of the cross-over 
concentration (Shenoy et al, 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Plots of the zero shear viscosity against polymer concentration for solutions of (a) AA and (b) AA 
with 2% of TEA. 

According the Table 1 it is possible to observe the influence of the temperature and the viscosity of the 
solutions. With increasing of the temperature the viscosity decreases, because of the higher polymer 
dynamics and increase the concentration, consequently the viscosity increase too, because there are 
more polymer chains. With rheological measurements was possible observed that the solutions presents a 
Newtonian behaviour, that is, the viscosity is independent of the shear rate applied. 
 

Table 1: Viscosity measurements with temperature influence 

P
C

L/
A

A
 

Concentration (wt%) η15º (Pa.s) η20º(Pa.s) η25º(Pa.s) 

11 1.582E-01 1.383E-01 1.208E-01 

9 7.164E-02 6.363E-02 5.582E-02 

6 2.454E-02 2.153E-02 1.950E-02 

3 8.987E-03 8.237E-03 7.599E-03 

1.5 5.337E-03 5.000E-03 4.752E-03 

P
C

L/
A

A
/T

E
A

 11 1.511E-01 1.328E-01 1.145E-01 

9 6.427E-02 5.653E-02 4.958E-02 

6 2.710E-02 2.408E-02 2.114E-02 

3 8.093E-03 7.023E-03 6.470E-03 

1.5 5.356E-03 4.145E-03 3.959E-03 
 

3.2 SEM 
The morphologies of the electrospun mats produced from acetic acid based solutions of PCL for the two 
different syringe flow rates are shows in Figure 3. For solution concentrations below 9 wt% only irregular 
shaped particles are observed of ~ 1µm in size.  The morphology appears to arise from largely spherical 
droplets merging to form larger aggregates.  For solutions contain 9wt% PCL and with the higher flow rate 
produce a small number of fibres (diameter ≈ 38.5 nm) amongst a high level of particles.  For the highest 
concentration both feed rates produce a more continuous morphology. 

Figure 4 shows the morphologies of the electrospun mats produced from PCL solutions based on acetic 
acid and triethylamine.   In contrast to the solutions of acetic acid only, electrospraying only happens for 
1.5wt% and 3wt% concentration when TEA is added with an increase in concentration to 6 wt%, there are 
already some fibres but widely dispersed especially with the higher flow rate. For a 9 wt% concentration, 
we can observe the presence of many fibres although there are also highly interconnected particles; owing 
to the charges these particles have which attract the fibres for those places. The highest concentration 

 

a) b) 
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Figure 3.  Morphology of PCL meshes dissolved in AA. 

 solutions (11 wt %), produce meshes of filaments with excellent quality and with little beading especially  
for the higher flow rate.  This suggests that we are close to the flow rate and processing conditions 
appropriate for this solution. 

 

 

 

Figure 4. Morphology of PCL meshes dissolved in AA/TEA. 

Figure 5 shows a plot of the average fibre diameter against the zero shear viscosity for fibres prepared 
from PCL solutions in Acetic acid and TEA. In calculating the average we have not included any beading 
or other aggregates. The trend can observe, such as in the bibliography, the diameter average increase 
when the viscosity increase too (Bhardwaj et al, 2010, Homayoni et al, 2009).  
 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.  Newtonian viscosity vs Average diameter. 
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The viscosity of the solution has an effect on the electrospinning and the resultant fibre morphology. In 
general, the viscosity of the solution is connected to the extent of the entanglement of the polymer 
molecule chains within the solution. When the viscosity of the solution is too low, electrospraying may 
occur and polymer particles are formed instead of fibres. At a lower viscosity, where usually the polymer 
chain entanglements are lower, there is a higher similar that beaded fibres are obtained instead of smooth 
fibres. Therefore, factors that affect the viscosity of the solution will also affect the electrospinning process 
and the resultant fibres. 
From the electrospinning data, the minimum concentration to obtain fibres is 10wt% for the Acetic Acid – 
PCL system and 9.6wt% for the Acetic Acid + TEA – PCL system. These values are c.a. twice of the 
values obtained for the overlap concentration, c* (intersection between the two lines in Figure 2). This 
critical concentration refers to the onset of the chain overlapping and to a transition from a dilute to semi-
dilute regime. This comparison clearly indicates that the polymer system needs to be well above the 
overlap concentration to avoid problems as spraying or heterogeneous beads. When the polymer 
concentration is twice the overlap concentration, the network is established and the overlapping rejects 
any kind of spraying. 
This work main objective was to propose a mesh of nanofibres for tissue engineering, so we need a mesh 
to put in to a scaffold to increase the adhesion surface, and consequently increase the area for cellular 
adhesion. This will lead to a faster regeneration of the tissue. We also need that the nanofibres present 
adequate mechanical properties to achieve the desired behaviour. 
Through rheology (Figure 2 a) and b)), we can observe that for an increase in concentration the viscosity 
increases too, as there are more chains of polymers and the arrangements of molecules in the solution are 
minor, the solution became more viscous. Consequently the fibre diameter is higher as the solution has 
more chain of polymers. 
The polymer concentration determines the spinnability of a solution, whether a fibre forms or not. The 
solution to occur must have a high enough polymer concentration for chain entanglement. Though, the 
solution cannot be either too dilute or too concentrated. The polymer concentration influences both the 
viscosity and the surface tension of the solution, and consequently the diameter of fibres. If the solution is 
too dilute then the polymer fibres will break up into droplets before reaching the collector, due to the effects 
of surface tension. However, if the solution is too concentrated, then fibres cannot be formed due to the 
high viscosity, which makes it difficult to control the solution flow rate through the capillary. With the c* 
determination we defined the minimum viscosity needed for fibres production when uses solution of PCL 
dissolved in Acetic acid and acetic acid with TEA. 
Through the rheologic analyse we can define three different zones: the first corresponding to the solutions 
that only allow produce beads, the second zone we can produce a mix of beads and fibres and, finally, the 
third zone we can produce only fibres. The importance of this knowledge is known the c*, critical 
concentration, through this we can guarantee the production of fibres using the minimum viscosity in any 
kind of equipment for solutions with PCL.   
Rheological studies were carried out to determine the viscosity of all solutions. For the acetic acid 
solutions the results shows a Newtonian behaviour, i.e., a linear relation between stress and shear rate. 
Additionally it was verify, as expected, a decrease of the viscosity with temperature and increase with 
solution concentration. Those relationships are important not only to optimise the process but also for 
simulation propose. The viscosity of the acetic acid solution without TEA is higher than the viscosity of the 
solution with TEA, as this amine is also a solvent diluting the solution.  
The characteristics of the meshes depend on the solution viscosity as shown by this work. If the viscosity 
is too low it is not possible to produce any kind of meshes, occurring an electrospraying phenomenon 
(spray of small droplets). This was observed with the solution of acetic acid without TEA, where the 
viscosity was too low for the flow rates used. 
From this work it is possible to conclude that the use of PCL dissolved in acetic acid with TEA is adequate 
to produce meshes for tissue engineering applications. TEA can also be used to control the viscosity of the 
solutions. 

