
 

 

 
 

 
 

Development of electrospun wound-dressings 
incorporating medicinal plant-extracts 

 
 
 
 

Cláudia Filipa Duarte Mouro 
 
 
 
 

Tese para obtenção do Grau de Doutor em 

  Materiais e Processamento Avançados 
(3º ciclo de estudos) 

 
 
 

Orientadora: Prof.ª Doutora Isabel Cristina Aguiar de Sousa e Silva Gouveia 
Co-Orientador: Prof. Doutor Raul Manuel Esteves de Sousa Fangueiro 

 
 

Júri: 
Prof. Doutor Joaquim Mateus Paulo Serra 

Prof. Doutor Rogério Manuel Santos Simões 
Prof. Doutor João Paulo Miranda Ribeiro Borges 

Prof.ª Doutora Maria Ascensão Ferreira Silva Lopes 
Prof.ª Doutora Isabel Cristina Aguiar de Sousa e Silva Gouveia 

Prof. Doutor Nuno José Ramos Belino 
Prof.ª Doutora Mariana Contente Rangel Henriques 

 
 
 

03 de fevereiro de 2023 



ii 

 

 
  



iii 

 

Declaração de Integridade 
 

 

Eu, Cláudia Filipa Duarte Mouro, que abaixo assino, estudante com o número de inscrição 

D1684 do 3º Ciclo em Materiais e Processamento Avançados da Faculdade de Engenharias, 

declaro ter desenvolvido o presente trabalho e elaborado o presente texto em total 

consonância com o Código de Integridades da Universidade da Beira Interior. 

 

Mais concretamente afirmo não ter incorrido em qualquer das variedades de Fraude 

Académica, e que aqui declaro conhecer, que em particular atendi à exigida referenciação de 

frases, extratos, imagens e outras formas de trabalho intelectual, e assumindo assim na 

íntegra as responsabilidades da autoria. 

 

 

 

Universidade da Beira Interior, Covilhã 13/02/2023 

  
Assinado por: Cláudia Filipa Duarte Mouro
Num. de Identificação: 13752254
Data: 2023.02.13 10:52:35+00'00'



iv 

 

 

 

 

 

 

 

  



v 

 

Dedicatory 

 

 

 

 

 

 

 

 

 

To all the people who have inspired, encouraged, and supported me, and to all those who 

believe in the richness of learning and continue to research to get results. 

  



vi 

 

 

  



vii 

 

I would like to acknowledge the Fundação para a Ciência e Tecnologia (FCT) for the PhD 

fellowship (PD/BD/113550/2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



viii 

 

  



ix 

 

Acknowledgements 

 

This thesis is the result of my endeavor and dedication, but also of all those who deposit their 

contributions in it. In this way, I would like to express my sincere gratitude towards all those 

persons who made this thesis possible and a remarkable experience for me. 

 

To start, I would like to express my deepest gratitude to my supervisor Prof. Dr. Isabel 

Cristina Gouveia, for all availability, knowledge, scientific support, expertise, insightful 

suggestions, and valuable advices. Her guidance was crucial for the success of this work.  

 

I am also sincerely grateful to Prof. Dr. Raul Fangueiro, for his deepest solicitude.  

 

I have to kindly acknowledge the financial support from the Fundação para a Ciência e 

Tecnologia (FCT) through the individual PhD fellowship (Ref PD/BD/113550/2015) 

provided under the Doctoral Program AdvaMTech. I would also like to mention the 

University of Beira Interior, particularly the FibEnTech - Fiber Materials and Environmental 

Technologies Research Unit, for give me the opportunity to develop this study in its facilities 

and the funding from the project UIDB/00195/2020.  

 

Moreover, I would like to express my gratitude to Engª Ana Paula Gomes from Centro de 

Óptica for contributing with her technical expertise in my work.  Her tireless help in SEM 

and DSC analysis was essential in this thesis. A special thanks to Raquel Nunes, my friend 

since childhood, for her technical support with cytotoxic analysis. 

 

A special appreciation to my lab colleagues, particularly to Frederico Nogueira and Lúcia 

Amorim, for all the assistance and friendship. I will never forget your scientific contributions 

and all the good times we spent together during this journey. Also, my sincere gratitude goes 

to my friends for the love, care, support, encouragement, and enjoyable moments. 

 

Finally, I couldn't finish the acknowledgments without express my extremely thankful to my 

parents, sister, and my boyfriend, Mauro, for their patience, unconditional care and love, 

unfailing support, and incentive during this thesis.  This accomplishment would not have 

been possible without them.  

THANK YOU ALL! 



x 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



xi 

 

Preface 

The skin is the largest organ of the human body. It consists of a complex three-layer 

structure, the epidermis, the dermis, and the hypodermis, which under normal physiological 

conditions, possess inherent properties of self-renewal and regeneration. However, the 

skin’s integrity can be compromised by both endogenous and exogenous factors and lead to 

the occurrence of acute and chronic, non-healing wounds.  

Chronic wounds associated with several pathological conditions, such as diabetes, obesity, 

and ageing have demonstrated an increased incidence of bacterial colonization, leading to 

infections, and consequently delaying the healing. Besides, the persistent microbial 

colonization observed in chronic wounds makes them an ideal environment for biofilm 

formation which results in serious complications, like amputations, systemic infections, 

drug-resistances, and increase the healthcare costs.  

In order to prevent this situation and ensure an appropriate wound management, several 

strategies have been developed not only to protect the wound site from bacterial infection 

but also to enhance the healing process. Among them, the topical application of various 

antimicrobial agents, particularly antibiotics, at the wound site has been explored. 

Nevertheless, when these agents are topically applied to prevent microbial growth, an 

allergic or irritant response can be induced and these agents can be easily removed from the 

wound site, resulting in therapeutic failure. Likewise, if these agents are delivered within an 

adverse wound healing environment, their therapeutic capability can be compromised.  

Thus, as a possible solution, researchers have successfully incorporated a wide range of 

bioactive compounds with antimicrobial activity, like antibiotics, nanoparticles, and natural 

products, into wound dressing materials from diverse strategies to simultaneously prevent 

or treat infection and encourage the healing process. In this sense, extensive research efforts 

have emerged to develop antimicrobial wound dressings from more simple, environmentally 

friendly, and cost-effective approaches. 

So, the motivation behind this doctoral thesis arises from this necessity and is focused on a 

new type of wound dressing materials, based on nanofibers produced via electrospinning, 

due to their excellent properties in promoting the healing process, such as high-surface area, 

micro-porosity, and structural similarity to the natural extracellular matrix (ECM), as well 

as incomparable ability to load a variety of bioactive compounds. Amongst the various 

compounds incorporated until now, the plant extracts, a group of interesting natural 
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products, have received considerable attention due to their high availability, easy extraction, 

environmentally friendly nature, and absence of adverse side effects. 

Hence, different electrospun wound dressings containing medicinal plant extracts were 

successfully produced in this doctoral thesis, and with hopes that this research work may 

open up new perspectives to fill the gap that remains between the lab-scale research, clinical 

trials, and even commercialization of these materials. 
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Resumo alargado 

 

A pele constitui uma barreira notavelmente eficaz contra a invasão de agentes patogénicos 

externos. No entanto, quando a integridade da pele é comprometida pela ocorrência de 

feridas, a possibilidade de microrganismos patogénicos colonizarem o local e 

desencadearem uma infeção, aumenta. Normalmente, logo após a lesão ocorrer, inicia-se 

uma série sequencial e ordenada de eventos regulada pelo sistema imunitário, de forma a 

restaurar a estrutura e as funções da pele nativa. Contudo, múltiplos fatores podem impedir 

que o processo de cicatrização ocorra de maneira eficaz. Entre estes, a presença e 

permanência de elevados níveis de bactérias patogénicas na ferida, mais comum em 

pacientes imunocomprometidos, prevalecem como um dos principais responsáveis pelo 

atraso ou falha no processo de cicatrização.  

As infeções da pele e tecidos moles (IPTM), especialmente as causadas por bactérias, estão 

entre as infeções mais comuns que podem progredir rapidamente para complicações 

potencialmente fatais. Além disso, o envelhecimento da população, a obesidade e o 

consequente aumento da incidência de doenças crónicas têm contribuído para uma maior 

prevalência de feridas suscetíveis à colonização bacteriana e infeção. Neste contexto, para 

prevenir a penetração de bactérias no local da ferida e evitar o seu crescimento e 

proliferação, têm sido produzidos pensos para feridas, a partir de diferentes materiais, com 

formas distintas, contendo agentes antimicrobianos na sua estrutura para aprimorar as 

propriedades antimicrobianas destes materiais. Entre estes agentes, destacam-se os 

antibióticos, as nanopartículas (NPs) e os produtos de origem natural. Contudo, apesar de 

estarem disponíveis vários antibióticos para o tratamento de infeções de feridas, o seu uso 

recorrente e indiscriminado tem desencadeado uma taxa alarmante de bactérias 

multirresistentes capazes de resistir mesmo aos antibióticos mais recentes e eficazes. Nesse 

sentido, as NPs surgiram como uma alternativa terapêutica aos antibióticos mais comuns. 

No entanto, a possível toxicidade associada à sua utilização tem limitado a sua aplicação em 

pensos. Deste modo, temos vindo a assistir a uma crescente procura por compostos obtidos 

a partir de fontes naturais, em particular a partir de plantas medicinais, como uma 

alternativa mais eficaz e segura.  

As plantas medicinais têm sido consideradas desde os tempos ancestrais poderosos 

suplementos naturais por desempenharem um papel importante na cura e tratamento de 

diferentes tipos de feridas. Estas são de fácil acesso e reconhecidas devido às inúmeras 

propriedades terapêuticas que exibem, como propriedades antimicrobianas, anti-
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inflamatórias, antioxidantes, anestésicas e analgésicas, as quais estão relacionadas com a 

presença de uma vasta gama de substâncias bioativas. Além disso, as plantas medicinais são 

também capazes de melhorar o processo de cicatrização por exibirem a capacidade de 

acelerar a proliferação de fibroblastos, revascularização, síntese e deposição de colagénio. 

Desta forma, pensos para feridas contendo compostos naturais provenientes de plantas, 

mais ecológicos, sustentáveis, eficazes e seguros, bem como economicamente viáveis, com 

atividade antimicrobiana intrínseca e, ao mesmo tempo, com a capacidade de acelerar o 

processo de cicatrização, têm-se revelado de extrema importância e despertado o interesse 

dos investigadores nos últimos anos a fim de prevenir ou mesmo eliminar infeções 

indesejáveis.  

Entre as diferentes técnicas utilizadas para produzir pensos para feridas, o electrospinning 

tem merecido um maior destaque no desenvolvimento de membranas nanofibrosas devido 

à sua simplicidade, relação custo-eficácia e versatilidade. Além disso, as membranas 

produzidas por electrospinning têm demonstrado propriedades com notável potencial 

terapêutico, tais como uma estrutura tridimensional que mimetiza as características 

morfológicas da matriz extracelular da pele (ECM), uma elevada área de superfície e 

porosidade que lhes permite controlar o exsudado e gerir o ambiente húmido no local da 

ferida, bem como garantir a oxigenação e o fornecimento necessário de nutrientes. Estes 

materiais têm ainda a capacidade de promover a adesão e proliferação celular e potencial 

para libertar compostos bioativos no local da ferida.  

Assim sendo, e de forma a proteger as feridas de agressões externas e evitar possíveis 

complicações, a nossa proposta prevê a utilização de diferentes estratégias/ metodologias 

para produzir, através de electrospinning, materiais com as características adequadas para 

aplicação na área do tratamento de feridas. Com esse objetivo, os trabalhos realizados ao 

longo deste projeto exploram diferentes misturas de biopolímeros com polímeros sintéticos 

biodegradáveis e biocompatíveis, bem como vários extratos brutos de plantas medicinais e 

seus derivados, como óleos essenciais, com reconhecidas propriedades antimicrobianas, a 

fim de reduzir o risco de infeção bacteriana e permitir que a cicatrização ocorra num curto 

espaço de tempo. 

Numa primeira abordagem, o Eugenol (EUG), um óleo essencial extraído do cravo-da-índia, 

conhecido por apresentar propriedades terapêuticas muito interessantes, foi incorporado 

com sucesso em uma mistura polimérica composta de Policaprolactona (PCL), Álcool 

Polivinílico (PVA) e Quitosano (CS) por electrospinning de emulsão. O EUG foi incorporado 

pela primeira vez em duas emulsões distintas, água-em-óleo (A/O) e óleo-em-água (O/A), 

para investigar qual seria a combinação que apresentava melhores propriedades para 
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aplicação como penso para feridas. Neste estudo, o EUG incorporado na emulsão do tipo 

O/A revelou resultados mais promissores e demonstrou capacidade para inibir o 

crescimento de Staphylococcus aureus (S. aureus) e Pseudomonas aeruginosa (P. 

aeruginosa) sem induzir qualquer efeito citotóxico em fibroblastos dérmicos humanos 

normais (NHDF). 

No entanto, apesar do electrospinning de emulsão se ter revelado uma técnica auspiciosa 

para preservar a estabilidade e bioatividade do EUG, a obtenção de óleos essenciais exige 

quantidades elevadas de planta, requer métodos de preparação que envolvem várias etapas, 

bem como equipamentos específicos de laboratório. Além disso, estes derivados de plantas 

podem ser facilmente degradados e são suscetíveis a perdas por volatilização e/ou 

decomposição térmica. 

Para superar as limitações apresentadas pelos óleos essenciais, dois diferentes extratos 

brutos de plantas medicinais foram preparados e incorporados em duas misturas 

poliméricas distintas, por electrospinning de emulsão, a fim de corroborar a eficácia e 

potencialidade desta técnica. Os extratos brutos destacam-se dos óleos essenciais por serem 

facilmente obtidos a partir de plantas secas e moídas, através de métodos de extração 

simples, de fácil execução e baixo custo.  

Além disso, os extratos brutos são misturas ecologicamente sustentáveis que possuem 

diversas substâncias com múltiplas propriedades terapêuticas e têm demonstrado ser mais 

efetivos, comparativamente aos seus derivados, devido à sua disponibilidade e 

acessibilidade. Também as interações sinérgicas estabelecidas entre os diferentes compostos 

têm-se revelado favoráveis e resultado em uma melhor proteção contra possíveis 

degradações. Neste sentido, um extrato bruto de Hypericum perforatum L. (HP) foi 

incorporado numa mistura polimérica de Poli (L-ácido láctico) (PLLA), PVA e CS enquanto 

um extrato bruto de Chelidonium majus L. (CM) foi incorporado numa mistura composta 

por PCL, PVA e Pectina (PEC). Os resultados revelaram que as membranas de nanofibras 

fabricadas a partir de emulsões A/O contendo os extratos brutos de plantas medicinais 

exibiram propriedades adequadas para utilização como pensos para feridas. Além disso, 

estas membranas demonstraram ser capazes de inibir o crescimento de bactérias 

patogénicas e comprovaram ser sistemas versáteis para libertação controlada de agentes 

bioativos e/ou terapêuticos. Porém, a membrana de nanofibras em que o extrato de CM foi 

incorporado na mistura polimérica PCL/PVA_PEC demonstrou uma maior atividade 

antibacteriana, obtendo-se um ~4 Log de redução.   

Portanto, o electrospinning de emulsão comprovou exibir a inigualável capacidade de 

produzir, numa única etapa, pensos para feridas compostos de uma única camada 
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incorporados com produtos naturais e a substituição do EUG por extratos brutos de plantas 

medicinais revelou-se uma alternativa atrativa e promissora.  

Por outro lado, materiais produzidos por deposição de duas diferentes camadas foram 

desenhados na tentativa de mimetizar a estrutura nativa da pele, bem como as suas funções 

e tornar o processo de cicatrização mais rápido e eficaz. Assim, uma membrana de dupla 

camada constituída por uma camada superior de PLLA, desenhada para atuar como uma 

barreira protetora contra a entrada de agentes patogénicos, e uma camada inferior de Óxido 

de Polietileno (PEO), CS e HP, destinada a ser utilizada em contacto com a ferida, a fim de 

dotar a membrana com propriedades antimicrobianas e promover a regeneração da pele, foi 

fabricada com sucesso por electrospinning. Os resultados obtidos revelaram que a camada 

superior pode atuar como uma barreira impermeável, mas respirável, capaz de impedir a 

entrada de bactérias no local da ferida, enquanto a camada inferior exibiu a porosidade, 

molhabilidade e swelling (inchamento por efeito de absorção de líquidos) adequados à 

manutenção de um ambiente húmido favorável ao processo de cicatrização. Além disso, as 

propriedades antimicrobianas do CS e HP foram demonstradas pela capacidade desta 

camada inibir o crescimento de S. aureus e P. aeruginosa, sem causar efeitos citotóxicos. 

Similarmente, uma membrana de dupla camada foi produzida por electrospinning com uma 

camada superior de PCL. Esta camada exibiu a porosidade e a molhabilidade desejáveis para 

atuar como uma barreira física contra ameaças externas, nomeadamente contra a invasão 

de bactérias. Por sua vez, o CS foi reticulado com tripolifosfato de sódio (TPP) e combinado 

com PVA a fim de testar a sua adequabilidade para atuar como um transportador de Centella 

asiatica L. (CA), a ser libertada no local da ferida e melhorar o potencial terapêutico da 

camada inferior. Devido às suas propriedades, esta camada demonstrou ser capaz de 

promover o processo de cicatrização e de oferecer uma libertação controlada de CA, 

desejável para evitar o crescimento bacteriano no local da ferida, observando-se uma 

redução de S. aureus e P. aeruginosa de 3 Log. 