4. Conclusions 
The addition of small quantities of triethylamine to solutions of PCL/acetic acid transforms the process 
from electrospraying to electrospinning leading to the formation of nanoscale fibres suitable for tissue 
regeneration applications. Through this work, is possible to known that for this solvent system is necessary 
have to 9.6wt% of PCL to produce electrospun meshes without beads. 
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spraying mechanisms without producing fibres (Fig. 
3). 

 

Fig 2. Non-homogeneous electrospun mesh. 

 

Fig 3. Electrosprayed surface. 

Electrospun meshes close mimic the extracellular 
matrix of native tissues, providing a network structure 
with high surface area for cell attachment, proliferation 
and differentiation.  
This paper focuses on the use of a solution 
electrospinning process to produce PCL meshes, 
investigating the effect of the solvent type and solvent 
content on the morphology and hydrophobicity 
characteristics of the produced meshes.    

2. Materials and Methods 

2.1. Materials 

PCL (Mw 50000[g/mol]), from Perstorp (CAPA 6500), 
was dissolved in two different solvents: 

i) acetone (Mw 58.08 [g/mol]), from Sigma-
Aldrich 

ii) acetic acid (Mw 60.05 [g/mol]), from 
Labsolve mixed with 2wt% of triethylamine 
(Mw 101.19 [g/mol]) supplied by Sigma-
Aldrich.  

Solutions with different concentrations (1.5wt%, 3wt%, 
6wt%, 9wt%, 11wt % and 17wt% of PCL) were placed 
in a shaking incubator during 24 hours, and heated 

between 25ºC and 65ºC, with a heating rate of 5ºC/min. 

2.2. Methods 

2.2.1 Electrospinning apparatus 
 
Electrospun meshes were produced using the 
homemade system shown in Fig. 4. The following 
processing conditions were considered: syringe volume 
- 2,5ml; needle diameter - 0, 6 mm; applied voltage - 
10kV; distance between the needle and the collector - 
10cm and flow rate - 0.72ml/h. 
 
 
 
 
 
 
 
 
 

Fig 4. Electrospinning apparatus. 

2.2.2 Characterisation techniques 
 

Produced meshes were characterised using the 
following techniques: 

• Scanning electron microscopy (SEM); 
• Atomic force microscopy (AFM); 
• Contact angle (CA). 

SEM tests were performed to evaluate the mesh 
structure and the diameter of the fibres, using the FEI 
QUANTA 600F system (FEI Company, USA). 
Samples were coated with gold prior observation.  
AFM uses a flexible cantilever as a type of spring, to 
measure the force between the tip and the sample, was 
used to determine surface roughness. All measurements 
were obtained using the NanoWizard system 
(maximum scan range: 100x100 μm; z-range: 15 μm; 
spring constant: 2N/m) with the TopViewOptics 
software (JPK instruments, Germany).  
Water contact angle was used to measure the 
hydrophobicity of the produced meshes. A contact 
angle below 90º means a hydrophilic surface, while a 
contact angle above 90º corresponds to hydrophobic 
surfaces [7]. The contact angle was measured by 
delivering a droplet of water to the surface and 
determining its height and width (Fig. 5), according to 
the following equation [7]: 
 

( )x

hs =
2

tan
θ

 (1) 
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where s is the static contact angle, h is the water 
droplet height, and x corresponds to the half of the 
water droplet width. 
 

Fig 5. The water contact angle. 

Contact angle measurements were performed using the 
Optic Tensiometer model Theta (Paralab, Portugal). 

3. Results and Discussion 

3.1. Scanning Electron Microcopy (SEM) 

Figures 6 and 7 shows the obtained structures. Better 
electrospun meshes were produced with solutions 
containing 17wt% of PCL dissolved in acetone (Fig. 8) 
and 11wt% of PCL dissolved acetic acid with 
triethylamine (Fig. 9). In the first case, the average 
diameter of the fibers is 876 nm, while in the second 
case is 47 nm. Results show, that for low polymer 
concentrations no spinning is obtained. 

Fig 6. Morphology of the structures produced with solutions 
containing different concentrations of PCL dissolved in acetone. 

Fig 7. Morphology of the structures produced with solutions 
containing different concentrations of PCL dissolved in acetic acid 
with triethylamine. 

Fig 8. Electrospun mesh produced with a solution containing 17wt% 
of PCL dissolved in acetone. 

Fig 9. Electrospun mesh produced with a solution containing 11wt% 
of PCL dissolved in acetic acid with triethylamine. 
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The addition of triethylamine to the acetic acid allows 
the formation of a salt that increases the dielectric 
constant and the volatility of the solvent, which 
facilitates the electrospinning process [8]. Results also 
show that for the PCL solution in acetic acid with 
triethylamine, there is a critical concentration value 
after which non-homogeneous meshes were produced. 

3.2. Atomic Force Microscopy 

AFM measurements enable to determine different 
mechanical and adhesive properties by determining 
three fundamental parameters (Fig. 10): height 
(represents the surface roughness), slope (represents the 
stiffness of the sample) and adhesion (represents 
surface friction). 
Figures 11 and 12 show the topography of the meshes 
produced by solution containing 17wt% of PCL 
dissolved in acetone and a solution containing 11wt% 
of PCL dissolved in acetic acid with triethylamine. 
Slope and adhesion values are indicated in Figures 13 
and 14.  

Fig 10. AFM measured parameters. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 11. Surface topography of a mesh produced using a solution 
containing 17wt% of PCL dissolved in acetone. 
 

 
Fig. 12. Surface topography of a mesh produced using a solution 

containing 11wt% of PCL dissolved in acetic acid with triethylamine. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Slope variation of a) mesh produced using a solution 

containing 17wt% of PCL dissolved in acetone; b) mesh produced 

using a solution containing 11wt% of PCL dissolved in acetic acid 

with triethylamine. 
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Fig. 14. Adhesion variation of a) mesh produ
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Abstract. Non-woven scaffolds, with fiber dimensions at a nanometer scale, can mimic the physical 

structure of natural extracellular matrices, being ideal construts for Tissue Engineering applications.  

This research work explores solution electrospinning to produce nanoscale meshes. Different Poly 

(ε-caprolactone) (PCL) solutions were considered and the influence of both polymer concentration 

and type of solvent studied regarding the fabrication of polymeric meshes and their mechanical and 

biological properties. PCL solutions were prepared using two different solvents:  glacial acetic acid 

with triethylamine (AA/TEA)) and Acetone (DMK) at different concentrations. PCL/AA/TEA 

meshes present better mechanical properties and good cell viability and proliferation. 

Introduction 

Tissue engineering is a multidisciplinary field, combining efforts of biologists, engineers and 

clinitians towads the development of biological substitutes to mantain, restore or improve tissue and 

organ function [1]. Tissue engineering comprises three main strategies: i) cell-based strategies, 

which involves the direct in vivo implantation of isolated cells or cel scaffold that provides a 

substrate for implanted cells and a physical support to organize the formation of the new tissue [2-

4].This paper focuses on the use of a solution electrospinning process to produce PCL meshes, 

investigating the effect of the solvent type and solvent content on the mechanical properties and 

biological characteristics of the produced meshes.    

Materials and Methods 

Materials 

Two different solvents were used to dissolved PCL (Mw 50000[g/mol]) supplied by Perstorp 

(CAPA 6500): 

i) acetone (Mw 58.08 [g/mol]), from Sigma-Aldrich 

ii) acetic acid (Mw 60.05 [g/mol]), from Labsolve mixed with 2wt% of triethylamine (Mw 

101.19 [g/mol]) supplied by Sigma-Aldrich.  

Solutions with different concentrations (1.5wt%, 3wt%, 6wt%, 9wt%, 11wt % and 17wt% of PCL) 

were placed in a shaking incubator during 24 hours, and heated between 25ºC and 65ºC, with a 

heating rate of 5ºC/min. 

 

Methods 
Electrospinning apparatus 

Electrospun meshes were produced using the homemade system shown in Fig. 1. The following 

processing conditions were considered: syringe volume - 2,5ml; needle diameter - 0, 6 mm; applied 

voltage - 10kV; distance between the needle and the collector - 10cm and flow rate - 0.72ml/h.              
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Fig. 1: Electrospinning apparatus. 

Characterisation techniques 

Produced meshes were characterised using the following techniques: 

• Scanning electron microscopy (SEM); 

• Atomic force microscopy (AFM); 

• Biological test. 

SEM tests were performed to evaluate the mesh structure and the diameter of the fibres, using the 

FEI QUANTA 600F system (FEI Company, USA). Samples were coated with gold prior 

observation.  

AFM uses a flexible cantilever as a type of spring, to measure the force between the tip and the 

sample. It was used to determine the Young modulus of the meshes. All measurements were 

obtained using the NanoWizard system (maximum scan range: 100x100 µm; z-range: 15 µm; spring 

constant: 2N/m) with the TopViewOptics software (JPK instruments, Germany).  

Biological tests were performed to evaluate cell viability and proliferation using the Alamar Blue
TM

 

assay. Human mesenchymal stem cells (hMSCs) were used. 

 

Results and Discussion 

    Scanning Electron Microcopy (SEM) 

Figures 2 a) and b) shows the obtained structures. Better electrospun meshes were produced with 

solutions containing 17wt% of PCL dissolved in acetone (Fig. 3 a)) and 11wt% of PCL dissolved in 

acetic acid with triethylamine (Fig. 3 b)). In the first case, the average diameter of the fibers is 876 

nm, while in the second case is 47 nm. Results show, that for low polymer concentrations no 

spinning was obtained. The addition of triethylamine to the acetic acid allows the formation of a salt 

that increases the dielectric constant and the volatility of the solvent, which facilitates the 

electrospinning process [5]. Results also show that for the PCL solution in acetic acid with 

triethylamine, there is a critical concentration value after which non-homogeneous meshes were 

produced. 
 
 
 

 

 

 
 

 

 

 

 

 

 

 

 

Fig. 2: a) Morphology of the structures produced with solutions containing different concentrations 

of PCL dissolved in acetone; b) Morphology of the structures produced with solutions containing 

different concentrations of PCL dissolved in acetic acid with triethylamine. 
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Fig. 3: a) Electrospun mesh produced with a solution containing 17wt% of PCL dissolved in 

acetone; b) Electrospun mesh produced with a solution containing 11wt% of PCL dissolved in 

acetic acid with triethylamine. 

Atomic Force Microscopy 

AFM measurements enable to evaluate surface roughness and mechanical properties by determining 

three fundamental parameters (Fig. 4): height (represents the surface roughness), slope (represents 

the stiffness of the sample) and adhesion (represents surface friction).Table 1 show the Young’s 

Modulus of the meshes produced by using a solution containing 17wt% of PCL dissolved in acetone 

and a solution containing 11wt% of PCL dissolved in acetic acid with triethylamine. Results show 

that the Young modulus of PCL/AA/TEA meshes is higher than PCL/DMK ones. The obtained 

values are close to the value of cartilage and tendon [6].  

Fig. 4: AFM measured parameters. 

 

Table 1: Young‘s Modulus. 

Sample Type Young‘s modulus 

(MPa) 

Interval of 50% of samples 

(10
6
) 

PCL/AA/TEA 2,7±2,2 [1,1;3,7] 

PCL/DMK 0,6±0,28 [0,4;0,8] 

Biological test 

Two kinds of disk-shaped meshes (PCL/DMK and PCL/AA/TEA) with a diameter of 6.0 mm were 

seeded with human mesenchymal stem cells (hMSCs). Cell viability and proliferation were 

evaluated by using the Alamar Blue
TM

 assay. This assay is based on a redox reaction that occurs in 

the mitochondria of the cells; the colored product is transported out of the cell and can be measured 

spectrophotometrically. The number of viable cells correlates with the magnitude of dye reduction 

and is expressed as a percentage of Alamar Blue
TM

 reduction [7]. 
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During the assay it was possible observe a “mesh contraction” due to cell attachment process. 

Results also show that both meshes present no toxicity (Figure 5). However, better cell proliferation 

results were obtained with PCL/DMK samples. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: AlamarBlue
TM

 reduction. 

Conclusions 

Results show that the type and concentration of the solvent strongly determine the characteristics of 

the produced meshes. The use of a solvent with high dielectric constant (acetic acid with 

triethylamine) allows the formation of electrospinning meshes with low PCL concentration. These 

meshes are also characterised by high mechanical properties and good cellular viability and 

proliferation. 
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A B S T R A C T

Due to its intrinsic similarity to the extracellular matrix, gelatin electrospun nanofibrous meshes
are promising scaffold structures for wound dressings and tissue engineering applications.
However, gelatin is water soluble and presents poor mechanical properties, which generally
constitute relevant limitations to its applicability. In this work, gelatin was in situ crosslinked
with 1,4-butanediol diglycidyl ether (BDDGE) at different concentrations (2, 4 and 6 wt%) and
incubation time-points (24, 48 and 72 h) at 37 °C. The physico-chemical and biological properties
of BDDGE-crosslinked electrospun gelatin meshes were investigated. Results show that by
changing the BDDGE concentration it is possible to produce nanofibers crosslinked in situ with
well-defined morphology and modulate fiber size and mechanical properties. Crosslinked gelatin
meshes show no toxicity towards fibroblasts, stimulating their adhesion, proliferation and
synthesis of new extracellular matrix, thereby indicating the potential of this strategy for skin
tissue engineering.