Finalmente, o Algodão, normalmente utilizado em pensos para feridas, foi combinado com 

nanofibras de PVA e CS incorporadas com Agrimonia eupatoria L. (AG) a fim de produzir 

um nano-coating capaz de acelerar o processo de cicatrização. Para isso, o algodão foi 

primeiramente oxidado com o radical 2,2,6,6-tetrametil-1-piperidinoxil (TEMPO) para 

dota-lo com cargas negativas e de seguida foi utilizado como substrato na produção das 

nanofibras de PVA, CS e AG. Através dos resultados obtidos foi possível verificar que a 

camada de nanofibras incorporada com o extrato de AG exibiu propriedades adequadas para 

prevenir a desidratação, bem como a adesão das fibras de algodão ao leito da ferida. Além 
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disso, as nanofibras revelaram-se não tóxicas para fibroblastos humanos, bem como 

apropriadas para inibir o crescimento bacteriano quando em contacto com a pele lesada. 

No geral, o trabalho realizado no âmbito desta tese pretende incentivar a comunidade 

científica a dar particular relevância aos produtos de origem natural com baixa propensão 

ao desenvolvimento de resistências bacterianas e ao uso de estratégias relativamente 

simples, versáteis e de baixo custo para obtenção de materiais avançados para a fabricação 

de pensos para feridas com propriedades antimicrobianas, adequados para combater 

possíveis infeções e melhorar o processo de cicatrização. 
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Pensos antimicrobianos para a cicatrização de feridas, produtos naturais, plantas 
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Abstract 

Human skin is a remarkably effective barrier against the invasion of external pathogens. 

However, when the occurrence of wounds compromises the skin’s integrity, the possibility 

of pathogenic microorganisms to colonize the wound site increase as well as the risk of 

acquiring an infection. In particular, the presence and permanence of high levels of 

pathogenic bacteria in the wound have been identified as the main responsible for the delay 

or failure in the healing process, especially in patients with a compromised immune system.  

The skin and soft tissue infections (SSTIs), particularly those caused by bacteria, are among 

the most common infections that can progress quickly to life-threatening complications. 

Besides, the aging population, combined with the increased rates of obesity and chronic 

diseases, like diabetes, have contributed to a higher prevalence of wounds susceptible to 

bacterial colonization and infection. In this context, to prevent the penetration of bacteria at 

the wound site and its growth and proliferation, wound dressings have been produced from 

different materials, with diverse shapes, containing antimicrobial agents into their structure. 

Among these agents, antibiotics, nanoparticles (NPs), and natural products have been the 

most used. However, the excessive and indiscriminate use of antibiotics has triggered an 

alarming rate of multidrug-resistant bacteria. Also, the possible toxicity associated with the 

use of NPs has limited its application in dressing materials. In this way, we have been 

witnessing an increasing demand for compounds obtained from natural sources, in 

particular from medicinal plants, as a more effective and efficient alternative.  

Medicinal plants are natural sources of bioactive substances that may exert significant 

effects on the management and treatment of wounds. Besides, the numerous therapeutic 

properties of the medicinal plants, such as antimicrobial, anti-inflammatory, antioxidant, 

anesthetic, and analgesic, are helpful in the treatment of injured skin by enhancing fibroblast 

proliferation, angiogenesis, and collagen biosynthesis. Thus, wound dressing materials 

containing plant extracts and some compounds obtained from plants, with intrinsic 

antimicrobial activity and ability to accelerate the healing process, have captured the interest 

of researchers in recent years in order to avoid or even eliminate undesirable pathogenic 

infections.     

Among the different techniques used to produce wound dressing materials, the 

electrospinning has been highlighted in the development of wound dressings based on 

bioactive nanofibers due to its simplicity, cost-effectiveness, and versatility. 
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The nanofiber membranes produced by electrospinning have demonstrated properties with 

remarkable therapeutic potential, such as a 3D architecture that mimics the morphological 

features of the skin’s extracellular matrix (ECM), a high surface area to volume ratio, and 

porosity that allow them to control the exudate effectively. These characteristics are also able 

to maintain a moist environment at the wound site and ensure a continuous supply of 

nutrients and oxygen that promotes wound healing. Furthermore, the electrospun 

nanofibrous membranes have been incorporated with different types of bioactive or 

therapeutic agents, improving the desirable wound healing properties. 

Therefore, in this doctoral work, new electrospun wound dressing materials containing 

crude medicinal plant extracts and plant essential oils with remarkable antimicrobial and 

healing effects were developed from several strategies to protect the wound from both 

external agents and pathogenic invasion, as well as improve the skin tissue regeneration. 

In a first approach, Eugenol (EUG), an essential oil extracted from cloves, was incorporated 

into a polymeric blend composed of Polycaprolactone (PCL), Polyvinyl Alcohol (PVA), and 

Chitosan (CS) by electrospinning from water-in-oil (W/O) and oil-in-water (O/W) 

emulsions. From this work, it was achieved better wound healing properties when O/W 

emulsion was used. However, although emulsion electrospinning shows promising potential 

for preserving the EUG’s stability and bioactivity, the essential oils require large amounts of 

raw material, as well as multiple step preparation methods and special laboratory facilities. 

To overcome the limitations presented by essential oils, two different crude medicinal plant 

extracts, which are easily obtained from dried and milled plants, were prepared through a 

simple, easy to perform, and low-cost extraction method, and then incorporated in two 

different polymeric blends by emulsion electrospinning to corroborate the effectiveness and 

potential of this technique. Regarding that, a crude extract of Hypericum perforatum L. 

(HP) was incorporated into a polymeric blend of Poly(L-lactic acid) (PLLA), PVA, and CS, 

while a crude extract of Chelidonium majus L. (CM) was loaded into a blend of PCL, PVA, 

and Pectin (PEC). The results revealed that the manufactured nanofiber membranes 

exhibited suitable properties for use as wound dressing materials. Besides, these membranes 

have been shown to inhibit the growth of pathogenic bacteria, namely Staphylococcus 

aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa), and proved to be 

versatile systems for controlled release of bioactive and/or therapeutic agents. From these 

studies, the CM extract loaded into electrospun PCL/PVA_PEC nanofibrous membrane 

achieved a better antibacterial activity, reaching a ~4 Log reduction. 

Therefore, emulsion electrospinning has demonstrated to exhibit the incomparable ability 

to produce, in a single step, single-layer wound dressings incorporated with natural 
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products, and the replacement of EUG by crude medicinal plant extracts proved to be an 

attractive and promising alternative. 

In a different approach, double-layered electrospun nanofibrous membranes containing 

crude medicinal plant extracts were produced, aiming to restore the structure and functions 

of the native skin.  

Concerning that, two different double-layer materials were developed from electrospinning. 

PLLA and PCL’s top layers were designed to act as breathable and waterproof protective 

barriers, capable of preventing bacteria penetration into the wound. In turn, lower layers of 

Polyethylene oxide (PEO), CS, and HP, as well as Chitosan-Sodium Tripolyphosphate (CS-

TPP), combined with PVA and Centella asiatica L. (CA) were produced to improve the 

biologic performance of these materials. Due to their properties, the lower layers 

demonstrated to be able to promote the healing process and inhibit the growth of S. aureus 

and P. aeruginosa without inducing any cytotoxic effect. However, the PVA_CS-TPP_CA 

revealed a higher bacterial inhibitory effect, reaching a 3 Log reduction.  

Finally, a cotton gauze bandage, traditionally used to provide support and confer robust 

protection against external threats, was successfully combined with PVA and CS nanofibers 

containing Agrimonia eupatoria L. (AG) to produce a nano-coating capable of inhibiting the 

growth of bacteria at the wound site and support skin regeneration. 

Overall, the scientific work performed in this thesis has been conducted to encourage the 

scientific community to give more attention to the potential benefits of bioactive natural 

products as medicinal plants, which exhibit a low tendency to develop bacterial resistance. 

Moreover, it has been shown that the use of relatively simple, versatile, and low-cost 

strategies to produce wound dressing materials displaying antimicrobial properties have an 

essential impact on the control of bacterial colonization but also prevent bacterial wound 

infection and consequently accelerate the healing process. 
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Thesis Overview 
 

The present thesis was divided into 4 main chapters.  

 

Chapter 1 is based on a review paper (Paper 1 - Electrospun wound dressings with 

antibacterial function: A critical review of plant extract and essential oil 

incorporation) and makes a literature review of the main topics involved in the research 

work performed during this thesis, in order to contextualize the reader.  

This introductory chapter focus on the prevention, treatment, and management of bacterial 

infected wounds. Concerning that, a description of the different wound dressings used over 

time is exhibited and the importance of producing nanofibers through electrospinning 

displaying antimicrobial activity is highlighted. Also, the different functionalization 

strategies used for this purpose are described, as well as the most common antimicrobial 

agents incorporated into the electrospun nanofibers, focusing on the effectiveness of the 

natural extracts from plants. 

 

Chapter 2 identifies the main purpose and specific goals to be achieved with this doctoral 

thesis. 

 

Chapter 3 presents the results obtained during this thesis and has the purpose of showing 

the practical achievements of the goals considered in Chapter 2, Figure 1. This chapter 

comprises three different parts in the form of original research papers, respectively: 

 

Part I - Emulsion Electrospinning for Wound Dressing Applications: 

Paper 2 - Emulsion Electrospun Fiber Mats of PCL/PVA/Chitosan and Eugenol 

for Wound Dressing Applications 

This research work describes for the first time the loading of Eugenol (EUG), an essential oil 

(EO), known for its therapeutic properties, into the electrospun Polycaprolactone (PCL)/ 

Polyvinyl Alcohol (PVA)/ Chitosan (CS) fiber mats. The fiber mats were produced from 

water-in-oil (W/O) and oil-in-water (O/W) emulsions to reach the best strategy. Several 

techniques were performed to assess their suitability as a wound dressing material. 

 

  



xxx 

 

Paper 3 - Emulsion electrospinning of PLLA/PVA/Chitosan with Hypericum 

perforatum L. as an antibacterial nanofibrous wound dressing 

The incorporation of the hydro-ethanolic extract of Hypericum perforatum L. (HP) in a 

Poly(L-lactic acid) (PLLA)/PVA/CS emulsion blend was explored in this work to endow the 

produced fibers with antimicrobial activity, improving the healing process and avoiding of 

wound infection. For that purpose, a crude HP extract was easily prepared from dried and 

powdered aerial plant parts and two different weight percentages applied to accomplish a 

functional antimicrobial dressing. This approach highlights the benefits of using cost-

effective and eco-friendly natural bioactive agents for wound management, and the capacity 

to produce, by emulsion electrospinning, wound dressing materials incorporated with these 

agents, in a single step. 

 

Paper 4 - Chelidonium majus L. Incorporated Emulsion Electrospun 

PCL/PVA_PEC Nanofibrous Meshes for Antibacterial Wound Dressing 

Applications 

In this paper, electrospun nanofibrous meshes composed of PCL, PVA, and Pectin (PEC) 

were incorporated with Chelidonium majus L. (CM), known for displaying a broad spectrum 

of pharmacological activities, and their properties (morphological, chemical, physical, 

mechanical, and biological) analyzed. The obtained meshes revealed suitable features to be 

applied as wound dressings. Also, the produced electrospun PCL/PVA_PEC nanofibrous 

meshes played an enhanced bactericidal activity against Staphylococcus aureus (S. 

aureus) and Pseudomonas aeruginosa (P. aeruginosa) and presented non-toxic effects to 

normal human dermal fibroblast (NHDF) cells. 

Overall, these findings emphasize the potential that emulsion electrospinning has received, 

among the different functionalization strategies, to develop less expensive, functional, and 

versatile electrospun polymeric nanofibers for the sustained release of natural products, like 

medicinal plants. 

 

Part II - Electrospun Double-Layered for Wound Dressing Applications: 

Paper 5 - Double-layer PLLA/PEO_Chitosan nanofibrous mats containing 

Hypericum perforatum L. as an effective approach for wound treatment 

In this study, a new double-layer nanofibrous dressing was produced through 

electrospinning. The upper layer, composed by PLLA, was fabricated to act as a protective 

https://www.ncbi.nlm.nih.gov/pubmed/21901730
https://www.ncbi.nlm.nih.gov/pubmed/21901730
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barrier, avoiding the bacteria penetration, while the Polyethylene oxide (PEO)_CS lower 

layer containing crude HP extract was designed to improve the healing process.  

Consequently, the HP extract incorporation granted antimicrobial properties to the lower 

layer, which is essential to provide an aseptic environment at the wound site. Besides, the 

double-layer PLLA/PEO_HP_CS nanofibrous mats’ properties revealed important insights 

into the behavior of this material as a wound dressing. 

 

Paper 6 - Preparation and Characterization of Electrospun Double-layered 

Nanocomposites Membranes as a Carrier for Centella asiatica (L.) 

This research work reports the development of a novel electrospun double-layered wound 

dressing membrane. To accomplish that, PVA, and CS-Sodium Tripolyphosphate (CS-TPP) 

incorporated with Centella asiatica L. (CA), commonly known as a medicinal plant able to 

improve its antimicrobial and biological properties, was successfully electrospun directly 

over a recently produced PCL layer. The CS was cross-linked with the TPP to 

comprehensively analyze its in vitro performance as a carrier for CA release. 

The produced double-layered PCL/PVA_CS_TPP membrane containing CA did not exhibit 

any cytotoxic effect for fibroblasts while also ensuring a controlled release of CA, as well as 

an excellent antibacterial effect against S. aureus and P. aeruginosa, which is advantageous 

to prevent skin infections. 

 

Part III – Cotton based composites for Wound Dressing Applications: 

Paper 7 - Designing New Antibacterial Wound Dressings: Development of a 

Dual Layer Cotton Material Coated with Poly(Vinyl Alcohol)_Chitosan 

Nanofibers Incorporating Agrimonia eupatoria L. Extract 

In the present study, cotton, a natural textile material, often used for gauze bandage 

dressings, was combined with PVA_CS nanofibers containing Agrimonia eupatoria L. (AG) 

to confer antimicrobial activity and towards an improved skin wound healing, avoiding the 

limitations of the textile dressings. In this strategy, the cellulose cotton was firstly oxidized 

with the 2,2,6,6 tetramethylpiperidine-1-oxyl radical (TEMPO), and then the PVA_CS blend 

added with AG extract was electrospun using NanospiderTM electrospinning on top of pre-

activated cotton gauze bandage. The surface morphology, chemical, physical, mechanical, 

and biological properties of the produced dual-layer material were characterized to reinforce 

its application as a wound dressing displaying antimicrobial activity. 
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Accordingly, the dual-layer composite material’s performance was influenced by the 

combination of the benefits of two distinct materials. 

 
 
Figure 1 – Schematic representation of the approaches used during this thesis. (I) Emulsion electrospinning; 
(II) Double-layered materials. 

 

 

Finally, the Chapter 4 summarizes the concluding remarks and contains a general 

discussion of the results obtained, as well as the contributions of this thesis. Also, some 

suggestions and future trends are mentioned as eventual works to be carried out to 

complement the findings reported in this doctoral thesis. 
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CHAPTER 1 

General Introduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on a review manuscript submitted for publication: 

Cláudia Mouro and Isabel C. Gouveia. Electrospun wound dressings with antibacterial function: 

A critical review of plant extract and essential oil incorporation. (Under review in Critical 

Reviews in Biotechnology) (Paper 1) 
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Paper 1 - Electrospun wound dressings with antibacterial function: A 

critical review of plant extract and essential oil incorporation 
 

Abstract 

The wounds provide an ideal environment for bacterial growth, which may lead to infections, the 

most common cause of delayed healing. This situation becomes more alarming in patients with 

weakened immune systems, like those with diabetes, since there is an increased susceptibility to 

biofilm formation.  

Nowadays, the bacterial biofilms are a serious global health concern, being responsible for 

persistent infections highly resistant to antibiotics, resulting in serious treatment failure and life-

threatening complications. For this reason, and to overcome these limitations, researchers have 

incorporated several bioactive compounds with antimicrobial properties into different wound 

dressing materials to promote healing as well as prevent and treat bacterial infections.  

Among the many different types of wound dressings, nanofiber-based materials produced 

through electrospinning are claimed to be ideal because of their auspicious intrinsic properties 

and the feasibility of employing several strategies to load bioactive compounds into their 

structure. Besides, bioactive compounds from natural sources, such as medicinal plant extracts 

and essential oils (EOs), have proven to be particularly attractive due to their non-toxic nature, 

minor side effects, desirable bioactive properties, and favorable effects on the healing process. 

Concerning that, this review provides an exhaustive and up-to-date revision of the most 

prominent plant extracts and EOs with antimicrobial properties that have been incorporated into 

nanofiber-based wound dressings. The most common methods used for incorporating bioactive 

compounds into electrospun nanofibers include pre-electrospinning (blend, encapsulation, 

coaxial, and emulsion electrospinning) and post-electrospinning (physical adsorption, chemical 

immobilization, and layer-by-layer assembly). Furthermore, a general overview of the benefits of 

EOs and medicinal plant extracts is presented, describing their intrinsic properties and 

techniques for their incorporation into wound dressings. Finally, the current challenges and safety 

issues that need to be adequately clarified and addressed are discussed. 

 

Graphical Abstract 

 

Keywords: Electrospun nanofibers; antimicrobial wound dressings; natural products; plant 

extracts; essential oils; electrospinning. 
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1. Introduction 

The skin is the outer covering and largest organ of the human body that protects the underlying 

muscles, bones, ligaments, and internal organs from external threats. Besides, the skin is a 

sensory organ with the ability to regulate body temperature and water balance, play an essential 

role in both innate and adaptive immune responses and is responsible for producing vitamin D 

[1–7]. However, the structure and function of skin can be affected by several injuries, which lead 

to wounding. Wounds can have an accidental or intentional etiology, such as cuts, burns, and 

surgical incisions or arise from diseases, such as diabetes [3,5,6,8–10]. Hence, under certain 

conditions, when skin integrity is lost, the structural and functional features of the native skin 

must be rapidly re-established to ensure hemostasis and minimize the risk of microbial 

contamination, Figure 1. 