1. Introduction

Skin is the largest vital organ in the body, protecting it against the external environment [1–5]. Although skin has a self-re-
generation ability, this capacity is strongly reduced in the case of full-thickness lesions, making necessary the use of grafts or
dressings [1]. The usual procedure when skin damage occurs consists in the application of a wound dressing due their efficiency, low
cost and availability [6,7]. Wound dressings made from electrospun nanofibers present advantageous properties compared to con-
ventional dressings such as the potential to promote the hemostasis phase, wound exudate absorption, semi-permeability, easy
conformability to the wound, functional ability and no scar induction [8].

Gelatin, derived from collagen, is a natural mimic of the extracellular matrix (ECM) of human tissues and organs and is widely
used in the tissue engineering field due to of its excellent biological origin, biocompatibility, biodegradability non-immunogenicity,
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cell-interactivity and commercial availability [9,10]. However, gelatin is a water-soluble protein derived from partial hydrolysis of
collagen and crosslinking is usually needed to improve its mechanical properties and stability, making gelatin scaffolds insoluble in
biological environments [10]. Several gelatin crosslinking methods are available, such as enzymatic using transglutaminase [11,12],
or chemical using fructose [13], dextran dialdehyde [14], diepoxy [15], formaldehyde [16], glutaraldehyde [13,16,17], genipin
[15,18,19], diisocyanates [20], or carbodiimides [21]. The widely used aldehyde-based crosslinking strategy has provided a powerful
tool to tailor the physical properties of gelatin films [22–24] although the assumed toxicity of such chemicals makes their use
uncertain [22]. Epoxy compounds are preferred as a stabilizing agent of collagen-based materials for biomedical applications due to
their lower toxicity compared to commonly used dialdehydes [25–27].

The search for alternative crosslinkers presenting low toxicity and good stability is the main objective of this research work.
Amongst water-soluble polyepoxides, 1,4-butanediol diglycidyl ether (BDDGE) is commercially available as a crosslinking agent in
dermal filler formulations [26]. Although un-reacted BDDGE should be considered from slightly to moderately toxic [27], residual
BDDGE might undergo hydrolysis yielding a diol-ether (3,3′(butane-1,4-diylbis(oxy)) bis propane-1,2-diol), which has been proven
non-toxic, thus limiting safety risks [26]. This study evaluates the ability of BDDGE to crosslink electrospun gelatin nanofibers and
provides the first insights on the physicochemical and in vitro biological performance of produced scaffolds in the context of skin
tissue engineering applications.

2. Materials and methods

2.1. Materials

Gelatin powder of pig skin (type A, 300 bloom, 60 mesh) was kindly supplied by Italgelatine (Italy). Acetic acid (AA) glacial was
purchased from PanReac AppliChem, triethylamine (TEA) from Sigma Aldrich, and 1,4-butanediol diglycidyl ether (BDDGE) from
Alpha Aesar. All materials used were of reagent grade and used without any further purification.

2.2. Electrospinning of crosslinked gelatin nanofiber meshes

A gelatin/AA/TEA solution was prepared by dissolving gelatin (15 wt%) in AA and then adding 2 wt% of TEA to the solution and
stirring at 37 °C overnight. TEA was added to increase the solution’s conductivity. Crosslinking of electrospun gelatin fibers was
carried out through the incorporation of BDDGE on the gelatin solution immediately before fiber electrospinning to avoid the loss of
configuration that is induced through a crosslinking bath after fiber production. The effect of different BDDGE concentrations (2, 4
and 6 wt%) at varied time-points (24, 48 and 72 h) was tested.

Gelatin nanofibrous meshes were processed using a home-made electrospinning apparatus. Non-woven gelatin electrospun me-
shes were obtained at room temperature (RT) and relative humidity of 40–50% with a constant flow rate of 0.4 mL/h (SP11Elite,
Harvard Apparatus) and 11 kV of voltage. A grounded copper plate was used as collector and it was positioned 12 cm away from the
needle tip.

2.3. Physico-chemical characterization

2.3.1. Apparent density and porosity
The apparent density and porosity of gelatin electrospun meshes were calculated using Eqs. (1) and (2) [28], respectively, and the

mesh thickness was measured using a micrometer.

=−Apparent density (g·cm )
mesh mass (g)

mesh thickness (cm)·mesh area (cm )
3

2 (1)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

−

−Mesh porosity 1
Mesh apparent density (g·cm )
Bulk density of gelatin (g·cm )

·100%
3

3 (2)

2.3.2. Morphology and fiber diameter
The morphology of each electrospun fibrous mesh was examined by scanning electron microscopy (SEM) using a Quanta 400 FEG

ESEM/EDAX Genesis X4M (FEI Company, USA). Prior to examination samples were coated with a gold/palladium (Au/Pd) thin film,
by sputtering, using the SPI Module Sputter Coater equipment. SEM images were also used to evaluate the fiber diameter distribution
using Image J software. To each condition three individual samples were analyzed and fifty measurements per image were carried
out.

2.3.3. Mesh structure
Fourier transform infrared (FTIR) spectroscopy with attenuated total reflectance (ATR) was used to evaluate the chemical

composition of the materials and to detect possible structural changes. FTIR analyses were carried out using an Alpha-P Brucker FTIR-
ATR spectrometer, in the range of 4000–500 cm−1, at a 4 cm−1 resolution with 64 scans.
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2.3.4. Crosslinking extent
The ninhydrin (NHN) assay was used to quantify the number of amino groups involved in the crosslinking reaction through

UV–vis spectrometry. Crosslinked gelatin electrospun meshes with different crosslinker percentages and dried after different periods
of time were tested. A precise amount of sample (10.5 ± 0.5 mg) was heated with ninhydrin solution (200 mg/100 mL) for 10 min
in a water bath at 90 °C. Afterwards, 5 mL of ethanol was added to 100 µL of each sample and the absorbance recorded on a
spectrophotometer (lambda 35 from Perkin Elmer, USA) at a wavelength of 570 nm with glycine as standard. Linear regression was
performed with a correlation of 0.9976. The extent of crosslinking was defined according to Eq. (3):

⎜ ⎟= ⎛
⎝

− ⎞
⎠

Crosslinking degree (%) 1 NH
NH

·100t

0 (3)

where NH0 is the amount of free amino groups in the gelatin before crosslinking and NHt is the amount of free amino groups after
crosslinking [29].

2.3.5. Dissolvability and water uptake
To assess the dissolvability, samples were dried for 24 h before weight determination, followed by incubation in distilled water

and sodium azide (0.02%) as bacteriostatic agent. After 24 h of incubation samples were removed from the distilled water solution
and weighted again to evaluate the swelling degree (Eq. (4)). Then, the samples were dried for an additional 24 h period at 37 °C and
weighted to evaluate their dissolvability (Eq. (5)).