 
Figure 1 – Schematic representation of the normal healing process of a wound and the wounds’ 
susceptibility to bacteria invasion and subsequent infection. 
 

Upon the occurrence of a wound, the normal wound healing process begins as soon as possible 

after the skin injury with the hemostasis and is followed by three successive and overlapping 

phases, i.e., inflammation, proliferation, and remodeling [2,3,5,6,8,9,11,12]. 

However, the wounds are a favorable microenvironment for bacterial colonization and 

proliferation, resulting in subsequent infections, especially in patients with an impaired immune 

system. Concerning that, when the skin barrier is compromised, bacterial infections impair the 

healing process, resulting in chronic wounds and high rates of morbidity and mortality [2,4,5,7–

10]. 

Skin and soft tissue infections (SSTIs) produced by bacteria are among the most common 

infections and range from superficial to life-threatening skin infections. Staphylococcus aureus 

(S. aureus) and Streptococcus pyogenes (S. pyogenes) are the most common Gram-positive 

bacteria found during the initial phases of chronic wound construction, while Gram-negative 

bacteria, like Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli) are the 
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predominant pathogens in the later stages of the wound infectious process and tend to penetrate 

the skin's deeper layers, contributing to significant tissue damage [5,9,10]. In addition, 

polymicrobial infections are prevalent in chronic wounds due to the synergistic bacterial 

development patterns [9]. For example, aerobic bacteria require more oxygen to grow and survive 

leading to a hypoxic wound environment favourable to the development of anaerobic bacteria 

which produce short chain fatty acids that are able of inhibit the phagocytic activity of host defense 

cells, allowing more pathogens to colonize the wound [9]. 

Furthermore, the persistent bacterial colonization in infected wounds induces an extended 

inflammatory response once the inflammatory cells into the wound area release higher levels of 

destructive proteases, such as metalloproteinases (MMPs) and reactive oxygen species (ROS) that 

degrade extracellular matrix (ECM) components and compromise wound healing [5,10]. Besides, 

the infected wounds provide also an ideal environment for the formation of antibiotic-resistant 

biofilms [5,9,10,13]. 

Therefore, developing wound dressings that can prevent bacterial penetration into the wound and 

subsequent infection is imperative. To achieve this, wound dressings exhibiting antimicrobial 

activities have been fabricated from different materials and of various shapes using several 

techniques [1,2,4,5,7,9,10,12–14]. Am0ng the many available wound dressings (e.g., films, foams, 

hydrogels, and hydrocolloids), nanofiber membranes have attracted much attention in recent 

years. In addition, among the different techniques of nanofiber production, such as drawing, self-

assembly, phase separation, and template synthesis, electrospinning has emerged as the ideal 

approach to overcome the problems of high cost, time consumption, and low efficiency of these 

methods. Based on these advantages, nanofibrous materials produced through electrospinning 

from naturally derived or synthetic biopolymer blends have been designed as promising materials 

for promoting the wound healing process while conferring protection against bacterial invasion. 

These effects result from the remarkable properties of these materials, such as their three-

dimensional structure resembling the ECM of the natural skin, their ability to promote cell 

adhesion and proliferation, and their capability to deliver therapeutic and/or bioactive 

compounds to the wound site [1–3,5,7,11–17]. Among these, bioactive compounds obtained from 

natural sources, such as medicinal plants have emerged as attractive alternatives owing to their 

health benefits, easy availability, inexpensiveness, and safety [1,14–18]. Medicinal plants possess 

an enormous potential to overcome certain limitations of the currently available therapeutic 

products, such as the growing concerns regarding antimicrobial resistance and biofilm-associated 

infections, which constitute serious global public health threats, estimated to cause 10 million 

death per year by 2050 and incur a cumulative healthcare cost of US$100 trillion [14–19]. 

Herein, an overview of the most prominent antimicrobial agents that have thus far been 

incorporated into electrospun nanofiber materials to both prevent wound infection and promote 

wound healing is provided. In addition, particular attention has been devoted to natural products, 

such as medicinal plants and essential oils (EOs), given ability to prevent bacteria penetration and 

growth into the wound, low propensity to develop bacterial resistance, and capability to accelerate 

wound healing. 
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2. Electrospun nanofibers used as wound dressings 

When the skin tissue is disrupted or wounding compromises skin’s cellular integrity, dressing 

materials are required to act as a temporary barrier for protecting against external threats and 

simultaneously promote healing of the damaged skin [2,4,5,7,10,12,15]. An ideal wound dressing 

must fulfil several inherent requirements to successfully support the healing process and reduce 

the risk of infection. As such, it must be able to absorb and retain fluids, maintain a moist wound 

environment, ensure gas exchange and nutrient supply, support cell adhesion, migration, growth, 

and differentiation, and prevent bacterial growth [1,2,4,9,10,12,13,15,16,20]. In addition, wound 

dressings should be comfortable and conformable, biocompatible, non-toxic, and non-allergenic 

[1,2]. To meet these requirements, diverse types of wound dressings, such as films, foams, 

hydrogels, hydrocolloids, and micro/nanofibers membranes, have been developed depending on 

the severity of the wound and stage of the wound healing process [2,5,9,12,16,20]. 

For instance, semipermeable films, such as Opsite®, TegadermTM, Bioclusive®, and DermafilmTM, 

are thin pellicles that are impermeable to bacteria and are compatible with gas exchange. They 

allow air permeation and supply the oxygen required for cellular respiration [4,5,16,21–23]. 

However, these dressings can cause exudate accumulation, leading to tissue maceration and/or 

infection [4,5,10,16]. On the other hand, several solid foams with different capacity for fluids 

absorption have emerged as a viable option [16,22,23]. These dressing materials are soft and 

porous and can easily adapt to wounds. In addition, they can maintain excellent thermal 

insulation performance, create an appropriate moist environment, and avoid fluid and exudate 

accumulation at the wound site [5,10,16,22–24]. However, these materials are generally non-

adhesive dressings and consequently require a secondary dressing [16]. Some foam-based wound 

dressings available on the market include Lyofoam®, Tielle® Plus, Biatain® Adhesive, 

PermaFoam®, and Mepilex® [25,26]. Furthermore, hydrogels, a quite comprehensive class of 

dressings, have been widely used because of their capacity to store large amounts of water inside 

a three-dimensional polymeric network and/or their ability to absorb excessive amounts of 

exudate [5,16,22–24]. Typically, a hydrogel contains approximately 96% water, which allows for 

maintaining a moist environment at the wound surface [4,10,16,22–24]. However, hydrogels 

naturally display a weak capacity for exudate absorption, resulting in fluid accumulation and skin 

maceration [16,23,24]. Therefore, dehydrated hydrogels with a higher capacity to absorb 

excessive exudates from the wound site have been considered an alternative for wounds with high 

exudate levels [10,22]. Hydrogel-based dressings are available in the form of patches (e.g., 

Aquaflo™ Hydrogel) or as thick and viscous gels (amorphous) (e.g., Nu-Gel™, Intrasite®, and 

Solosite®) [26]. Amorphous hydrogels exhibit unique features that ensure optimal hydration of 

dry wounds because of their ability to act as water donors [10,22]. Nonetheless, hydrogels exhibit 

weak mechanical properties, requiring the application of a secondary dressing [4,5,16]. More 

recently, hydrocolloids produced from particles uniformly dispersed in an elastic adhesive matrix 

have been applied. The adhesive matrix maintains the dressing on the wound, and the 

hydrocolloid particles absorb and retain fluids, creating a hydrogel suitable for reducing the risk 
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of skin maceration [4,16,22,27]. In addition, the produced hydrogels can ensure a favorable moist 

environment at the wound site. Thus, these dressings do not adhere to the wounds and are 

painless for patients [16,22,24]. However, hydrocolloids gels can develop an unpleasant odor and 

are easily mistaken for infection [4,5,16,22,24]. Commercially available hydrocolloid dressings 

include Alione®, Granuflex®, CombiDERM® ACD®, DuoDERM®, Ultec™, Comfeel®, Hydrocoll®, 

Nu-Derm™, Granugel®, and Versiva® [4,22,26]. In turn, alginate (e.g. Kaltostat®, Sorbsan®, and 

Algisite M), chitosan (CS) (e.g. HemCon® Bandage, Syvek-Patch®, Chitopack C®, Chitopack S®, 

Beschitin®, Chitodine®, and Trauma DEX®), and collagen (e.g. Alloderm®, Integra®, PuraPly®, 

FIBRACOL™ Plus, Apligraft®, and Orcel®) dressings have become popular because of their 

intrinsic properties [4,16,22–24,27,28]. 

Nevertheless, despite the great diversity of dressings currently available on the market, nanofiber 

wound dressings have shown promising properties for promoting the healing process. 

Among the different methods used to fabricate micro-to-nano-scale fibrous wound dressing 

materials (e.g. phase separation, self-assembly, drawing, and template synthesis), 

electrospinning has become one of the most desirable and attractive techniques owing to its 

simplicity, cost-effectiveness, and functional versatility to produce nanofibrous meshes that can 

re-establish native skin features, Figure 2 [1–3,12–16,24,29]. Electrospun nanofibrous 

membranes can mimic the three-dimensional architecture of the natural skin ECM, which is 

essential to ensure additional support for cell adhesion and proliferation as well as promote skin 

regeneration with minimal scarring [1–3,7,12–16,24,29–32]. Moreover, the inherently high 

surface-to-volume ratio and porosity of electrospun nanofibers are conducive to hemostasis and 

allow for adequate gas permeability, efficient water and nutrient supply, and effective fluid 

absorption while maintaining the moisture balance at the wound site [1–3,7,12–16,24,29–32]. In 

addition, nonwoven structures are flexible, which ensures their conformability to the wound site 

and provides an effective physical barrier to protect the wound surface from further injury and 

bacterial invasion [1,14,33]. Furthermore, several bioactive and/or therapeutic compounds, such 

as growth factors, vitamins, analgesics, mineral supplements, antimicrobial, and anti-

inflammatory agents, can be efficiently incorporated using different approaches into synthetic 

and natural polymers and blends of them, and thus electrospinning has been reported as a 

promising method for controlling drug release and enhancing desirable wound healing properties 

[2,7,12–14,16,29]. 
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Figure 2 – Representation of the most promising properties of electrospun fibers display for application as 
antimicrobial wound dressings. 

 

3. Electrospinning techniques for antimicrobial agent 

delivery 

A wide range of bioactive compounds with antimicrobial activities have been incorporated into 

the structure of wound dressing materials for preventing bacterial penetration into the wound 

and simultaneously promote the healing process [2,5,15,16,29,34]. 

Among the different strategies explored for the incorporation of these compounds into 

electrospun nanofibrous membranes, pre-spinning methods, such as the blending of polymer 

solution before spinning and core-shell fibers (from emulsion and coaxial electrospinning), as 

well as post-spinning methods, such as chemical immobilization, physical adsorption, and layer-

by-layer (LbL) assembly, have been widely employed to manipulate the release of incorporated 

compounds from the nanofibers. However, the selection and/or a combination of these methods 

are affected by the roles of bioactive compounds in the healing process as well as by the desirable 

release rates and profiles [2,13–16,20,29,30]. The most common methodologies for the 

incorporation of these compounds into nanofibers are presented in Figure 3 and described below. 
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Figure 3 – Schematic representation of the most common electrospinning techniques used for the 
incorporation of bioactive compounds into nanofibers: pre-electrospinning (blend, encapsulation, coaxial, 
and emulsion electrospinning) and post-electrospinning (physical adsorption, chemical immobilization, and 
layer-by-layer (LbL) assembly). 

 

▪ Polymer blend electrospinning - The simplest method to incorporate bioactive 

compounds into nanofibers is by blending/dispersing them into the polymer solution before 

electrospinning [12,16,20,29,35]. However, when this method is applied, the bioactive 

compounds are immediately released from the nanofiber surface. Moreover, the structural 

integrity and bioactivity of these compounds can be compromised and potentially harmful to the 

healing process, particularly when a lasting therapeutic effect on the wound site is desired. Thus, 

to ensure sustained release and, in particular, to avoid an initial burst effect, it is desirable to 

absorb and/or encapsulate the bioactive compounds into nanostructures before dispersion in the 

polymer solution [12,35,36]. 

 

▪ Core-shell structures - Another strategy to incorporate bioactive compounds is based on 

the production of core-shell nanofibers through coaxial electrospinning [12,16,37]. Coaxial 

electrospinning uses two concentrically arranged capillaries instead of a single capillary, as in 
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conventional electrospinning. These concentric capillaries are connected to two separate 

reservoirs. The outer capillary is attached to the reservoir containing the shell solution and allows 

the production of nanofibers that provided protection to the core. Meanwhile, the inner capillary 

is connected to the reservoir containing the core solution, and this is where the bioactive 

compounds are generally incorporated [16,29,35,37,38]. Hence, core-shell nanofibers provide an 

added advantage as carriers for the delivery of bioactive compounds, protecting the native 

structure of these compounds and their bioactivity from harsh environments during nanofibers 

fabrication. In addition, the incorporation of bioactive compounds into the core of nanofibers can 

significantly decrease the initial burst effect and maintain a sustained release, and the nanofiber 

shell can act as a barrier to the diffusion of incorporated compounds [16,20,35,37,38]. However, 

although two different and incompatible polymer solutions can be simultaneously applied 

through coaxial electrospinning, the technique requires a special apparatus and careful selection 

of operating conditions to ensure desirable results [39,40]. To overcome the limitations 

associated with coaxial electrospinning, emulsion electrospinning has attracted growing interest 

for the production of core-shell nanofibers in recent years. This method is similar to conventional 

electrospinning except that the solution is replaced with a water-in-oil (W/O) or oil-in-water 

(O/W) emulsion [12,16,29,40–42]. During the emulsion electrospinning process, the continuous-

phase solvent evaporates more swiftly than the disperse droplets, resulting in a viscosity gradient 

between the two phases. Subsequently, this gradient guides the emulsion droplets from the 

surface to the center, and the droplets are stretched into elliptical shapes along the axial region of 

the fibers under a high voltage [43,44]. Most emulsions used in electrospinning are of the W/O 

type. These emulsions comprise an aqueous phase composed mainly of water-soluble polymers 

or bioactive compounds dissolved in an aqueous solution, whereas the oil phase is composed of 

polymers dissolved in an organic solvent [16,39]. Hence, W/O emulsions are particularly useful 

for controlled or sustained release of water-soluble bioactive compounds. This is because the 

compounds encapsulated in the core of the nanofibers structure must pass through the core-shell 

matrix before being released [40,42]. Furthermore, the core-shell structure of the nanofibers 

produced through emulsion electrospinning may improve their poor solubility, enhance the 

affinity of hydrophilic compounds to hydrophobic polymers, and protect the bioactive compounds 

from the harmful effects of the external environment [40,42]. 

 

▪ Post-electrospinning treatments - Bioactive compounds can also be physically adsorbed 

on the surface of nanofibers following electrospinning, given that most of these compounds 

exhibit functional groups that facilitate their attachment to nanofibers [16,29,35,45]. Generally, 

when these compounds are adsorbed on the nanofibers surface via physical forces, weak 

nonspecific intermolecular interactions, such as electrostatic interactions, hydrogen bonding, 

hydrophobic interactions, and Van der Waals forces, are established between the compounds and 

electrospun nanofibers [29,45]. Alternatively, these compounds can be covalently immobilized 

onto the surface of nanofibers using the wet chemical method, plasma treatment, and graft 

polymerisation to obtain more consistent and potent bioactivity. In this approach, the surface of 

the nanofibers can be modified using various treatments, and functional groups can be added to 
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their surfaces. Moreover, recently LbL assembly has been used as a simple, useful, and versatile 

surface modification method, which allows the formation of surface coatings via successive 

deposition of polymer layers of opposite charges [29,45]. This alternating depositing of polymers 

using the LbL technique allows effortless incorporation of bioactive compounds along with the 

multilayer assembly and accurate control of desired thickness, which can affect the release profile 

of these compounds. Electrostatic interactions are the major driving force of assembly [29,45]. 

 

In recent years, different electrospinning methods have been developed to provide specific release 

profiles of bioactive compounds. Among them, two needles side-by-side have been applied to 

produce nanofibers with Janus structures and materials with two distinct layers [12,46]. 

Meanwhile, multiple-jet electrospinning has been used to simultaneously produce multiple 

nanofibers, and a modified coaxial electrospinning technique using multiple concentric needles 

has been explored to ensure sustained release of the incorporated bioactive compounds, Figure 4 

[12,46,47]. 

 

Figure 4 – Illustration of the side-by-side and multi-jet electrospinning for the incorporation of bioactive 
compounds into electrospun nanofibers. 

 

4. Incorporation of natural plant extracts with 

antimicrobial properties into electrospun materials 

As previously described, several bioactive compounds have been incorporated into electrospun 

wound dressings to improve their biological performance [2,6,16,29]. Among them, antimicrobial 

agents, such as antibiotics (e.g. gentamicin, tetracycline hydrochloride, ciprofloxacin, and silver 

sulfadiazine), nanoparticles (NPs) (e.g. metallic NPs (silver (Ag), zinc oxide (ZnO), titanium 

dioxide (TiO2), iron oxide (Fe3O4), and copper (Cu))) and natural products (e.g., medicinal plants 

and EOs) have been used to prevent infections at the wound site and further promote the healing 

process [2,5,6,14,17,29]. 

Although many studies have reported the beneficial effects of these bioactive agents, natural 

product-based compounds, particularly plant-derived compounds, have emerged as promising 

approaches to develop new therapeutic alternatives that can provide an effective antimicrobial 

activity and prevent deleterious effects of infections 0n the healing process [1,5,14–17,33,34,48]. 
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4.1. Plant extracts 

The growing trends of using alternative and complementary medicines to explore innovative and 

effective wound healing therapies as well as the recognition and awareness of the advantages and 

feasibility of using medicinal plants as powerful natural supplements for wound management and 

treatment have garnered much attention from the researcher community working in the 

fabrication of wound dressings with antimicrobial properties [14,16,17,48]. 

Since long, medicinal plants have been explored and recognized as a major source of therapeutic 

agents for improving wound healing. Medicinal plants contain a wide variety of biologically active 

and effective components, such as flavonoids, alkaloids, terpenoids, phenolics, fatty acids, and 

EOs, which confer antimicrobial, anti-inflammatory, antioxidant, analgesic, anesthetic, antiviral, 

and anticancer effects [16,17,48]. In addition, medicinal plants promote the wound healing 

process by enhancing fibroblast proliferation, neovascularization, and collagen deposition 

[16,17,48]. Moreover, these natural healing agents have been proven an interesting approach to 

overcome certain limitations of various current bioactive compounds incorporated into wound 

dressing materials owing to their low cost, environmental sustainability, limited adverse effects, 

easy availability, extraction, and efficacy [1,14–16,48]. In recent years, crude medicinal plant 

extracts and their derivatives, such as EOs, have gained great interest, achieving higher 

therapeutic potential for preventing infections and treating infected wounds [14,16,17,48]. Several 

plant-derived natural compounds with bactericidal activity have been incorporated into wound 

dressing materials, and a few of these, including the Gentell® Hydrogel Aloe vera wound dressing 

and Curcuma longa L. (turmeric)-based bandage (patents) used by Johnson &Johnson in Band-

Aid®, have been approved by the United States Food and Drug Administration (US FDA) and 

other drug regulatory agencies [33,49,50]. Likewise, a number of studies have been performed 

integrating the unique features of the electrospun nanofibers with single- and multi-layered 

structures and the benefits of the natural bioactive compounds for effective wound healing, Figure 

5 [1,14,16,17,48]. 

 

Figure 5 – Representation of the electrospun wound dressings containing medicinal plant extracts and 
their key roles in the healing process. 
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4.1.1. Crude medicinal plant extracts 

Crude medicinal plant extracts are ecologically sustainable mixtures of compounds with multiple 

therapeutic properties, which support their potential role in wound healing [14,16,17,48]. These 

extracts can be obtained from fresh or milled, dried plants and can be easily extracted using 

various methods [14,17]. In addition, crude plant extracts produce stronger effects than specific 

compounds isolated from the same plants owing to the promising synergistic interactions 

between their bioactive components [51]. These favorable interactions provide better protection 

against enzymatic degradation and promote transport through cell barriers. Typically, crude plant 

extracts are considered a promising approach to overcome multi-drug resistance in pathogenic 

bacteria [16,17,48,51]. 

The antimicrobial properties of crude medicinal plant extracts are mainly attributed to their active 

metabolites, which can alter the permeability of bacterial membranes, leading to cell wall 

disruption and lysis. Moreover, plant extracts can interfere with fundamental cellular processes 

and metabolic pathways [52,53]. 

Crude extracts with high antibacterial activity of several medicinal plants have been applied as 

electrospun dressing materials from different strategies. Among them, Aloe vera, Azadirachta 

indica, Calendula officinalis, Centella asiatica, Chamomilla recutita, Curcuma longa, Garcinia 

mangostana, Lawsonia inermis, and Tridax procumbens are commonly used for the production 

of the bioactive plant-based wound dressings [1,5,16,17,33,48,54]. 

In 2015, Yao et al. produced Gelatin/Polyvinyl Alcohol (PVA) nanofibers containing Centella 

asiatica extract for application as a wound dressing material to treat skin wounds [55]. The 

electrospun Gelatin/PVA nanofibers incorporated with Centella asiatica extract significantly 

increased cell growth and proliferation as well as enhanced antibacterial activity compared with 

neat Gelatin/PVA membranes. Moreover, in vivo data revealed that, after 7 days of treatment, 

animals treated with Gelatin/PVA membranes containing Centella asiatica extract displayed a 

slightly higher wound recovery rate and collagen synthesis rate than those treated with neat 

Gelatin/PVA membranes, gauze (control), and a commercial wound dressing (Comfeel®, 

Peterborough, United Kindom). Further histopathological assessments supported the results of 

the animal experimentation [55]. 

In addition, Pourhojat et al. assessed the performance of the electrospun Polylactic-co-glycolic 

acid (PLGA) nanofibers containing Hypericum perforatum as antimicrobial coverage for wounds 

[56]. The developed membranes better controlled the water vapor transmission rate (WVTR) and 

presented a greater exudate absorption capacity and a burst drug release kinetics, which followed 

the Higuchi kinetic model. Moreover, in vitro evaluation of the biologic properties of the 

membranes revealed their capacity to inhibit the growth of bacteria at the wound site as well as 

their biocompatibility [56]. Shokrollahi et al. developed patches based on Chamomilla recutita L. 

(chamomile)-loaded carboxyethyl chitosan (CECS)/PVA and Polycaprolactone (PCL) [57]. 

Compared with the commercial Ag coating, the developed multilayered nanofibrous patches 

exhibited increased antibacterial efficiency, antioxidant activity, and biocompatibility, as well as 

enhanced cell viability with increasing culture time [57]. 
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Recently, Mouro et al. incorporated Chelidonium majus L., a medicinal plant known to display a 

broad spectrum of pharmacological activities, into electrospun nanofibers composed of PCL, PVA, 

and Pectin (PEC) using emulsion electrospinning. The developed membranes exhibited suitable 

features for application as wound dressings. As such, they presented enhanced bactericidal 

activity against S. aureus and P. aeruginosa and did not cause cytotoxicity in normal human 

dermal fibroblasts (NHDF) [58]. 

Various medicinal plant extracts with antibacterial activity that have been incorporated in 

electrospun wound dressings to prevent bacterial infections and enhance healing are listed in 

Table 1. 
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Table 1 – Examples of plant extracts that have been incorporated into electrospun wound dressing materials. 

 

Plant extracts 
Materials / 
Polymers 

Main findings Ref. 

Acacia tortilis 

Chitosan (CS)/ 
Polyethylene Oxide 

(PEO)/Cellulose 
nanocrystals (CNC) 

The incorporation of Acacia tortilis extract improved the antibacterial and antifungal 
properties of nanofiber membranes. Moreover, evaluation of the biologic performance of 

membranes revealed their biocompatibility. 
[59] 

Acalypha indica 
Guar gum/Polyvinyl 

Alcohol (PVA) 
The incorporation of Acalypha indica into electrospun nanofibers improved bactericidal 

activity and promoted cell adhesion and proliferation. 
[60] 

Achyranthes aspera and 
Datura metel 

Polycaprolactone (PCL) 
PCL/Achyranthes aspera and PCL/Datura metel nanofibrous mats showed potent 

antibacterial activity and biocompatibility, as well as promoted healing. 
[61] 

Agrimonia eupatoria L. PVA/CS 

The PVA_CS blend loaded with Agrimonia eupatoria L. was electrospun using Nanospider 
electrospinning on top of a pre-activated cotton gauze bandage. The produced dual-layer 

composite material displayed suitable properties for use as a wound dressing and prevented 
bacterial infection of the wound. 

[62] 

Aloe vera 

Polyvinylpyrrolidone 
(PVP) 

The composite nanofibers of PVP with Aloe vera and Aloe vera acetate demonstrated no 
bacterial and viral growth and suitability for wound healing. 

[63] 

PCL and 
CS/Polyethylene Oxide 

(PEO) 

The asymmetric electrospun membrane with a top layer made of PCL and a bottom layer of 
PEO, CS, and Aloe vera prevented the invasion and growth of S. aureus and E. coli and 

promoted the healing process. 
[64] 

Annona muricata L. PVA 
The electrospun PVA nanofibers loaded with Annona muricata L. (Soursop) leaves extract 

inhibited the growth of S. aureus, indicating the potential application of the developed 
nanofibers as a viable antibacterial wound dressing material. 

[65] 

Artemisia annua L. PCL and Gelatin 

A double-layer wound dressing composed by an electrospun Gelatin/Artemisia annua L. 
active layer and a PCL nanofibrous base layer displayed no cytotoxicity against fibroblasts 

and promoted cell adhesion and proliferation. Moreover, the produced nanofibrous wound 
dressing exhibited potent antibacterial activity against S. aureus. 

[66] 

Azadirachta indica PVA and CS 
The bi-layered PVA-CS blend nanofibrous mat incorporated with Azadirachta indica 
(neem) extract revealed suitable properties for application as a biodegradable and an 

antibacterial wound dressing material. 
[67] 
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Calendula officinalis 

PCL/Gum Arabic 

The PCL/Calendula officinalis/Gum arabic nanofibrous membranes exhibited excellent 
mechanical properties and porosity favorable for cell proliferation. Moreover, the produced 

membranes showed antibacterial activity as well as good cytocompatibility and 
biocompatibility. 

[68] 

CS/PEO 
The CS/PEO nanofibers containing Calendula officinalis extract showed strong 

antibacterial properties against both E. coli and S. aureus and enhanced the proliferation, 
growth, and attachment of fibroblast cells, indicating wound healing ability. 

[69] 

Camellia sinensis CS/PEO 
The CS/PEO/Camellia sinensis (green tea) extract nanofibers exhibited favorable 

antibacterial and inflammation activity and promoted healing. 
[70] 

Capparis spinosa L. Poly(lactic acid) (PLA) 
The incorporation of Capparis spinosa L. extract into PLA nanofiber membranes improved 
the wettability, mechanical properties, oxidation resistance, and inhibitory effect on E. coli 

and S. aureus of the developed material. 
[71] 

Centella asiatica PCL and PVA_CS 

The produced double-layered PCL/PVA_CS-Sodium tripolyphosphate (TPP) membrane 
containing Centella asiatica extract did not exhibit cytotoxicity against fibroblasts while 

also ensuring a controlled release of Centella asiatica, as well as producing excellent 
antibacterial effect against S. aureus and P. aeruginosa, which is advantageous to prevent 

skin infections. 

[72] 

Chamomilla recutita L. PCL/Polystyrene (PS) 
Both in vitro and in vivo assays showed that the loading of Chamomilla recutita L. 

(chamomile) into PCL/PS nanofibrous mats improved the healing process while protecting 
the wound from infection. 

[73] 

Chromolaena odorata L. PVA 
The optimized electrospun PVA/ Chromolaena odorata L. nanofibers were suitable for 

antimicrobial wound dressing applications. 
[74] 

Clerodendrum phlomidis PCL 
 

The loading of Clerodendrum phlomidis extract into PCL nanofibers mats enhanced 
mechanical properties, wettability, and antibacterial and antioxidant activities. 

[75] 

Curcuma longa L. 
PCL/Polyethylene 

glycol (PEG) 

The curcumin-loaded PCL/PEG nanofiber mats exhibited enhanced biological properties. 
These nanofibrous mats showed excellent antibacterial and anti-inflammatory activities 
and promoted cell proliferation. Moreover, wound closure occurred in a shorter period. 

[76] 
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Elaeagnus angustifolia Silk Fibroin (SF)/PVA 

Different concentrations of Elaeagnus angustifolia extract were incorporated in SF/PVA 
nanofibers. The incorporation of Elaeagnus angustifolia extract into the nanofibrous 

dressings improved their antioxidant and antibacterial properties. Moreover, cell viability 
slightly increased with increasing Elaeagnus angustifolia concentration. 

[77] 

Garcinia mangostana 

CS- 
Ethylenediaminetetraa
cetic acid (EDTA)/PVA 

The electrospun CS-EDTA/PVA nanofiber mats containing Garcinia mangostana exhibited 
antioxidant and antibacterial activities. Moreover, these mats accelerated the rate of healing 

compared with the control (gauze-covered) material. 
[78] 

PLLA 

The Garcinia mangostana-loaded PLLA fiber mats exhibited the highest antibacterial 
activity against S. aureus. Moreover, the electrospun PLLA fibers containing Garcinia 
mangostana showed excellent antioxidant properties and did not manifest cytotoxicity 

against fibroblasts at lower extraction ratios. 

[79] 

Grewia mollis Polyurethane (PU) 
The PU nanofibers containing Grewia mollis extract inhibited the growth of the bacterial 

strains, acting as a potential antimicrobial agent. 
[80] 

Gymnema sylvestre PCL 
Electrospun PCL nanofibrous mats incorporated with Gymnema sylvestre extract 

prevented biofilm formation and promoted normal human dermal fibroblast (NHDF) cell 
attachment. 

[81] 

Hypericum capitatum var. 
capitatum 

Polylactic-co-glycolic 
acid (PLGA)/Gelatin 

The electrospun PLGA/Gelatin membranes containing Hypericum capitatum var. 
capitatum (HCC) showed antibacterial activity against S. aureus and E. coli, when HCC was 

added at ≥5 wt%. Moreover, these electrospun membranes did not compromise the cell 
viability. 

[82] 

Hypericum perforatum L. PLLA and PEO_CS 

Hypericum perforatum L. incorporation granted additional antimicrobial properties to the 
PEO_CS’s lower layer, which is essential to provide an aseptic environment at the wound 
site. Moreover, the properties of double-layer PLLA/PEO_Hypericum perforatum L._CS 
nanofibrous mats offered important insights into the behavior of this material as a wound 

dressing. 

[83] 

Ipomoea pes-caprae L. PVA 
The Ipomoea pes-caprae L. extract-loaded electrospun hydrogels showed a superior 

antibacterial activity against S. aureus compared with a commercial dressing patch. This 
material may be used as a wound dressing for infected wounds. 

[84] 

Juniperus chinensis PVA 
The Juniperus chinensis-incorporated PVA nanofibers presented excellent antibacterial 

activity against S. aureus and K. pneumonia. 
[85] 
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Lawsonia 
inermis 

PEO/PVA 
The electrospun PEO/PVA nanofibers containing Lawsonia 

inermis (Henna), a potent eco-friendly antimicrobial agent, exhibited antibacterial activity 
against S. aureus and E. coli. 

[86] 

CS/PEO 
The electrospun CS/PEO nanofibrous mats incorporated with different concentrations of 

traditional Lawsonia inermis leaf extract displayed antibacterial activity against S. aureus 
and E. coli and accelerated the wound healing process. 

[87] 

Gelatin/Oxidized 
starch (OST) 

The Gelatin/OST nanofibers containing Lawsonia inermis (Henna) enhanced cell adhesion 
and proliferation, collagen synthesis, and antibacterial activity. Further, in vivo assays 

demonstrated that the nanofibers loaded with Henna extract remarkably accelerated wound 
closure. 

[88] 

PLLA/Gelatin 
Lawsonia inermis loading into PLLA-Gelatin nanofibrous membranes inhibited the growth 

of both E. coli and S. aureus. These biocompatible membranes were suitable to control 
wound infections. 

[89] 

Melilotus officinalis PCL/CS 
The incorporation of Melilotus officinalis extract into the PCL/CS nanofibrous mats 

improved the antibacterial activity. Moreover, the PCL/CS/Melilotus officinalis mats did 
not display any cytotoxic effect but promoted cell adhesion and proliferation. 

[90] 

Momordica charantia PVA 
The electrospun PVA/Momordica charantia nanofibers displayed potential antibacterial 

activity against both B. subtilis and E. coli and did not produce any cytotoxic effect. 
[91] 

Nigella sativa PVA 
The incorporation of Nigella sativa extract into PVA mats enhanced their antibacterial, 

moisture management, and wound healing properties. 
[92] 

Phaeodactylum 
tricornutum 

Gelatin 
The Phaeodactylum tricornutum-loaded Gelatin nanofiber mats exhibited antimicrobial 

activity against E. coli and Methicillin-resistant Staphylococcus aureus (MRSA). Moreover, 
these nanofibers did not show cytotoxicity. 

[93] 

Tecomella 
undulata 

PCL/PVP 
Tecomella undulata-loaded PCL/PVP nanofiber mats inhibited the growth of P. 

aeruginosa, S. aureus, and E. coli, highlighting their potential as antimicrobial wound 
dressing materials. 

[94] 

Tridax procumbens 

PVA 
The electrospun PVA nanofibrous mats containing Tridax procumbens exhibited 

antibacterial activity against S. aureus and E. coli. 
[95] 

PCL 
The Tridax procumbens-PCL nanofibers exhibited potent antibacterial activity, acting as a 

wound healing enhancer. 
[96] 
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Zataria multiflora 
Cellulose 

acetate/Gelatin 

A multifunctional nanofibrous Cellulose acetate/Gelatin/Zataria multiflora-nano-emulsion 
wound dressing material exhibited antibacterial activity against E. coli and S. aureus, and 

considerably promoted the healing process. 
[97] 

Achillea millefolium, 
Calendula officinalis, 
Chamomilla recutita, 
Echinacea purpurea, 

Hypericum perforatum 

Carboxymethyl 
cellulose (CMC)/PEO 

Electrospun mats containing plant extracts were produced using a needless electrospinning. 
The obtained electrospun materials loaded with plant extracts exhibited bactericidal 

properties against S. aureus as well as antioxidant properties. 
[98] 

Hypericum perforatum, 
Agrimonia eupatoria, and 

Satureja hortensis 

Thermoplastic 
Polyurethane (TPU) 

The electrospun TPU nanofibers loaded with Satureja hortensis displayed the highest 
antibacterial activity against S. aureus and P. aeruginosa. 