= −Degree of sweeling (%) W W
W

·100,w d

d (4)

where Ww is the wet weight and Wd is the dry weight.

= −Dissolvability (%) W W
W

·1000 d

0 (5)

where W0 is the initial weight and Wd is the dry weight.

2.3.6. Water vapor permeability
To evaluate the water permeation rate of electrospun meshes, glass bottles with the same size and type were filled with PBS

solution and the electrospun meshes were fixed on their openings. The area available for vapor permeation was 2.39 cm2.
Evaporation of water through the mesh was monitored by the measurement of weight loss according to standard test methods for
water vapor transmission [30]. Briefly, each set was weighted and kept at 32 °C during 24 h, after which the weight of each set was
recorded again to quantify the amount of water evaporated.

2.3.7. Mechanical properties
The tensile strength and modulus of crosslinked electrospun gelatin samples were determined both in the dry and wet state using a

texturometer (TA.XT Plus model, Stable Micro System SMD, England) with a 5 N load cell. Mechanical tests were carried out in a
controlled environment at RT and relative air humidity of 45%. The gauge length was 15 mm and the test speed was 1 mm s−1. At
least five individual samples were tested from each group and measurements were reported as mean ± standard deviation according
the statistical method used (mixed effect model).

2.4. In vitro studies

Human dermal neonatal fibroblasts (hDNF) isolated from the foreskin of healthy male newborns (ZenBio) were cultured, ex-
panded, and maintained in Dulbecco’s modified eagle medium (DMEM) (Gibco), at 37 °C in a humidified atmosphere of 5% CO2. The
culture medium was changed twice a week and cells were trypsinized (0.25% trypsin/0.05% ethylenediamine tetraacetic acid
(EDTA)/0.1% glucose in PBS (pH 7.5)) when they reached 70–80% of confluence. Cells from passages between 8 and 11 were used in
this study.

2.4.1. Cytotoxicity
To assess cytotoxicity, electrospun meshes were tested in direct (samples) and indirect (leachables) contact under different pre-

conditions (washed and non-washed in ultrapure water). Samples were sterilized with UV light followed by washing during 24 h.
hDNF cells were seeded in culture wells for 24 h at a density of 2 × 104 cells/well. 24 h later, samples (direct contact) and culture
medium having been in contact with samples (indirect contact) were incubated with the cells for another 24 h. The culture medium
was then removed from the wells and fresh basal medium with 20% v/v resazurin (Sigma) was added. Cells were incubated (37 °C,
5% v/v CO2) for an additional 2 h period, after which 300 µL per well were transferred to a black 96-well plate and measured (Ex at
530 nm, Em at 590 nm) using a micro-plate reader (Synergy MX, BioTek). The control consisted in cells alone.

For the quantification of the total double-stranded DNA (dsDNA) content, the cell pellets were recovered from wells and washed
with phosphate buffered saline (PBS). The suspension was then centrifuged (10,000 rpm, 5 min) and then stored at −20 °C until
further analysis. The dsDNA quantification was performed using the Quant-iT PicoGreen dsDNA kit (Molecular Probes, Invitrogen),
according to the manufacturer's protocol. Briefly, the samples were thawed and lysed in 1% v/v Triton X-100 (in PBS) for 1 h at
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250 rpm at 4 °C. Then, they were transferred to a black 96-well plate with clear bottom (Greiner) and diluted in Tris-EDTA buffer
(200 mM Tris–HCl, 20 mM EDTA, pH 7.5). After adding the Quant-iT PicoGreen dsDNA reagent, samples were incubated for 5 min at
RT in the dark, and fluorescence was measured using a microplate reader (Ex at 480, Em at 520 nm).

2.4.2. Cell metabolic activity and proliferation
Cell metabolic activity and proliferation assays were performed using hDNF cells seeded on electrospun meshes at a cell density of

1 × 104 cells per sample. To promote an efficient cell penetration into the mesh the seeding was performed with only 10 µL. After 2 h
medium up to 500 µL was added and cultured during 7 days. Metabolic activity was estimated using the resazurin-based assay, using
electrospun meshes without cells as control. For the proliferation assay samples were tested in direct contact with hDNF cells and pre-
washed with ultrapure water. Afterwards, they were cultured for 7 days, and their metabolic activity was measured at days 1, 3 and
7.

2.4.3. Cell morphology and fibronectin deposition
For the same time-points as for the cell metabolic activity (1, 3 and 7 days), cells seeded in electrospun meshes were stained for

filamentous actin (F-actin), nuclei (Dapi) and fibronectin (FN) deposition. Briefly, samples were washed with PBS, fixed for 20 min in
4 wt% paraformaldehyde (PFA, Sigma), and permeabilized with 0.2% Triton X-100 (Sigma) for 7 min. Samples were then incubated
for 1 h with 1 wt% bovine serum albumin (BSA, Merck) in PBS. For FN staining, electrospun meshes were incubated overnight at 4 °C
with rabbit anti-fibronectin (f3648, Sigma, 1: 300) and then with the goat anti-rabbit secondary antibody Alexa Fluor® 488F(ab′)2
fragment (Molecular Probes-Invitrogen, 1:2000, 2 h at RT). Subsequently, samples were incubated with the conjugated probe
phalloidin/Alexa Fluor® 594 (Molecular Probes-Invitrogen, 1:40, 1 h at RT) for F-actin staining. Samples were then washed three
times with the PBS solution and nuclei were counterstained with 40,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma,
0.1 mg mL−1) in vectashield (vector), just before confocal visualization (CLSM, Leica SP2AOBS, Leica Microsystems) using LCS
software (Leica Microsystems). The scanned Z-series were projected onto a single plane and pseudo-colored using ImageJ. The cells
cultured in electrospun meshes were also visualized trough SEM to evaluate their morphology. Briefly, samples were washed with
PBS, fixed for 30 min in 2.5 wt% glutaraldehyde (GA, Fluka), and dehydrated with a successive graded ethanol series (40, 50, 70, 90
and 100%) for 15 min each. After that, critical point drying (CPD7501, Polaron Range) was performed to ensure the complete
dehydration of samples.

2.5. Statistical analyses

All data points were expressed as mean ± standard deviation (SD). Statistical analysis (Levene’s and T test) was carried out using
IBM SPSS Statistics 20.0 with 99% confidence level for extent of crosslinking and cytotoxicity assays. Linear mixed model (LMM) was
used to test differences between the effects of concentration, time and environment (wet and dry) in Young’s Modulus, tensile
strength at break and elongation at break. Concentration, time and environment were treated as a fixed factor and replication
experiment was treated as a random factor to take into account possible heterogeneity of the samples in each set. Parameters
estimation were performed by lme package and multiple comparison adjustment were performed by mulcomp package from the R
statistical software [31]. The results were considered statistically significant when p≤ 0.05 (∗).

3. Results and discussion

3.1. Macroscopic and morphological characterization

An optimal scaffold requires a highly porous (> 60–90%) and fully interconnected structure to provide a large surface area for
cell ingrowth, uniform cell distribution, easy access to oxygen and nutrients by the cells, facilitating vascularisation [32–35]. The
porosity of electrosopun meshes can be influenced by several parameters such as the fiber diameter and fibers density per area. The
theoretical values calculated for the porosity of electrospun meshes produced (Table 1) range between 97.37 (2% v/v BDDGE,72 h)
and 98.76% (4% v/v BBDGE, 24 h). The results showed that higher diameters yield slightly high mesh porosity values as a con-
sequence of less fibers packing, leaving larger spaces between fibers. However, all sample demonstrated a high degree of porosity.

SEM morphological analyses of electrospun gelatin meshes with and without BDDGE are presented in Fig. 1. The results show that
the obtained electrospun meshes present an uniform random deposition, with well-defined filaments and without beads. The in situ
crosslinked fibers keep their morphology after incorporating BDDGE in the polymeric solution prior to fiber spinning. Fiber diameters
strongly depend on both the amount of crosslinker and the incubation time (Table 1). For all samples, the fiber diameter generally
decreased with increasing the crosslinking reaction time in BDDGE as a consequence of new bonds formation, bringing the molecular
chains closer and thereby decreasing the fiber diameter. Using 2% of BDDGE the diameter decreased from 346 ± 158 nm at 24 h to
284 ± 120 nm at 72 h of incubation. With 4% of BDDGE the diameter decreased from 378 ± 137 nm at 24 h to 339 ± 91 nm at
72 h of incubation and with 6% of BDDGE there is a reduction from 341 ± 134 nm at 24 h to 276 ± 88 nm at 72 h. At 48 h of
crosslinking reaction a non-agreement with the general trend was observed, which can be correlated with the instability associated to
an incomplete reaction.

This seems to be confirmed by the fact that samples are more stable when incubated during 72 h with 4% or 6% of BDDGE,
corresponding to 65.94% and 72.81% of crosslinking degree and a decrease of fiber diameter of 34.56% and 46.72%, respectively,
compared to the non-crosslinked gelatin mesh (518 ± 165 nm) (Table 1 and Fig. 1a). Effectively, the decrease of standard deviation
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at the end of 72 h suggests the stabilization of the reaction.

3.2. Physico-chemical and structural characterization

Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR) analyses were performed to evaluate the

Fig. 1. Morphological evaluation of gelatin electrospun meshes. (a) Uncrosslinked sample, (b) Electrospun mesh at macroscale. (c) Electrospun gelatin nanofibrous
meshes crosslinked with different concentrations of BDDGE at different time-points. Average fiber diameter is indicated in white background. Scale bars correspond to
10 µm.

Fig. 2. FTIR spectra of uncrosslinked and gelatin crosslinked with BDDGE at different crosslinking degrees.
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interaction between gelatin and BDDGE on electrospun meshes using uncrosslinked gelatin as control. The different spectra obtained
are shown in Fig. 2. The FTIR spectrum of gelatin (uncrosslinked) is characterized by strong and sharp peaks that include prominent
absorption bands directly associated with the protein’s secondary structure [36]. The FTIR spectra of crosslinked gelatin samples
shows prominent peaks in four different amide regions, namely at 1700–1600 cm−1 corresponding to amide I, at 1565–1520 cm−1,
corresponding to amide II, at 1240–670 cm−1 corresponding to amide III, and at 3500–3000 cm−1 corresponding to amide A
[36–40]. The absorption of amide I contains contributions from the C]O stretching vibration of amide group and a minor con-
tribution from the CeN stretching vibration [36]. Amide II absorption is related to NeH bending and CeN stretching vibrations.
Amide III presents vibrations from CeN stretching attached to NeH in-bending with weak contributions from CeC stretching and C]
O in-plane bending [41]. In samples crosslinked with BDDGE, at 2930 and 2890 cm−1, it is possible to observe intensity changes
compared to the uncrosslinked gelatin spectrum, which are associated to the contribution of aliphatic moieties from BDDGE, con-
firming the incorporation of BDDGE into the gelatin matrix (Fig. 2 and Table 2) [39].

The extension of crosslinking reaction was also assessed through UV/Vis used to quantify the crosslinking degree as a function of
the amount of crosslinker and incubation time at different time-points. As expected, higher crosslinker amount and longer incubation
times resulted in higher crosslinking degrees, showing that the crosslinking degree, and thus the properties of the obtained meshes
can be easily tuned by simply varying the amount of crosslinker and the incubation time. For instance, using 2% of BDDGE incubated
for 72 h resulted in a crosslinking degree of 43.45%, although using 4% of BDDGE incubated for only 48 h resulted in a similar
crosslinking degree (42.75%). It is important to highlight that the maximum crosslinking degree reached was 72.81%, corresponding
to samples crosslinked in 6% of BDDGE and incubated for 72 h. The reaction between BDDGE and gelatin occurs in acidic conditions
due to the AA/TEA solution used to dissolve the gelatin, which results in protonation of the carboxylic acid groups (Fig. 3), and
thereby limiting the achievement of 100% of crosslinking degree [39,42,43].

3.3. Water uptake, swelling, dissolvability and water vapor permeability

The water uptake of biodegradable polymers is an important indicator of their hydrophilic/hydrophobic character and, therefore,
their susceptibility to degrade by hydrolysis [44]. The water uptake makes the materials more flexible and promotes changes in the
dimensions of the implant material [45]. Table 1 shows the correlation between the water uptake and the crosslinker concentration
and incubation time. The uncrosslinked samples were not evaluated due to their high dissolvability in aqueous medium. The cap-
ability to absorb water is known to decrease with the increase of crosslinking degree as the polymer chains become closer due the new
bond formation, making the mesh more dense, with higher retraction forces [39,46]. This trend was also observed in this work, using
gelatin crosslinked with BDDGE (4 and 6% v/v) for different reaction times. A less predictable behavior was observed, using 2% v/v
of BDDGE, where an instability associated to incomplete reaction was observed.

On the other hand, keeping the reaction time and increasing the crosslinker amount was observed an increase of swelling that can
be correlated to the increase of solution pH that affect directly how the crosslinking reaction occurs. In fact the pH of gelatin solution
(15 wt% of gelatin in AA/TEA) and BDDGE is 2.5 and 7, respectively. Consequently, higher amount of crosslinker induces a slightly
increase of solution pH leaving less protons available, increasing anion-anion repulsive forces and allowing the absorption of an
increasing water volume [47,48].