[99] 

Indigofera aspalathoides, 
Azadirachta indica, 

Memecylon edule, and 
Myristica andamanica 

PCL 

The electrospun PCL nanofibers containing Memecylon edule (M. edule) exhibited the 
highest cell proliferation and showed the least cytotoxicity among all the other electrospun 
nanofibrous membranes. Moreover, the biocompatibility and antimicrobial activity of the 

PCL/M. edule nanofibers promoted healing and skin regeneration. 

[100] 
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4.2. Essential oils (EOs) 

EOs are secondary metabolites typically extracted from aromatic plants, and they exhibit a wide range 

of therapeutic properties, including antimicrobial, antioxidant, anti-inflammatory, anti-allergic, 

anticancer, and antiviral properties, as well as repellent effects [5,9,17,34,48]. However, these volatile 

natural mixtures require multiple step preparation methods and special laboratory facilities as well 

as a large amount of raw material. In addition, their effectiveness is limited by the fact that EOs are 

easily degraded and more susceptible to losses by volatilization or thermal decomposition 

[14,101,102]. 

The antimicrobial activity of EOs is attributed to their phenolic compounds, which are typically 

hydrophobic. In this context, the mechanisms of action are based on their partitioning into the 

phospholipid bilayer present in the bacterial cell membrane and the lipids on the cell wall. The 

establishment of such different interactions increases membrane permeability to ions and other 

cellular contents, causing cytoplasmic leakage and pH decrease and inhibiting vital cellular processes, 

such as ATP biosynthesis, DNA transcription, and protein synthesis, with ultimately lead to the 

disruption of cell structure and cell death. Moreover, the EOs can interfere with the function of the 

cytoplasmic membrane by blocking the transfer of nutrients through the cell membrane and 

coagulation of bacteria cell constituents [4,5,9,17,34]. 

Amongst the known EOs, cinnamon, lavender, olive, peppermint, tea tree, and thymol (THY) oils 

have been used in electrospun materials for antibacterial purposes, Table 2 [5,16,17,34,103]. 

For instance, Hajiali et al. produced Alginate–lavender nanofibers for burn management. In both in 

vitro and in vivo assays, the nanofibrous dressings of Sodium Alginate (SA) and lavender oil 

displayed promising antibacterial and anti-inflammatory activities, highlighting their potential for 

improving the burn healing process [104]. Furthermore, Gámez-Herrera et al. electrosprayed THY-

loaded PLGA microparticles onto electrospun PCL-based nanofibers [105]. The dressings successfully 

inhibited S. aureus growth and did not compromise the cell viability. In addition, when infected 

wounds inoculated with S. aureus were treated with the dressings, these materials could minimize 

the growth of bacteria into the wound site [105]. In a recent study, Zare et al. prepared core-shell 

nanofibers composed of Gelatin/PVA/Trachyspermum ammi (Ajwain) EO (core) and Aloe 

vera/Arabinose/Polyvinylpyrrolidone (PVP) (shell) using coaxial electrospinning [106]. The 

produced membranes exhibited excellent antioxidant and antimicrobial properties through 

prolonged release of the Ajwain EO, and accelerated bacteria-infected wound healing [106]. 
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Table 2 – Examples of electrospun wound dressing materials incorporated with essential oils (EOs). 

 
Essential Oils 

(EOs) 
Materials / Polymers Main findings Ref. 

Eugenol 
Polycaprolactone (PCL)/ 

Polyvinyl Alcohol 
(PVA)/Chitosan (CS) 

Eugenol, an essential oil known for its therapeutic properties, was incorporated into 
electrospun PCL/PVA/CS fiber mats. The obtained fiber mats were suitable for use as 

wound dressing material and exhibited inhibitory effects against S. aureus and P. 
aeruginosa. 

[107] 

Hypericum 
perforatum oil 

PCL and Polyethylene glycol 
(PEG)/PCL 

An electrospun bi-layered membrane was produced with an upper layer of PCL to 
protect the wound from external factors and confer mechanical support and a lower 

PEG/PCL layer incorporated with Hypericum perforatum oil to prevent the growth of 
S. aureus and E. coli.  

[108]  

Lavender oil Polyurethane (PU) 
The electrospun PU nanofiber mats containing lavender oil and Ag NPs displayed 

synergistic antibacterial activity against E. coli and S. aureus and promoted cell growth 
and proliferation. 

[109] 

Origanum 
minutiflorum oil 

CS 
The CS core–shell nanofibers loaded with Origanum minutiflorum oil improved 

antibacterial activity against S. aureus and P. aeruginosa and exhibited controlled and 
tunable drug release. 

[110] 

Olive oil 
Polyethylene oxide 

(PEO)/CS/PCL 

The electrospun PEO/CS/PCL nanofibrous scaffolds containing olive oil exhibited 
potent antibacterial activity, promoted cell adhesion, spread, and proliferation, and 

showed no cytotoxicity. 
[111] 

Peppermint oil PCL 
The peppermint oil-loaded PCL electrospun fiber mats displayed antibacterial activity 

against S. aureus and E. coli and did not show cytotoxicity against normal human 
dermal fibroblast (NHDF) cells. 

[112] 

Tea tree oil CS/PCL 
The electrospun CS/PCL fiber mats containing tea tree oil presented wide-spectrum 

antibacterial properties and accelerated healing. 
[113] 

Zataria multiflora 
oil 

CS/PVA/Gelatin 

CS/PVA/Gelatin nanofiber mats successfully incorporated with different 
concentrations of Zataria multiflora oil (0, 2, 5, and 10%) exhibited good antibacterial 
activity against Candida albicans (C. albicans), P. aeruginosa, and S. aureus, without 

any cytotoxicity.  

[114] 

Cinnamon oil, clove 
oil, and lavender oil 

Sodium Alginate (SA)/PVA 
Cotton-gauzed SA/PVA nanofibers incorporated with three different concentrations 

(0.5, 1, and 1.5%) of cinnamon, clove, and lavender oils exhibited excellent 
antibacterial properties against S. aureus. 

[115] 
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Palmarosa oil and 
phytoncide oil 

PVA 

The electrospun PVA nanofibrous membranes containing palmarosa oil and 
phytoncide were successful produced from emulsion electrospinning. The membranes 

containing palmarosa oil exhibited a stronger antimicrobial effect as well as better 
air/moisture vapor transport and water uptake properties. 

[116] 

Satureja mutica or 
Oliveria decumbens 

oils 

CS/PVA (core) and 
Polyvinylpyrrolidone 

(PVP)/Maltodextrin (MD) 
(shell) 

The core-shell nanofibres loaded with essential oils (EOs) showed potent antioxidant 
and antimicrobial activities, which are essential for promoting the healing process. 

[117] 

Tea tree oil, 
Manuka oil 

Poly(lactic acid) (PLA) 

The incorporation of EOs derived from Melaleuca alternifolia (Tea Tree oil) and 
Leptospermum scoparium (Manuka oil) into PLA nanofibers enhanced both 

mechanical and antibacterial properties. Manuka oil was particularly effective in 
preventing bacterial colonization and biofilm formation. 

[118] 
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Conclusions 

Despite the efforts devoted, the susceptibility of the wounds to bacteria growth and subsequent risk 

of infection remains a concern, particularly among people with weakened immune systems. Up to 

now, numerous studies have been conducted to develop different types of dressing materials that can 

act as a physical barrier to protect the wound from microbial invasion and simultaneously boost the 

healing process. Among the available wound dressings, nanofibers produced through electrospinning 

- simple, cost-effective, versatile, easy scale-up technique - are one of the most efficient materials that 

can reproduce the native three-dimensional structure of the skin ECM, and further enhance healing. 

Thus, electrospun nanofibers represent a biocompatible and biodegradable option with unique 

properties that fulfil the requirements of an ideal wound dressing material. In addition, the easy 

incorporation of several bioactive compounds, particularly eco-friendly, inexpensive, non-toxic, and 

efficient alternatives against drug-resistant bacteria, such as natural agents (e.g. plant extracts and 

EOs) into electrospun nanofibers using diverse strategies (e.g. blend, coaxial, emulsion, LbL, and 

multi-jet electrospinning) highlights their potential to both prevent wound bacterial colonization at 

the wound site and promote the re-establishment of the structural and functional integrity of the 

damaged skin. 

Nevertheless, despite the efforts performed until now, several challenges in the application of 

electrospun nanofibers for wound dressing remain to be addressed. For example, some of the 

available materials cannot precisely reproduce the structure and functions of the native skin. 

Therefore, the orientation of the nanofibers should be optimized and their arrangement and porosity 

controlled to improve their performance. Likewise, different techniques should be integrated and 

diverse natural antimicrobial agents should be loaded into electrospun nanofibers to control their 

release profiles for specific applications. 

Additionally, in the near future, the incorporation of sensors in electrospun nanofibers materials 

containing natural bioactive agents must be explored to successfully control their release from 

nanofibers as well as detect bacteria at the wound site, avoid bacterial growth in wounds, and ensure 

a non-infectious healing environment. 

Finally, efforts are warranted to transfer the electrospun wound dressing materials containing natural 

products from the laboratory and clinical scale to the industrial and even commercial scale. For this 

purpose, additional assays and validation processes, are essential to ensure the quality, safety, and 

functional performance of these dressing materials. 
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This doctoral project is focused on the use of plant extracts to efficiently produce antibacterial 

dressings, by electrospinning, for wound healing applications. To accomplish this, several medicinal 

plants with well-known therapeutic properties and intrinsic antibacterial activity are selected, and 

new and promising approaches applied to develop wound dressing materials that can prevent skin 

infections as well as maintain an appropriate wound environment for healing. 

 

Accordingly, to achieve the aim purposed, this doctoral research work has been developed under the 

following specific aims:  

 

1. Careful selection of the polymer blends and the medicinal plant extracts concerning 

the information found in the literature  

To achieve this task, several polymer blends from natural and synthetic biodegradable polymers (e.g., 

Polycaprolactone (PCL)/ Polyvinyl Alcohol (PVA)/ Chitosan (CS), Poly(L-lactic acid) 

(PLLA)/PVA/CS, PCL/PVA/Pectin (PEC), PLLA/ Poly(ethylene oxide) (PEO)_CS) are chosen 

according to their promising wound healing properties, namely their biocompatibility, bioactivity, 

and ability to control the water vapor transmission rate, the oxygen permeability, and the fluid 

drainage, as well as the capacity to promote cell adhesion and proliferation, combined with their 

strength and durability. Also, different crude plant extracts (e.g., Hypericum perforatum L. (HP), 

Chelidonium majus L. (CM), Centella asiatica L. (CA), and Agrimonia eupatoria L. (AG) and their 

derivatives, like Eugenol (EUG)) are selected due to their inherent antimicrobial, anti-inflammatory, 

and antioxidant activities, as well as unique healing characteristics. 

 

2. Production and development of new electrospun wound dressings 

The plant extracts and their derivatives are blended or dispersed in the selected biodegradable and 

biocompatible polymer blends, prior to electrospinning using different strategies, namely various 

emulsions and layer-by-layer depositions. Electrospinning processing conditions were optimized and 

the nanofibers were produced using the needle-free NanospiderTM technology, an electrospinning 

equipment which is highly productive and whose process is easily transferable from the laboratory to 

industrial scale. 

 

3. Characterization of the produced electrospun wound dressings 

The morphological, chemical, physical, and mechanical features of the produced electrospun wound 

dressing materials are evaluated, as well as their in vitro release profiles. The biological properties, 

such as the antibacterial activity and cell viability, are further assessed to confirm the suitability of 

these materials for being used as wound dressings with antimicrobial properties. 
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Part I 

Emulsion Electrospinning for Wound Dressing 

Applications 

This part describes the development of the electrospun nanofibrous membranes from either water-

in-oil (W/O) or oil-in-water (O/W) emulsions and the ability of emulsion electrospinning to directly 

incorporate hydrophilic or hydrophobic antibacterial plant compounds into the electrospun 

nanofibers for a sustained release. The produced electrospun membranes were evaluated in terms of 

morphological, physicochemical, mechanical, and biological properties. Overall, the gathered data 

emphasize the potential of emulsion electrospinning to produce single-layer nanofibrous structures 

to be used as antibacterial wound dressings. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This part includes the following scientific publications:  
 
Cláudia Mouro, Manuel Simões, and Isabel C. Gouveia. Emulsion Electrospun Fiber Mats of 

PCL/PVA/Chitosan and Eugenol for Wound Dressing Applications. Advances in Polymer Technology 

(2019) 2019:9859506. (Paper 2) 

 

Cláudia Mouro, Raul Fangueiro, and Isabel C. Gouveia. Emulsion electrospinning of 

PLLA/PVA/Chitosan with Hypericum perforatum L. as an antibacterial nanofibrous wound 

dressing. (Submitted for publication) (Paper 3) 

 

Cláudia Mouro, Ana P. Gomes, Merja Ahomen, Raul Fangueiro, and Isabel C. Gouveia. Chelidonium 

majus L. Incorporated Emulsion Electrospun PCL/PVA_PEC Nanofibrous Meshes for Antibacterial 

Wound Dressing Applications. Nanomaterials (2021) 11(7):1785. (Paper 4) 
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Paper 2 - Emulsion Electrospun Fiber Mats of PCL/PVA/Chitosan and 

Eugenol for Wound Dressing Applications 

 

Abstract 

In recent years, the damaging effects of antimicrobial resistance relating to wound management and 

infections have driven the ongoing development of composite wound dressing mats containing 

natural compounds, such as plant extracts and their derivatives. The present research reports the 

fabrication of novel electrospun Polycaprolactone (PCL)/Polyvinyl Alcohol (PVA)/Chitosan (CS) fiber 

mats loaded with Eugenol (EUG), an essential oil, known for its therapeutic properties. The 

electrospun fiber mats were prepared via electrospinning from either water-in-oil (W/O) or oil-in-

water (O/W) emulsions and characterized using scanning electron microscopy (SEM), Fourier-

transform infrared spectroscopy (FT-IR), total porosity measurements, and water contact angle. The 

in vitro EUG release profile and antibacterial activity against Staphylococcus aureus (S. aureus) and 

Pseudomonas aeruginosa (P. aeruginosa) were also evaluated. The obtained results proved that the 

EUG was loaded efficiently into electrospun PCL/PVA/CS fiber mats and the two W/O and O/W 

emulsions prepared from the PCL/PVA/CS (7:3:1) and PCL/PVA/CS (3:7:1) revealed porosity within 

the ideal range of 60–90%, even when EUG was loaded. The measured contact angle values showed 

that the O/W emulsion exhibited a more hydrophilic character and the wettability noticeably 

decreased after adding EUG in both emulsion blends. Furthermore, the electrospun PCL/PVA/CS 

fiber mats demonstrated a rapid release of EUG during the first 8 hours, which enhanced gradually 

afterward (up to 120 hours). Moreover, an efficient antibacterial activity against S. aureus (inhibition 

ratios of 92.43% and 83.08%) and P. aeruginosa (inhibition ratios of 94.68% and 87.85%) was 

displayed and the in vitro cytotoxic assay demonstrated that the normal human dermal fibroblasts 

(NHDF) remained viable for at least 7 days, after direct contact with the produced electrospun fiber 

mats. Therefore, such findings support the biocompatibility and suitability of using these EUG-loaded 

electrospun PCL/PVA/CS fiber mats as a new innovative wound dressing material with potential for 

preventing and treating microbial wound infections. 