The dissolvability assay represents the amount of uncrosslinked material immediately dissolved by the medium. Similarly, to the
swelling degree the dissolvability decreased with the increase of crosslinking degree due the presence of less unreacted components.
Samples with the lowest crosslinking degree (9.55 ± 1.30%), corresponding to 2% of BDDGE at 24 h, present 53.60 ± 18.58% of
dissolved matter. Samples with the highest crosslinking degree (72.81 ± 1.70%) present only 28.43 ± 7.99% of dissolved material.
Results show a clear evolution of swelling degree with the dissolution of samples with 4% and 6% of BDDGE.

An ideal wound dressing should control the water loss evaporation at an optimal rate. It should be permeable to maintain a moist
environment avoiding wound dehydration. Therefore, the water vapor permeability (WVP) is one of the most important char-
acteristics of wound dressings [49]. A wound with a dry environment causes tissue desiccation and consequently the tissue matrix
becomes dehydrated, the cells die and a hard scab is formed [50]. Subsequently the keratinocytes have to pass beneath this scab to

Table 2
Ratio between non-crosslinked and crosslinked samples at 2930 and 2890 cm−1, ratio ≥1 means presence of BDDGE.

BDDGE (%) Crosslinking duration (h) Ratio between intensity of non-crosslinked and crosslinked samples (a.u.)

2930 cm −1 2890 cm−1

2 24 1.41 2.34
48 0.99 2.47
72 1.01 2.08

4 24 1.02 2.23
48 1.01 2.34
72 1.01 1.70

6 24 0.99 1.63
48 0.98 2.49
72 1.02 2.35
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reach viable tissue, which consumes energy and time, and delays the wound healing process [49]. However, it is important to
underline that a moist wound environment is not a wet wound environment, since excess of exudates will lead the patient to
hypergranulation tissue formation in the wound bed and macerated periwound skin [49,50]. Therefore, an important objective in
providing topical wound care relies in selecting a dressing which can maintain a moist wound surface and, at same time, remove
exudates [49–51]. The common permeation rate for healthy skin is 204 g/m2/day, while for injured skin can range from 279 g/m2/
day, for a first-degree burn, to 5138 g/m2/day, for a granulating wound [52,53]. For an ideal wound dressing a rate of 2500 g/m2/
day is recommended to provide an adequate level of moisture without risking wound dehydration [49,52,54]. The water vapor
permeability through the gelatin electrospun meshes ranges between 2111.36 ± 115.5 and 2647.62 ± 54.22 g/m2/day, which is
in the range of recommended values. The WVP of dressings is influenced by the pore size and interconnectivity between pores, with
meshes with small pores and packed fibers resulting in low permeability to water vapor [55]. From Table 1 it is possible to observe
that there’s a general tendency for a decrease in WVP values with the increase in crosslinking degree from 2 to 6% of BDDGE, which
can be correlated with both the reduction in the fiber diameter and the increase in packing of the fibers.

3.4. Mechanical characterization

The mechanical properties of crosslinked electrospun gelatin meshes were also investigated as a function of amount of crosslinker
and incubation time. Representative stress–strain curves for samples tested in the dry and wet state are shown in the Fig. 4a. From
those curves, it was possible to obtain the Young’s modulus, the tensile strength and the elongation at break. As expected, in the dry
state gelatin electrospun meshes show the distinctive behaviour of brittle and rigid materials, having high values of Young’s modulus
and low values of elongation at break, as a consequence of a rigid protein network [39]. In the dry state, the Young’s modulus of all
samples (Fig. 4b) decrease by increasing the incubation time in BDDGE from 24 to 72 h. The same trend was observed for samples in
the wet state (Fig. 4b), except for samples crosslinked with 6% of BDDGE, which showed a slight increment from 24 to 72 h although
not statistically significant. This decrease of the Young’s modulus is related to the new bonds formed between polymer chains upon
crosslinking, which increases the elasticity of the structure. It is worthwhile mentioning that samples in the wet state exhibited
Young’s modulus values between 0.16 ± 0.19 and 0.77 ± 0.45 MPa, in comparison to 25.61 ± 9.71 to 113.09 ± 63.85 MPa in
the dry state, clearly demonstrating that an hydrogel was formed after crosslinking with BDDGE, directly improving the elasticity of
the produced meshes. Samples in the dry state present low elongation at break values due their rigid nature without water (Fig. 4c).
According to independent works of van Wachem and Zeeman, crosslinking of collagen with BDDGE at acidic pH promoted higher
tensile strength and elongation at break values than the crosslinking reaction under alkaline conditions [56,57]. In the wet state, the

Fig. 3. Characteristic reaction between BDDGE and gelatin under acidic pH.
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elongation at break, up to 4% of crosslinker, decreased with the incubation time, while an increase was observed when 6% of BDDGE
was used, as a consequence of the higher crosslinking degree achieved, leading to a denser and more compact structure. However for
incomplete reactions (24 h and 48 h), at lower concentrations (2% and 4% v/v of BDDGE), the elongation and tensile strength was
higher due to the plasticizing provided by the secondary hydroxyl groups and hydroxyl-terminated pendant groups from hydrolyzed
un-reacted epoxides of BDDGE [39].

The tensile strength at break (TSB) is characterized by the maximum tensile stress supported before sample break. In both states
(dry and wet) the TBS values decreased with the incubation time for each set and from the lower crosslinker concentration to the
higher concentration. These variations can be attributed to the hydroxyl compounds from hydrolyzed un-reacted epoxides of BDDGE
that may be attached to gelatin and can take part in weakening the interactions between protein chains, consequently enhancing the
mobility of the macromolecules, reducing the Young’s modulus and tensile strength and enhancing the elongation of electrospun
meshes crosslinked with BDDGE [39].

For the human skin values of 2.9–150 MPa for Young’s Modulus, 1–32 MPa for Tensile Strength and 17–207% for elongation at
break can be considered as reference [58–61]. Several works have been demonstrating the similarity between the mechanical
properties of skin tissue and electrospun meshes made by different materials and production strategies [62–64]. In terms of me-
chanical properties, the gelatin electrospun meshes developed here exhibit values generally lower than natural skin, although this
behavior can be easily improved by developing hybrid structures to mimic the mechanical properties of the skin.

3.5. Biological behavior

The cytotoxicity of the electrospun meshes was assessed using samples crosslinked in BDDGE at different concentrations (2, 4 and
6%) during only 48 h which, according to the previous results, are representative of low, medium and high crosslinking degrees
(35.18%, 42.75% and 65.94%, respectively).