 

 
Keywords: Emulsion electrospinning; eugenol; essential oils; wound dressing; wound healing 
material. 
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1. Introduction 

The integrity of the skin can be affected by several disorders. When the skin is injured, it becomes 

more susceptible to microbial infections, which can have negative consequences on the healing 

process [1,2]. Therefore, the development of materials with suitable barrier properties using different 

antimicrobial agents have shown to prevent and suppress the microbial invasion and colonization by 

pathogenic bacteria [3]. However, it is still a challenge to achieve the release of these agents directly 

onto the damaged tissue to ensure the correct therapeutic dosage and prevent the wound from getting 

infections. Recently, composite wound dressing mats produced by electrospinning have attracted 

research attention due to their unique properties like extremely high surface area, high porosity, and 

small pore size [4,5]. In addition, these materials are known in the wound management field for their 

capability to absorb excess exudate from the wound, while they create and maintain a moist 

environment. Moreover, electrospun fiber mats provide wound protection from mechanical trauma 

and bacterial colonization, exhibit high air, and oxygen permeability, as well as mimic the properties 

of natural extracellular matrix (ECM) ensuring additional support for cell growth and proliferation in 

order to promote the wound healing with the minimum scar formation [4–6]. Also, electrospinning 

has the ability to incorporate different types of bioactive or therapeutic agents, thus leading to the 

enhancing of the desirable wound healing properties [6]. Antibiotics, growth factors (GFs), vitamins, 

antimicrobial, analgesics, and anti-inflammatory compounds are among the most successful 

bioactive agents so far loaded into electrospun fiber mats [7]. Nevertheless, medicinal plant extracts, 

and their derivatives, such as essential oils, have captured the attention of researchers due to their 

traditional therapeutic properties, cost-effectiveness, and availability [6]. Eugenol (EUG), a naturally 

occurring phenolic component extracted from cloves, is known for its analgesic, antimicrobial, 

antioxidant, anti-inflammatory, and anticarcinogenic properties and has demonstrated abilities to 

improve the healing process and tissue regeneration [8–10]. However, EUG presents poor water 

solubility, and its stability can be affected by chemical and enzymatic degradation, losses by 

volatilization or thermal decomposition [11,12]. In order to overcome EUG disadvantages, emulsion 

electrospinning is of particular interest to successfully incorporate both hydrophilic and hydrophobic 

bioactive agents, while preventing the loss of their structural integrity and bioactivity [13]. Emulsion 

electrospinning is a novel and straightforward technique similar to the traditional electrospinning, 

where water-in-oil (W/O) or oil-in-water (O/W) emulsions are used instead of a conventional 

polymer solution [14,15]. This modified electrospinning method does not require a special apparatus, 

neither a careful selection of the operating conditions to ensure desirable results. In addition, 

emulsion electrospinning has been used to improve the solubility of poorly soluble bioactive agents 

and, consequently, their therapeutic effectiveness. Furthermore, this approach also increases the 

affinity of the oil and water phases and plays a significant role in the stability of low molecular weight 

polymers and diluted polymer solutions [13]. In this context, the present work describes the 

innovative development of EUG-loaded into electrospun Polycaprolactone (PCL)/Polyvinyl Alcohol 
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(PVA)/Chitosan (CS) fiber mats through W/O and O/W emulsions by nanospider technology, a 

needle-free electrospinning equipment, based on a rotating spinning electrode immersed into a liquid 

polymer bath. The modern nanospider technology differs from conventional electrospinning because 

it allows the formation of many Taylor cones (the source of nanofibers) simultaneously on the surface 

of the rotating spinning electrode, and hence this technology is highly productive and more effective 

to produce high-quality nanofibers [16,17]. In this way, a nontoxic hydrophobic synthetic polymer, 

PCL, known for its many advantages over the main synthetic polymers was used to act as a protective 

barrier against external threats. However, the data available in the literature showed that cells are 

more prone to adhere, proliferate, and grow on a moderate hydrophilic surface than on a hydrophobic 

or super-hydrophilic surface [18,19]. Therefore, CS, a naturally occurring polysaccharide, was 

selected for its abilities, namely by supporting cell adhesion and growth of several cell types and also 

by exhibiting hemostatic and antimicrobial properties [20]. Nevertheless, CS is difficult to 

electrospun into a fibrous structure and exhibits low mechanical properties, which restricts its use in 

medical applications [21,22]. To overcome these limitations, CS has been blended with other 

biocompatible hydrophilic synthetic polymers, like PVA [23]. Herein, in this study, CS and PVA were 

blended in order to ensure efficient exudate management and provide a moist wound environment. 

Moreover, the PVA/CS blend exhibits an inhibitory effect on microbial growth and promote cell 

adhesion and proliferation [24]. The biological abilities of EUG, mainly analgesic, anti-inflammatory, 

and antimicrobial properties have also been exploited to strengthen the healing process. Therefore, 

we present new findings claiming the development of new EUG-loaded electrospun PCL/PVA/CS 

fiber mats prepared from W/O and O/W emulsions, for wound dressing applications. The results 

obtained revealed that mixing PCL, PVA, and CS enhanced the final properties of the blend. CS 

formed miscible blends with PVA, which acted as a good emulsifying and dispersing agent and made 

CS/PVA blend compatible with the PCL. The antimicrobial and non-cytotoxic effect of EUG was also 

seen as a promising strategy to develop new innovative wound dressings, with the potential to prevent 

and treat microbial-resistant wound infections. 

 

2. Materials and Methods  

2.1. Materials 

Polycaprolactone (PCL) (MW 80,000 g/mol) and Chitosan (CS) (MW 50,000–190,000 g/mol, 

degree of deacetylation 75–85%) and Eugenol (EUG) were purchased from Sigma-Aldrich. Polyvinyl 

Alcohol (PVA) (MW 115,000g/mol) was purchased from VWR Chemicals. Chloroform (analytical 

grade), Dimethylformamide (DMF) (analytical grade), Glacial acetic acid, and Ethanol absolute were 

purchased from Fisher Chemical. Normal human dermal fibroblasts (NHDF) cells were acquired 

from ATCC—American Type Culture Collection. Brain Heart Infusion (BHI) Broth was provided from 

Panreac. Nutrient Agar (NA), Nutrient Broth (NB), and Agar for microbiology were purchased from 
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Fluka. Sodium chloride (NaCl), Mueller-Hinton Broth (MHB), Dimethyl sulfoxide (DMSO) 

anhydrous ≥99.9%, Tween 80, Trypsin, and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) were purchased from Sigma Aldrich. Phosphate-buffered saline (PBS), 

pH 7.4 was purchased from Alfa Aesar. All solvents were used as received without further purification. 

 

2.2. Determination of Minimum Inhibitory Concentration (MIC) of EUG 

Minimal Inhibitory Concentration (MIC) of EUG was applied against two bacterial strains: 

Staphylococcus aureus ATTC 6538 and Pseudomonas aeruginosa PA25 by the broth microdilution 

method according to NCLS M07-A6 guidelines. Briefly, EUG stock solution was prepared in DMSO 

(10% (v/v)) to yield a concentration of 20 µL/mL. Serial dilutions of EUG were made in MHB with 

concentrations ranging from 10 to 1 µL/mL. Then, overnight liquid bacterial cultures were adjusted 

to 0.5 McFarland turbidity standards with sterile water. Afterward, bacterial work suspensions were 

formed from 500 µL of the 0.5 McFarland suspensions and 4500 µL of MHB. A volume of 50 µL of 

bacterial work suspensions and 50 μL of the EUG dilutions were added into 96 multi-well polystyrene 

plates (Sigma-Aldrich). The multi-well plates were incubated for 24 hours at 37 °C. Deposited bacteria 

(dot-shaped) in the bottom of each well were evaluated. The last well in the dilution series that showed 

deposit (bacterial killing) corresponded to MIC of EUG. All the determinations were performed in 

triplicate. 

 

2.3. Preparation of Electrospinning Emulsions 

PCL solution (8% w/v) was prepared by dissolving PCL in chloroform/DMF (volume ratio of 30:20) 

at 50 °C under magnetic stirring until complete dissolution. Afterward, the solution was left to stir 

overnight to ensure proper dissolution of the PCL before being blended with the PVA/CS blend. CS 

solution (4% w/v) was prepared by dissolving CS in acetic acid (14%) at room temperature. Also, a 

PVA solution (10% w/v) in distilled water was prepared at 90 °C. PVA and CS solutions were then 

mixed in two different ratios, 7:1 and 3:1 (v/v), to form the PVA/ CS blend solution. The W/O 

emulsion blend 8% PCL/10% PVA/4% CS (7:3:1) was prepared by simultaneous adding of PVA/CS 

blend solution to PCL solution, followed by mixing with high-speed homogenizer (Techmatic S2), 

while the O/W emulsion blend 8% PCL/10% PVA/4% CS) (3:7:1) was prepared by simultaneous 

adding of PCL solution to PVA/ CS blend solution. The final mixtures were stirred at room 

temperature for 4 hours to ensure complete dissolution and to obtain uniform emulsions. 

PCL/PVA/CS blends were also loaded with EUG. The final concentration of the EUG was 5% (w/w) 

(based on the weight of the PCL powder), i.e., 5% over the weight of the fiber (owf) EUG. All emulsions 

were immediately used for electrospinning. 
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2.4. Electrospinning 

The stable and homogenous emulsions were electrospun using Nanospider Technology (Nanospider 

laboratory machine NS LAB 500S from Elmarco s.r.o., Czech Republic, http://www.elmarco.com). 

Electrospinning of the emulsions was carried out with a distance between the spinning electrode and 

collecting electrode of 13 cm at a driving voltage of 75.0 kV and a rotating spinning electrode of 9.6 

rpm (60Hz). The collection time was ~1.0 hour at 25 °C and relative humidity up to 35%. The 

electrospun fiber mats were collected on polypropylene nonwoven fabric and were dried in the hood 

at room temperature till constant weight. The same electrospinning conditions were used to pure PCL 

and PVA/CS blend as a reference for electrospun PCL/PVA/CS fiber mats with and without loaded 

EUG. 

 

2.5. Electrospun Fiber Mats Characterization  

2.5.1. Fourier Transform Infrared Spectroscopy (FT-IR) 

The chemical composition of pure PCL, PVA/CS, and electrospun PCL/PVA/CS fiber mats with and 

without loaded EUG were analysed on FT-IR. Measurements were performed on Thermo-Nicolet is10 

FT-IR spectrophotometer over the range 500–4000 cm−1 with a spatial frequency resolution of 4 cm−1 

and each sample was scanned 64 times. 

 

2.5.2. Surface Morphology of Electrospun Fiber Mats  

The surface morphology of the electrospun PCL/PVA/CS fiber mats with and without loaded EUG 

was investigated with the help of scanning electron microscope (SEM) Hitachi S2700 at a high voltage 

of 20 kV. The fiber diameters were directly measured from SEM images using public domain software 

(Image J, National Institutes of Health, USA). After that, the average diameter and diameter 

distribution were determined by applying SPSS Statistics 21.0 software (SPSS Inc. Chicago, USA). 

 

2.5.3. Porosity Measurement 

The total porosity of the dry electrospun fiber mats was measured using a liquid displacement 

method, as described by Chitrattha et al. [25]. Ethanol was used as the displacement liquid because 

it readily penetrated into the pores of the matrices and did not induce shrinkage or swelling of these 

materials. Briefly, a pre-weighed porous membrane (Ws) was immersed in a cylinder containing 20 

mL of ethanol (W1) and placed in a water sonicator bath (Ultrasons-H, P-Selecta) for 40 min at 30 °C 

to assist the penetration of ethanol into the porous structure. Subsequently, the volume in the 

sonicated cylinder containing porous membrane impregnated with ethanol was readjusted to 20 mL 
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and weighed (W2). After that, the membrane saturated with ethanol was removed from the cylinder 

and the cylinder was reweighed (W3). The porosity (ε) of these porous materials was determined using 

the following Equation (1) [25]: 

 

ε(%) = (W2 − W3 – Ws) / (W1 − W3) × 100 (1) 

 

 

2.5.4. Water Contact-Angle Determination 

The surface wettability of pure PCL, PVA/CS, and electrospun PCL/PVA/CS fiber mats with and 

without loaded EUG were determined through water contact angle (WCA) using a data physics 

contact angle system OCAH-200 apparatus. To accomplish that, deionized water droplets were placed 

on the surface of each sample at room temperature and the contact angle was calculated after 10 

seconds of incubation time to avoid discrepancy in the contact angle values measured. The 

measurements were conducted on different sample locations and the average was reported as the 

contact angle of each sample. 

 

2.6. Release In Vitro of EUG from EUG-Loaded Electrospun 

PCL/PVA/CS Fiber Mats 

Release of EUG from EUG-loaded electrospun PCL/PVA/CS fiber mats was studied by UV–Vis 

spectrometry. To perform this assay, standard solutions of EUG with concentrations from 0.00 

µL/mL to 10.00 µL/mL were prepared and a calibration curve was drawn at 282 nm (maximum 

wavelength of EUG). Samples (2×2 cm) of EUG-loaded electrospun PCL/PVA/CS fiber mats were 

immersed in 10 mL of phosphate-buffered saline (PBS, pH=7.4) at 37 °C with constant rotation at a 

speed of 100 rpm. Afterward, 3 mL of release medium was recovered at specified time intervals, 

ranging between 0 and 120 hours, and at the same time, an equal volume of the fresh PBS solution 

was replenished to maintain a constant volume. The concentration of EUG that remained in the 

release medium at each time point was quantified at 282 nm using UV–Vis spectrophotometer. All 

measurements were carried out in triplicate. 

 

2.7. Estimation of Antibacterial Activity of EUG-Loaded Electrospun 

PCL/PVA/CS Fiber Mats 

The antibacterial effect of EUG loaded into electrospun PCL/PVA/CS fiber mats was carried out 

according to E 2180-07 standard test method for determining the activity of incorporated 

antimicrobial agent(s) in polymeric or hydrophobic materials. S. aureus and P. aeruginosa were 

selected, once they are the most common bacteria present in wound infections [26]. 
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To perform the assay, a bacterial suspension (1–5×108 CFU/mL) was added in an agar slurry 

previously prepared from 0.85 (w/v) NaCl and 0.3 (w/v) agar-agar in deionized water. Afterward, a 

thin layer of inoculated agar slurry was poured onto 3×3 cm square samples of electrospun 

PCL/PVA/CS fiber mats with and without EUG loaded. The samples were evaluated immediately after 

adding the inoculated agar slurry (T0h) and after 18–24 hours in contact with the inoculated agar 

slurry at 37 °C for 18–24 hours (T24h). For each sample, serial dilutions of the agar slurry were done 

with 0.85 (w/v) NaCl, plated in agar plates, and incubated for 18–24 hours at 37 °C. The antimicrobial 

efficiency was quantitatively expressed in percentage of bacterial reduction (%R) using Equation (2) 

by comparing the CFU on the control samples (electrospun PCL/PVA/CS fiber mats), C, with the CFU 

on the samples loaded with 5% owf EUG (5% EUG-loaded electrospun PCL/PVA/CS fiber mats), A 

[27]. 

Percentage Reduction (%R) = ((C−A)/C) × 100 (2) 

 

According to Japanese Industrial Standard JIS L 1902:2002, the bacteriostatic or bactericidal effect 

of the electrospun PCL/PVA/CS fiber mats containing EUG was then calculated using Equations (3) 

and (4): 

Bacteriostatic activity value = MB − MC (3) 

Bactericidal activity value = MA − MC (4) 

where MA is the average of the common logarithm of the number of living bacteria in control samples 

immediately after adding the inoculated agar slurry (T0h), MB is the average of the common logarithm 

of the number of living bacteria in control samples after 18–24 hours in contact with the inoculated 

agar slurry (T24h), and MC is the average of the common logarithm of the number of living bacteria in 

samples containing 5% owf EUG after 18–24 hours in contact with the inoculated agar slurry (T24h). 

 

2.8. Characterization of the Cytotoxicity Profile of the EUG-Loaded 

Electrospun PCL/PVA/CS Fiber Mats 

The cytotoxic profiles of the produced electrospun PCL/PVA/CS fiber mats with and without EUG 

were performed in vitro following ISO 10993–5 (Biological evaluation of medical devices-Part 5: 

Tests for in vitro cytotoxicity). Briefly, the samples were placed in 24-well plates (Sigma-Aldrich) at 

the center of each well occupying <1/10 of its area and then sterilized under UV irradiation (254 nm, 

~7 mWcm-2) for 1 hour. After that, normal human dermal fibroblast (NHDF) cells were used as a 

model to seed each well at a density of 1 × 104 cells/well and incubated at 37 °C, in an incubator under 

a humidified atmosphere containing 5% CO2. After an incubation period of 1, 3, and 7 days, the 

mitochondrial redox activity of the viable cells was assessed through the reduction of the MTT into 

an insoluble blue formazan dye. In this way, the medium of each well was removed and it was replaced 

with a mixture of fresh culture medium and the MTT reagent solution. After 4 hours of incubation at 
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37 °C and 5% CO2 humidified atmosphere, the MTT solution was removed and DMSO was added to 

each well in order to dissolve the formazan crystals. Finally, the absorbance of each sample was 

measured at 570 nm using a microplate reader (Biorad xMark microplate spectrophotometer). Wells 

containing cells cultured without the materials and wells containing cells cultured with EtOH (96%) 

were also included as a negative control (K−) and positive control (K+), respectively. 

 

2.9. Statistical Analysis 

Data were analyzed statistically by the one-way analysis of variance (ANOVA) and Tukey Post-Hoc 

test using SPSS 21.0 (SPSS Inc. Chicago, USA). Statistical calculations were based on a confidence 

level ≥95% (values of p < 0.05 were considered statistically significant). 

 

3. Results and Discussion  

3.1. Determination of Minimum Inhibitory Concentration (MIC) of EUG 

Minimal Inhibitory Concentration (MIC) of EUG against S. aureus and P. aeruginosa was found to 

be 4.25 µL/mL and 3.00 µL/mL, respectively. Several other studies have confirmed the significant 

antibacterial activity of EUG against S. aureus and P. aeruginosa. For example, Sanla-Ead et al. [28] 

described MIC of 25.00 µL/mL against S. aureus and 50.00 µL/mL against P. aeruginosa, which 

were higher than those found in this study. However, the MIC values for specific alkaloids obtained 

from plants, namely the bioactive properties of these natural compounds depend on various factors, 

including the environmental condition and seasonal variables, as well as the geographical location 

and method of extraction. 

 

3.2. Electrospun Fiber Mats Characterization  

3.2.1. Fourier Transform Infrared Spectroscopy (FT-IR) 

 The FT-IR spectra of pure PCL, PVA/CS and electrospun PCL/PVA/CS fiber mats with and without 

EUG were acquired and represented in Figure 1. The FT-IR spectrum of pure PCL exhibits its 

characteristic peaks, Figures 1(a)(i) and 1(b)(i). Peaks at 2866.05 and 2945.76 cm−1 are attributed to 

symmetric and asymmetric CH2 stretching vibrations. At 1722.51 cm−1 occurs an intense, sharp peak, 

which corresponds to carbonyl stretching vibration of the ester group, while the peaks at 1293.80, 

1239.67, and 1164.76 cm−1 are associated for C-O and C-C stretching, asymmetric and symmetric –C-

O-C stretching, respectively [29]. On the other hand, the characteristic bands of both PVA and CS are 

displayed in the FT-IR spectrum of the PVA/CS blend. Figures 1(a)(ii) and 1(b)(ii) shows the 
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characteristic peaks at 1558.80 cm−1 and 1653.25 cm−1, corresponding to N-H bending vibrations in 

secondary amides and C=O stretching vibrations of the amide bond, respectively. Moreover, the 

spectrum of PVA/CS blend exhibits a broad peak at 3118.56 cm−1, which is assigned to O-H and N-H 

stretching. 

Additionally, the emulsion blends of PCL/PVA/CS (Figures 1(a)(iii) and 1(b)(iii)) display a sharp peak 

at around 1720.00 cm−1 which corresponds to the PCL and a broad peak in the region between 3000 

and 3500 cm−1 that belongs to PVA/CS blend. Likewise, the FT-IR spectra of electrospun 

PCL/PVA/CS fiber mats containing EUG (Figures 1(a)(iv) and 1(b)(iv)) exhibit those peaks and other 

characteristic peaks at around 1033.00 and 1267.00 cm−1, regarding the stretching vibration of 

symmetric and asymmetric C-O-C, which demonstrate the presence of the methoxy group of EUG. 

Moreover, the presence of all characteristic peaks of the components used to produce the electrospun 

fiber mats proves the successful blending of the EUG with the PCL/PVA/CS emulsions. 

However, the FT-IR analysis suggests that there is no evidence of chemical bonding between each 

component of the blend because new absorption peaks are not seen in FT-IR spectra. Nevertheless, 

some chemical interactions could have occurred among carboxyl, amino, and hydroxyl groups of the 

PCL, PVA, CS, and bioactive agent. These interactions can be suggested by slight displacement of 

absorption peaks, as well as by different peak intensities and peak widths. 

Similar results were presented by Ajalloueian et al. [20]. The FT-IR spectrum of PLGA/CS/PVA 

nanofibers displayed the characteristic peaks of PLGA, CS, and PVA, and when they removed the PVA 

from the blend fewer hydroxyl groups were detected as shown by a narrower and shorter peak at 

3400–3700 cm−1. Furthermore, Zarghami et al. [19] demonstrated by FT-IR that olive oil was 

successfully embedded within the PCL/Olive oil composite nanofibers. Nevertheless, in the FT-IR 

spectrum of the PEO/CS/PCL/Olive oil composite nanofibers were not evident chemical bonding 

between the PEO/CS and PCL/Olive oil. 
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Figure 1 – FT-IR spectrums of pure PCL (i), PVA/CS (ii) and electrospun PCL/PVA/CS fiber mats from W/O 
emulsion (a) and from O/W emulsion (b). Electrospun PCL/PVA/CS fiber mats without loaded EUG (iii) and 
with 5% owf EUG (iv). 
 

 
3.2.2. Surface Morphology of Electrospun Fiber Mats  

SEM micrographs and fiber diameter distributions of EUG-loaded electrospun PCL/PVA/CS fiber 

mats, prepared via electrospinning from either W/O or O/W emulsions, are shown in Figure 2. The 

electrospun PCL/PVA/CS fiber mats produced from W/O emulsion displayed beads and fibers, 

known as the spindles or bead-on-a-string morphologies, with an average diameter of 379.05 ± 161.95 

nm, Figure 2(a). When 5% owf EUG was incorporated, nanofibers with similar morphology were 

produced with a mean diameter of 387.07 ± 179.51 nm, Figure 2(b). In turn, the electrospun 

PCL/PVA/CS fiber mats produced from O/W emulsion, with and without EUG loaded, demonstrated 

thinner and more uniform fibers with fewer beads, with an average diameter of 174.47 ± 38.93 nm 

and 199.90 ± 48.86 nm, Figures 2(c) and 2(d), respectively. It showed that the PVA, which acts as an 

emulsifying agent, is the most critical component of the blend which controls the process of emulsion 

electrospinning [30]. Thus, PVA decreases the surface tension between immiscible phases and 

contributes towards the formation of more uniform nanofibers [30,31]. Moreover, the O/W 

emulsions are especially useful for controlled or sustained release of the oil-soluble bioactive 

compounds, as the EUG. Hajiali et al. [32] obtained similar results to Sodium Alginate (SA)-

Polyethylene Oxide (PEO) nanofibers and SA-PEO containing 5% v/v of Lavender oil nanofibers. In 

both cases, 85% of fibers exhibited diameters in the range of 50–125 nm, with a most representative 
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percentage between 75 and 100 nm. This result confirmed that the addition of essential oil to the 

polymer solution did not have a significant effect on fiber diameters. Moreover, Gholipour-Kanani et 

al. [33] produced PCL/PVA/CS nanofibrous mats by adding PVA to PCL/CS in 2:1:1.33 

(PCL/PVA/CS) blend ratio and obtained uniform fibers with diameters in the range of 136 ± 37.00 

nm. This study revealed a mean diameter lower than the average diameter of fibers found for 

PCL/PVA/CS (7:3:1) (379.05 ± 161.95 nm) and PCL/PVA/CS (3:7:1) (174.47 ± 38.93 nm), confirming 

that both the composition and ratio of each component in the blend influence the fiber diameters. 

 

 

 

Figure 2 – SEM images with fiber diameters distribution obtained from electrospun (a) PCL/PVA/CS fiber 
mats prepared via W/O emulsion without EUG loaded, (b) and with 5% owf EUG, (c) PCL/PVA/CS fiber mats 
prepared via O/W emulsion without EUG loaded, (d) and with 5% owf EUG. 
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3.2.3. Porosity Measurement 

The wound dressings’ porosity contributes to a correct gas, nutrient, and fluid exchange, as well as 

drug release. The porosity of a material is also essential to support cell adhesion and proliferation in 

the wound site [25]. Herein, the electrospun PCL/PVA/CS fiber mats produced from W/O and O/W 

emulsions presented a total porosity of 88.74 ± 2.27% and 90.46 ± 2.15%, respectively, as 

demonstrated in Table 1. The porosity values slightly decreased when the ratio of PCL in the emulsion 

blend increased, namely to W/O emulsion, and when EUG was loaded. Moreover, the electrospun 

PCL/PVA/CS fiber mats prepared from W/O emulsion loaded with EUG exhibited a total porosity of 

84.44 ± 3.10%, while a value of 88.52 ± 4.09% was observed from the O/W emulsion loaded with 

EUG. The total porosity values of the electrospun PCL/PVA/CS fiber mats, with and without EUG, 

are within the preferred range of 60–90% for an effective wound healing process [34]. Indeed, the 

high porosity exhibited by the produced electrospun fiber mats is more proper to provide a suitable 

pore structure for cell migration, nutrient exchange, and development of a new ECM, although it 

depends on the wound characteristics and the aim of wound management [25]. 

Table 1 – Porosity measurement of electrospun PCL/PVA/CS fiber mats with and without loaded EUG. 

 
Samples Porosity (%) 

W/O emulsion blend PCL/PVA/CS 88.74 ± 2.27 

W/O emulsion blend PCL/PVA/CS + 5% owf EUG 84.44 ± 3.10 

O/W emulsion blend PCL/PVA/CS 90.46 ± 2.15 

O/W emulsion blend PCL/PVA/CS + 5% owf EUG 88.52 ± 4.09 

 

3.2.4. Water Contact-Angle Determination 

 Surface wettability of electrospun fiber mats is one of the most desirable material properties to the 

wound dressing applications, which may influence the initial adhesion and migration of cells, as well 

as their proliferation to the wound site [29,35]. Therefore, the contact angle between water droplets 

and the electrospun fiber mats (WCA) was determined to assess the wettability of the pure PCL, 

PVA/CS, and electrospun PCL/PVA/CS fiber mats with and without EUG (Figure 3). In this study, a 

hydrophobic polymer, PCL, 90.2 ± 7.30°, was blended with a hydrophilic polymer PVA/CS blend, 

28.8 ± 5.50°, to improve the hydrophilic features of electrospinning emulsions [36]. WCA values of 

61.2 ± 4.24° and 42.85 ± 3.95° were obtained for electrospun PCL/PVA/CS fiber mats prepared from 

W/O and O/W emulsions, respectively. The O/W emulsion presented a more hydrophilic character 

than W/O emulsion, due to inherent hydrophilic nature of both PVA and CS. However, the 
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incorporation of EUG through the electrospun fiber mats was more hydrophobic. WCA values of 

70.70 ± 4.62° and 59.37 ± 5.11° were displayed for electrospun PCL/PVA/CS fiber mats loaded with 

5% owf EUG from W/O and O/W emulsions, respectively. Hence, the addition of EUG improves the 

most hydrophilic character of the O/W emulsion. 

Similar results found by Cui et al. [35] showed that increasing the PVA-SbQ amount in comparison 

with the Zein amount resulted in a lower WCA. The reason for this was because Zein, a predominantly 

corn-based protein, exhibits a more hydrophobic character due to a higher amount of hydrophobic 

(nonpolar) amino acids than hydrophilic (polar) ones. 

 

 

Figure 3 – Variation of contact angle on pure PCL, PVA/CS and electrospun PCL/PVA/CS fiber mats prepared 
from W/O and O/W emulsions, with and without EUG. 

 

3.3. Release In Vitro of EUG from EUG-Loaded Electrospun 

PCL/PVA/CS Fiber Mats 

Figure 4 shows the cumulative release of 5% owf EUG loaded into electrospun PCL/PVA/CS fiber 

mats produced from W/O and O/W emulsions. The release profiles revealed a burst effect of 65.05 ± 

3.58% and 54.61 ± 3.19% during the initial 8 hours, followed by a continuous slow and sustained 

release over the next days. The observed initial burst could be due to the EUG adsorbed on or near 

the surface of the electrospun nanofibers, while the sustained release might be due to the diffusion of 

EUG from electrospun nanofibers. During the period of incubation, 80.37 ± 2.19% and 70.15 ± 1.63% 

of total EUG were released from W/O and O/W emulsions, respectively. This result can be explained 

by the higher affinity of EUG for PCL phase, which results in a faster EUG release from W/O 

emulsions. In addition, the EUG loaded into electrospun PCL/PVA/CS fiber mats prepared from O/W 
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emulsion need to pass through the shell PVA/CS barrier before being released. In turn, the PVA/CS 

blend exhibits better wettability than the PCL and, consequently, the PVA/CS matrix is easily 

penetrated by the release medium, releasing the EUG quickly. Therefore, the initial EUG burst release 

observed is a predictable result, due to the chosen polymer blend to produce the electrospun fiber 

mats and selected method. The burst release can improve the therapeutic effect and accelerate the 

healing process, once EUG is suitable to reach some relief at the beginning of wound treatment and 

to stimulate an adequate initial inflammatory response, essential to proper tissue repair. These results 

are in agreement with Motealleh et al. [37] in that electrospun PS fibers exhibited a lower chamomile 

release than electrospun PCL fibers. In this study, PCL revealed greater compatibility with the 

chamomile extract and its flavonoid apigenin. A similar trend was displayed by EUG loaded into W/O 

emulsion blend. Controlling the rapid initial release of the biologically active compounds can be 

needed to treat specific types of wounds at different stages of healing. A variety of approaches have 

been employed to reduce and avoid the occurrence of an early burst release. Among them, the capacity 

of diffusion of a bioactive agent from electrospun nanofibers and the wetting properties of the 

electrospun nanofibers have been explored to achieve a desirable release profile. In addition, 

environmental factors, such as temperature, pH, or light response, have been considered as a stimulus 

for bioactive agent release. 

 

 

 

Figure 4 – In vitro release study of EUG loaded into electrospun PCL/PVA/CS fiber mats at a physiological pH 
of 7.4 in a PBS buffer solution for 120 hours. 
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3.4. Estimation of Antibacterial Activity of EUG-Loaded Electrospun 

PCL/PVA/CS Fiber Mats  

The antibacterial efficiency of EUG loaded into electrospun PCL/PVA/CS fiber mats was 

quantitatively expressed as a percentage of bacterial reduction (%R) and evaluated after 24 hours 

against S. aureus and P. aeruginosa, two bacteria commonly present in wound infections [26]. 

The results showed an inhibitory effect against selected bacteria (Table 2). Interestingly, electrospun 

PCL/PVA/CS fiber mats obtained from W/O emulsion revealed a higher bacterial reduction against 

S. aureus (92.43%), comparatively to O/W emulsion (83.08%). The same pattern was observed for P. 

aeruginosa. The W/O emulsion showed an increased inhibitory effect in bacterial growth (94.68%) 

when compared to O/W emulsion (87.85%).  

 
Table 2 – Antibacterial efficiency of EUG loaded into electrospun PCL/PVA/CS fiber mats against S. aureus 
and P. aeruginosa, expressed in percentage of bacterial reduction (%R). 

 

These results can be explained by the difference in EUG’s affinity for the polymeric blend. Such values 

are in agreement with those obtained for EUG release at 24 hours (58.63 ± 2.79% from O/W emulsion 

and 69.84 ± 3.69% from W/O emulsion (Figure 4)), where a higher EUG release from W/O resulted 

in a stronger inhibition of bacterial growth. 

Moreover, the electrospun PCL/PVA/CS fiber mats loaded with 5% owf EUG proved to have a 

bacteriostatic effect (Table 3). The bacteriostatic activity values were 1.12 and 0.77 for S. aureus, while 

for P. aeruginosa were 1.27 and 0.92 to W/O and O/W emulsions, respectively. 

 

Table 3 – Antibacterial activity values (bacteriostatic and bactericidal activity values). 

Sample 
 

S. aureus 
 

P. aeruginosa 

 MB – MC MA – MC  MB – MC MA – MC 

W/O emulsion blend PCL/PVA/CS + 5% owf EUG 

 

1.12 -0.23 

 

1.27 -0.26 

O/W emulsion blend PCL/PVA/CS + 5% owf EUG 
 

0.77 -0.64 
 

0.92 -1.02 

    S. aureus  P. aeruginosa 

Samples   CFU/mL 
Growth 

Reduction (%)  
 CFU/mL 

Growth 
Reduction (%) 

W/O emulsion blend PCL/PVA/CS 

0h 8.86E+04 - 0h 1.77E+06 - 

24h 3.04E+06 - 24h 6.02E+07 - 

W/O emulsion blend PCL/PVA/CS + 
5% owf EUG   

  2.30E+05 92.43%  3.20E+06 94.68% 

O/W emulsion blend PCL/PVA/CS 
0h 9.78E+04 - 0h 2.21E+06 - 

24h 2.51E+06 - 24h 1.90E+08 - 

O/W emulsion blend PCL/PVA/CS + 
5% owf EUG   

  4.25E+05 83.08%  2.31E+07 87.85% 
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Therefore, the antibacterial efficiency of the electrospun PCL/PVA/CS fiber mats, conferred by 

natural properties of CS, can be strengthened with the use of EUG, as a natural antibacterial agent. 

The hydrophobic nature of EUG was responsible by its mechanism of action against common 

pathogens present in wounds. Thus, when the EUG is partitioned into the lipid bilayer of the bacterial 

membrane, it changes its permeability and, consequently, rupture and release of cellular contents 

occur [5]. Bai et al. [38] reported the production of PCL/Chitosan nanofibers that were incorporated 

with tea tree oil (TTO) to improve their antibacterial ability. 

 

3.5. Characterization of the Cytotoxicity Profile of the EUG-Loaded 

Electrospun PCL/PVA/CS Fiber Mats 

The cytotoxic profile of the electrospun PCL/PVA/CS fiber mats with and without loaded EUG was 

evaluated from O/W emulsions, once these samples displayed a better capability to be applied as 

wound dressing materials. The results showed that the produced fiber mats did not induce any 

cytotoxic effect on the NHDF cells for at least 7 days, as shown in Figure 5. Moreover, the 

incorporation of 5% owf EUG into the emulsion blend did not compromise the cell viability. 

Therefore, these data reinforce the suitability of the EUG-loaded electrospun PCL/PVA/CS fiber mats 

for wound healing applications.  

 

 

Figure 5 – NHDF cell viability percentage after 1, 3, and 7 days in direct contact with the electrospun 
PCL/PVA/CS fiber mats prepared from O/W emulsion, with and without loaded EUG.  

 



57 

 

4. Conclusion  

In this study, EUG, an essential oil extracted from cloves, was successfully loaded into electrospun 

PCL/PVA/CS fiber mats in an amount of 5% (w/w), based on the weight of PCL powder, via 

electrospinning from either W/O or O/W emulsion. The results attained showed that the produced 

electrospun PCL/PVA/CS fiber mats with and without loaded EUG presented a high porous structure 

similar to the fibrous structure of native ECM. Moreover, these electrospun nanofibers exhibited 

surfaces with moderate wettability, which are able to provide suitable moisture at the wound site and 

better fibroblast attachment and proliferation. In addition, the antibacterial ability of EUG loaded 

into electrospun PCL/PVA/CS fiber mats was examined against S. aureus and P. aeruginosa and 

displayed the potential to inhibit bacterial growth. The in vitro EUG release study showed a burst 

release of EUG in the first 8 hours, followed by a continuous slow and sustained release over the next 

days. The O/W emulsion revealed a better release behaviour compared to W/O emulsion, once the 

cumulative EUG release from W/O emulsion resulted in a faster release rate.  

Therefore, the incorporation of plant essential oils, such as EUG, which exhibit unique therapeutic 

properties, into electrospun fiber mats from O/W emulsion revealed better results and proved to be 

a noncytotoxic and highly promising approach for improving the wound healing process.  
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Paper 3 - Emulsion electrospinning of PLLA/PVA/Chitosan with 

Hypericum perforatum L. as an antibacterial nanofibrous wound 

dressing 

 
 

Abstract 

Chronic wounds are one of the most severe health problems that affect millions of people worldwide. 

These types of injuries impair healing and lead to life-threatening complications. Therefore, suitable 

wound dressing materials are essential to prevent the risk of infection and to provide an excellent 

healing environment. 