The results presented in Fig. 5 show that fibroblasts remained metabolically active in all considered cases. After 24 h no cyto-
toxicity was observed even for samples with high amount of crosslinker and the additional washing step did not influence the toxicity,
either in direct or indirect contact assays. In direct contact assays differences between samples with 2 and 6% of BDDGE exhibited
statistical significance to the control (pre-washed or not). In indirect contact assays statistically significant differences were observed
between samples with 2% BDDGE (control and washed) and between samples with 6% BDDGE (control and non-washed samples). In
indirect contact assays results show an increased metabolic activity of cells in indirect contact with samples compared to the control,
which can eventually be explained by the release of uncrosslinked gelatin to the medium. Gelatin displays many integrin-binding sites

Fig. 4. Mechanical behaviour of electrospun gelatin meshes in the wet and dry state. (a) Stress–strain representative curves. (b) Young’s Modulus. (c) Elongation at
break. (d) Tensile strength at break. Statistical significance for p≤ 0.05 (*) and statistical significance for p≤ 0.05 compared to the same condition in wet state (#).
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for cell adhesion, migration, proliferation, and differentiation due to the abundant Arg–Gly–Asp (RGD) amino acid sequences in its
protein chain, which may enhance the metabolic activity of cells [65].

The proliferation of fibroblasts seeded on the electrospun gelatin meshes crosslinked with 4% of BDDGE (72 h) during 7 days was
accessed using the metabolic activity assay and cell morphology was further observed by SEM and confocal microscopy. Samples with
4% BDDGE (72 h crosslinking) were selected according to the previous results. Since no samples showed cytotoxic effects the se-
lection was based on the combination of adequate crosslinking degree, stability and mechanical properties but providing the lower
amount of crosslinker. As shown in Fig. 6a fibroblasts cultured on the crosslinked gelatin electrospun meshes proliferated throughout
the 7 days of culture. SEM images (Fig. 6b) show the intimate interaction between the cells and the nanofibrous structures. From day
1 to day 7, in agreement with metabolic activity assessment, it is possible to observe an increase in cell number, as well as the
integration and spreading of cells in the filamentous electrospun mesh. According to Jin and co-authors (2014) the integrin-binding
sites available on gelatin promote cell adhesion and proliferation, and the nano-sized fibers encourage better cell proliferation and
signaling [65].

Electrospinning presents a unique ability to fabricate nanofiber-based scaffolds that best mimic the nanometer scale of the native
ECM of skin [66]. Consequently, electrospun skin substitutes have been claimed to have increased potential to promote better cellular
attachment, growth and differentiation due the high surface area, high aspect ratio and high microporosity provided by the low fiber
diameter structure [67–69], which seems to be confirmed in the present work. Confocal microscopy images (Fig. 6b) of cells cultured
on the electrospun meshes show the capability of fibroblasts to adhere and proliferate across the 7 days of culture and that they
exhibit a proper phenotype, with a typical fibroblastic morphology. Additionally, after 7 days of culture, the production of fibronectin
by the fibroblasts is clearly observed, sowing their ability to synthesize new ECM. Fibronectin is a large glycoprotein which plays an
essential role in development, wound healing and angiogenesis [70].

Gelatin is a cost-effective, biocompatible, biodegradable and cell-interactive material, known for not causing any adverse immune
response [65]. However, its fast degradation in aqueous media, associated to usually low mechanical properties, considerably limit its

Fig. 5. Cytotoxicity assessment of electrospun gelatin meshes crosslinked with 2, 4 and 6% of BDDGE for 48 h. (a) Direct contact (DC) and (b) Indirect contact (IC)
with hDNF cells, using as cells alone as control. Statistical significance for p ≤ 0.05 (*).

J.R. Dias et al. European Polymer Journal 95 (2017) 161–173

170



application [71]. Hence, new non-toxic gelatin crosslinkers are fundamental to improve the potential application of this biomaterial
for tissue engineering applications. BDDGE is a widely used crosslinker in hyaluronic fillers already available in the market for several
years. FDA determined that the use of unreacted BDDGE below 2 ppm is safe since those trace amounts are prone to hydrolysis
ultimately yielding CO2 and water [26]. Martucci and colleagues (2015) described for the first time the use of BDDGE as crosslinker
of gelatin for preparing biodegradable films for food packaging. According to this study, the films produced by casting with different
percentages of BDDGE (0.5, 1 and 3%), revealed a great potential for food packing due to their non-toxicity and enhanced mechanical
properties [39]. However, this paper reports for the first time the use of BDDGE as in situ crosslinker of electrospun gelatin nanofibers
for biomedical applications. Due to its similarity with the native ECM, gelatin electrospun meshes have been previously investigated
as dressings for wound healing and drug release, revealing promising properties [9]. However, most of the crosslinkers used are toxic
and/or non-stable, inducing changes in the fiber morphology due to the crosslinking bath/vapor used after fibers production [9,72].
The in situ crosslinking method used here represents a more effective crosslinking strategy than the traditional vapor crosslinking due
to the homogenous mixing between polymer and crosslinker at the syringe prior to fiber formation [73]. The current study further
demonstrates the possibility of modulating fiber diameter by controlling the in situ crosslinking parameters. Furthermore, the ob-
tained electrospun meshes kept their morphology after the crosslinking process. Ultimately, gelatin electrospun meshes crosslinked

Fig. 6. Proliferation of hDNF cells on electrospun gelatin meshes. (a) Metabolic activity, using electrospun meshes without cells as control. Statistical significance for
p≤ 0.05 (*). Scale bars correspond to 50 µm; (b) SEM and confocal microscopy images of cells cultured on electrospun meshes (blue: nuclei; red: actin; green:
fibronectin). Scale bars correspond to 50 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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with BDDGE show great potential as wound dressings due to their ideal water vapor permeability rate, stability on aqueous medium,
adequate swelling degree, non-toxicity and capability to promote fibroblasts attachment, proliferation and production of ECM
proteins.

4. Conclusions

The main purpose of this research work was to explore, for the first time, the potential of crosslinking gelatin fibers with BDDGE,
improving its stability in aqueous media and mechanical properties. BDDGE-crosslinked gelatin meshes were synthesized, char-
acterized and tested regarding their toxicity and potential as wound dressing. Electrospun gelatin fibers crosslinked with BDDGE were
successfully produced, allowing to obtain meshes with a well-defined morphology and random deposition. The crosslinking degree
could be tuned changing the amount of crosslinker and the incubation time, which allowed the control of both fiber diameter and
mechanical properties. 4% and 6% BDDGE (both incubated for 72 h) provided gelatin fibers with high crosslinking degree and stable
diameters of 339 ± 91 and 276 ± 88 nm, respectively, although 4% BDDGE resulted in the best combination of mechanical
properties. Cytotoxicity assays revealed no toxicity and proliferation assays showed that fibroblasts were able to attach and pro-
liferate, producing new extracellular matrix within the electrospun meshes. Overall, this study demonstrated the potential of BDDGE
as an alternative gelatin crosslinker due its non-toxicity and capability to tailor gelatin’s mechanical and physical properties.
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