The present research reports the development of an electrospun Poly(L-lactic acid) (PLLA)/ 

Poly(vinyl alcohol) (PVA)/ Chitosan (CS) wound dressing materials, produced via emulsion 

electrospinning in a single step. The electrospun PLLA/PVA/CS fiber mats were loaded with two 

different amounts of Hypericum perforatum L. (HP) (2.5% and 5.0% owf). The results revealed that 

the produced electrospun PLLA/PVA/CS fiber mats displayed ideal properties as a wound dressing 

due to a total porosity, wettability, water vapor transmission rate (WVTR), and swelling properties 

similar to those reported for the extracellular matrix (ECM) of the skin, mainly when 2.5% owf HP 

was incorporated. Moreover, the electrospun PLLA/PVA/CS fiber mats containing HP were able to 

prevent the growth of Staphylococcus aureus (S. aureus) without causing cytotoxicity to normal 

human dermal fibroblasts (NHDF). These findings suggest that these electrospun dressing mats are 

helpful to prevent wound infections as well as an appropriate support and microenvironment for 

wound healing. 

 

Graphical Abstract 

 
 

Keywords: Emulsion electrospinning; crude plant extracts; Hypericum perforatum L.; 

antimicrobial wound dressing, chronic wounds. 
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1. Introduction 

Skin damages usually result in a dynamic and complex process mediated through a coordinated 

cascade of biological events, which are traditionally divided into four distinct but overlapping phases: 

hemostasis, inflammation, proliferation, and maturation [1-5]. Nevertheless, the healing process can 

be severely impaired by several factors, and consequently, the wound repair cannot proceed in a 

timely and orderly manner, resulting in chronic, hard-healing wounds [3,4,6].  

Chronic wounds have become a severe public healthcare concern and are strongly associated with 

significant morbidity and mortality [1-4,6,7]. Nowadays, more than 10 million people around the 

world are affected by this problem, and it is expected to increase due to an aging population and the 

sharp rise of diabetes and obesity [4,7,8]. Their higher incidence is generally associated with venous 

or arterial insufficiency, prolonged pressure, or diabetes [7,9,10].  

So far, diverse approaches have been employed for the management of these wounds. Among them, 

the application of an antimicrobial dressing, which helps in reducing inflammation and prevent 

wound contamination, has been regarded as a useful practice to treat and avoid chronic wounds 

occurring [5,8,11]. However, successful healing of chronic wounds often requires long periods of 

treatment, and as expected, their management is costly. To overcome these limitations, suitable 

wound dressing materials that actively promote wound regeneration have attracted researchers’ 

attention due to their therapeutic potential. More specifically, wound dressings which protect the 

wound from external threats and subsequent infection, while absorbing wound exudate, creating and 

maintaining a moist wound environment, as well as nutrients and gas exchange have been developed 

to encourage the healing process [5,12-14].  

Nowadays, many different techniques are being employed to produce micro to nanoscale materials, 

including electrospinning, phase separation, and self-assembly. Nevertheless, electrospinning has 

become one of the most desirable and attractive methods to develop nanofiber-based dressings, due 

to its remarkable properties, as the extremely high surface area to volume ratio and high porosity, as 

well as the potential of mimicking the skin extracellular matrix (ECM) composition. These features 

are essential to keep an appropriate microenvironment for cell adhesion and proliferation [4,5,8,12-

16]. Moreover, electrospinning allows the incorporation of bioactive agents into the electrospun 

nanofibers to enhance the functional and biologic performance of these wound dressing materials 

[4,5,8,12]. Among the numerous bioactive compounds, antibiotics, antimicrobial, anti-

inflammatories, analgesics, vitamins, growth factors, and natural agents as medicinal plants, have 

been considered as a promising supplement for the management and treatment of wounds [3,5].  

Accordingly, this research work describes the innovative use of the nanospider technology, a modified 

electrospinning technique based on a rotating spinning electrode to produce electrospun Poly(L-lactic 

acid) (PLLA)/ Poly(vinyl alcohol) (PVA)/ Chitosan (CS) fiber mats containing Hypericum 

perforatum L. (HP), St. John’s Wort, via emulsion electrospinning [3,17]. 
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HP has been applied for the treatment of different skin disorders like eczema, burns, and diabetic 

wounds [3,17]. Besides, different bioactive metabolites such as naphthodianthrones, phloroglucinols, 

flavonoids, bioflavonoids, and phenylpropanoids have been found in HP extracts and associated with 

antifungal, antimicrobial, antiviral, and anti-inflammatory activities [3]. In turn, the PLLA, a 

synthetic tissue-compatible polymer approved by the US Food and Drug Administration (FDA) for 

direct contact with biological fluids, was used to provide mechanical protection against external 

threats and prevent fluid loss from the wound surface [18,19]. Additionally, CS was blended with a 

carrier polymer like the highly hydrophilic, non-toxic, biocompatible, and biodegradable PVA to 

suppress the difficulty of producing pure CS nanofibers by electrospinning due to its high viscosity in 

an acidic aqueous solution. CS has revealed promising wound healing abilities and scar-prevention 

properties, once it can stimulate collagen synthesis and displays antimicrobial and hemostatic 

properties [20-25].  

Herein, the electrospun PLLA/PVA/CS materials were loaded with crude HP extracts to prevent 

bacterial growth and facilitate the healing process. The effective loading of crude HP extracts into 

PLLA/PVA/CS emulsions was evaluated, and the results revealed that this cost-effective and eco-

friendly natural bioactive agent was successfully applied to these wound dressing materials. 

Furthermore, emulsion electrospinning revealed to be an alternative approach to produce, in a single 

step, wound dressings made up from multiple polymers, and displaying antimicrobial activity. 

 

2. Experimental 

2.1. Materials 

The aerial parts of Hypericum perforatum L. (HP) was bought from a Portuguese botanic shop. 

Poly(L-lactic acid) (PLLA) with an average molecular weight of 217,000-225,000 g/mol, Purasorb® 

(PL18), was provided from Corbion Purac. Poly(vinyl alcohol) (PVA) (MW 115,000 g/mol) was 

purchased from VWR Chemicals, and Chitosan (CS) (MW 50,000-190,000 g/mol, degree of 

deacetylation 75-85%) was obtained from Sigma-Aldrich. Chloroform (analytical grade), 

dimethylformamide (DMF) (analytical grade), glacial acetic acid, and ethanol absolute were 

purchased from Fisher Chemical. Nutrient agar (NA), nutrient broth (NB), and agar for microbiology 

were obtained from Fluka. Sodium chloride (NaCl), mueller-hinton broth (MHB), tween 80, dimethyl 

sulfoxide (DMSO) anhydrous ≥99.9%, trypsin, and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) were provided from Sigma Aldrich. Normal human dermal fibroblasts 

(NHDF) cells were acquired from ATCC – American Type Culture Collection. Phosphate-buffered 

saline (PBS) was purchased from Alfa Aesar. All solvents were used as received without further 

purification. 
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2.2. Crude ethanol HP extract 

2.2.1. Preparation of crude HP extract 

Ethanol extracts from the aerial parts of the HP species were obtained by direct maceration of dried 

and powdered plant material (2.50 g) in 80% ethanol for 24 hours at room temperature. Extracts 

were filtered, and the solvent was evaporated by Rotavapor (Buchi Rotavapor RE 111) to give dried 

extracts. The extract yield percentage based on the starting material was 20.44%. Finally, the dried 

HP extract was used for all experiments, as described below. 

 

2.2.2. Quantification of total Hypericin (Hyp) content in crude ethanol 

HP extract 

The total content of Hyp, one of the main bioactive agents present in the crude HP extract, was 

analyzed by the spectrophotometric method. For this purpose, standard solutions of dried crude HP 

extract with concentrations from 6000 to 50 ppm were prepared. Then, the Hyp content (% Hyp 

(w/w)) was determined by the optical absorbance of each HP solution at 587 nm, using phosphate 

buffer saline (PBS) pH=5.5 as control. These measurements were performed according to describe by 

Pourhojat et al. and calculated using the following Equation (1) [26]:  

 

Hyp (%) =
𝐴

780

100

𝑚
 (1) 

 

Where A is the measured absorbance, m the weight of HP extract after drying of 25 mL of crude 

extract, and 780 the specific absorbance of Hyp at 587 nm. 

 

2.3. Determination of Minimum Inhibitory Concentration (MIC) of 

crude ethanol HP extract 

Minimal Inhibitory Concentration (MIC) of crude ethanol HP extract against Staphylococcus aureus 

(ATTC 6538) (gram-positive) (S. aureus), was measured by broth microdilution assay according to 

NCLS M07-A6 guidelines. Briefly, crude ethanol HP extract stock solution was prepared to a final 

concentration of 20 mg/mL and then serially diluted with sterile Mueller-Hinton Broth (MHB) on 

range from 0.1 to 10 mg/mL.  

Afterward, an overnight liquid culture of S. aureus was adjusted to 0.5 McFarland turbidity standards 

using sterile water and the bacterial work suspension prepared from 500 µL of the 0.5 McFarland 

suspension and 4500 µL of MHB. Then, 50 µL of bacterial work suspension and 50 μL of the crude 

ethanol HP extract dilutions were added into 96 multi-well plates. 
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The multi-well plates were incubated for 24 hours at 37 °C. After the incubation period, the MIC 

corresponded to the well containing the lowest HP concentration, which did not show visible bacterial 

growth or turbidity in the culture medium. All the determinations were performed in triplicate. 

 

2.4. Preparation of Electrospinning Emulsions 

CS (4% w/v) and PVA (8% w/v) solutions were initially prepared separately by dissolving CS in acetic 

acid (14%) at room temperature and PVA in deionized water at 90 °C. Then, the PVA/CS binary blend 

solution was obtained by the blending of PVA and CS with a ratio of 2:1 and stirring at room 

temperature during a few minutes. Also, PLLA (10% w/v) was dissolved in chloroform and DMF (9:1 

volume ratio) at room temperature using a magnetic stirrer until complete polymer dissolution. 

The emulsions were prepared by simultaneous adding of PVA/CS binary blend solution to PLLA 

solution, followed by mixing with a high-speed homogenizer (Techmatic S2) for 4 hours at room 

temperature to ensure complete dissolution and obtain homogenous emulsions.  

 

2.5. Electrospinning 

2.5.1. Preparation of electrospun PLLA/PVA/CS fiber mats containing 

crude HP extracts 

The stable and homogenous PLLA/PVA/CS emulsions were electrospun using Nanospider 

Technology (Nanospider laboratory machine NS LAB 500S from Elmarco s.r.o., Czech Republic, 

http://www.elmarco.com). Electrospun fiber mats containing different amounts of crude HP extract 

were also produced. The crude HP extracts were added to the PVA/CS blend to obtain solutions 

containing 2.5 and 5.0% (based on the weight of PVA/CS blend (owf)). All resulting solutions were 

electrospun at an applied voltage of 80.0 kV, using a working distance (distance from the electrode 

to collector) of 10 cm and an electrode rotation rate of 70 Hz. Each solution was electrospun for 1 hour 

on polypropylene non-woven fabric (collector) at 25 °C and relative humidity up to 35%. After 

spinning, the produced electrospun PLLA/PVA/CS fiber mats with and without crude HP extracts 

were dried and stored in a vacuum desiccator until constant weight and then used for characterization 

and bioactive experiments. 

 

2.6. Nanofibers Characterization 

2.6.1. Surface Morphology of Electrospun Fiber Mats 

The morphology of the electrospun PLLA/PVA/CS fiber mats with and without crude HP extracts was 

observed by a scanning electron microscope (SEM; Hitachi S2700) at a high voltage of 20 kV. The 

http://www.elmarco.com/
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fiber diameters were analysed with the help of the Image J software (National Institutes of Health, 

Bethesda, MD, USA) while both average diameter and diameter distribution were evaluated using 

GraphPad Prism 6 software (Prism Software, USA).  

 

2.6.2. Fourier Transform Infrared Spectroscopy (FT-IR) 

The differences in chemical structure between the electrospun PLLA/PVA/CS fiber mat and the 

electrospun PLLA/PVA/CS fiber mats loaded with crude HP extracts were analysed using Thermo-

Nicolet is10 FT-IR spectrophotometer over the range 400-4000 cm-1. FT-IR spectra were collected 

from 64 scans at 4 cm-1 resolution. 

 

2.6.3. Porosity Measurement 

The porosity values of dry raw electrospun PLLA/PVA/CS fiber mat and the electrospun 

PLLA/PVA/CS fiber mats loaded with crude HP extracts were determined by using a liquid 

displacement technique as described previously by Chitrattha et al. [27]. Ethanol was chosen as the 

displacement liquid due to high penetrating power into the pores and because it did not cause 

shrinking or swelling of the samples.  

Briefly, the dried samples were weighed (Ws) and placed in a graduated cylinder with a known volume 

(20 mL) of displacement liquid (W1). Then, the cylinders containing the electrospun fiber mats 

immersed into the displacement liquid were placed in a water sonicator bath (Ultrasons-H, P-Selecta) 

for 40 minutes at 30 °C to force the penetration of ethanol into the pores. After that, the volume of 

displacement liquid in the sonicated cylinders containing the ethanol-impregnated samples was 

readjusted to 20 mL and reweighed (W2). Subsequently, the cylinders were weighed again after 

removing the saturated samples with ethanol (W3). The total porosity (ε) of the electrospun fiber mats 

was determinate using the following Equation (2) [27]:  

 

𝜀 (%) =
(𝑊2−𝑊3−𝑊𝑆)

(𝑊1−𝑊3)
× 100 (2) 

 

2.6.4. Water Contact-Angle Determination 

The static contact angles for water (WCA) on the electrospun PLLA/PVA/CS fiber mats with and 

without crude HP extracts were measured using Data Physics Contact Angle System OCAH-200 

apparatus to characterize the surface wettability. For each sample, the contact angle was determined 

from sessile drop method, i.e., deionised water droplets were deposited on the surface of the dried 

electrospun fiber mats at room temperature. The contact angles were reported as the average of three 

independent measurements. 
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2.6.5. Water Vapor Transmission Rate (WVTR) 

Water vapor diffusion rates were measured following the ASTM E96/E96M-15 standard method, for 

all the samples, i.e., raw electrospun PLLA/PVA/CS fiber mat, and electrospun PLLA/PVA/CS fiber 

mats loaded with crude HP extracts. Briefly, each sample was attached to the opening of a glass test 

tube (1.20 cm in diameter) with 10 mL of deionized water using parafilm tape to prevent any moisture 

loss. Subsequently, the samples-glass tubes assembly was incubated at 37 °C. The water evaporation 

from each sample was determined by weight loss at predetermined intervals through Equation (3): 

Water Vapor Transmission Rate (WVTR) =
𝑊𝑙𝑜𝑠𝑠

𝐴
 (3) 

 

Where Wloss is the daily weight loss of water, and A is the area of the glass tube opening. All the 

measurements were performed in triplicate. 

2.6.6. Swelling Determination 

The swelling behavior of the electrospun PLLA/PVA/CS fiber mat with and without crude HP extracts 

was evaluated by the water retention test. Briefly, pre-weighted dried samples (Wdry) were immersed 

in phosphate-buffered saline (PBS, pH=5.5) during 120 hours at 37 °C, which plays a crucial role in 

the maintenance of healthy skin microbiome and has beneficial wound healing effects. At specific 

periods, the weights of the swollen samples (Wwet) were determined after removing the PBS solution 

excess present at the surface of each sample by carefully with a filter paper. All measurements were 

conducted in triplicate, and the swelling ratio calculated using Equation (4):  

 

Swelling Ratio (%) =
(𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦)

𝑊𝑑𝑟𝑦
× 100 (4) 

 

2.7. In vitro release study of HP-loaded electrospun PLLA/PVA/CS fiber 

mats 

In vitro releasing of crude HP extracts from electrospun PLLA/PVA/CS fiber mats containing 

different amounts of HP was carried out, and analysed by UV-Vis spectrometry. To accomplish this, 

standard HP solutions were prepared with different concentrations to draw a calibration curve at 587 

nm [26]. Afterward, 2 cm × 2 cm samples were immersed in 10 mL of PBS at pH=5.5 and then 

incubated in an incubator shaker at 37 °C under constant rotation at a speed of 100 rpm to measure 

the HP amount released into the PBS release medium. After specific time intervals, 3 mL of release 

medium was recovered and, at the same time, replenished with an equal volume of the fresh PBS. The 

HP concentration that remained in the release medium at each time point was quantified at 587 nm 

using a UV-Vis spectrophotometer. All measurements were carried out in triplicate.  



68 

 

2.8. Antibacterial Activity Assessment  

The antibacterial effect of crude HP extracts loaded into electrospun PLLA/PVA/CS fiber mats was 

tested through ASTM E2180-07. Briefly, a bacterial suspension (S. aureus (ATTC 6538), 1-5×108 

CFU/mL) was prepared from overnight liquid culture, added in an agar slurry (0.85 (w/v) NaCl and 

0.30 (w/v) agar-agar in deionized water) and then spread over the 3 cm x 3 cm square samples. The 

samples were assessed immediately after inoculum application (T0h) and after 18-24 hours in contact 

with the inoculum agar slurry at 37 °C for 18-24 hours (T24h). To accomplish this, 0.85 (w/v) NaCl 

was used to do serial dilutions and then plated in the NA medium and incubated for 18-24 hours at 

37 °C. 

The antimicrobial activity was calculated to determine bacterial growth inhibition (%Inhibition) by 

the following Equation (5): 

 

Bacterial growth  inhibition (%) =
𝐶−𝑆

𝐶
× 100 (5) 

 

Where C is the average value of Colony Forming Units (CFU) on the control sample (electrospun 

PCL/PVA/CS fiber mat), and S is the average value of CFU on the samples containing different 

amounts of crude HP extract (electrospun HP-loaded PLLA/PVA/CS fiber mats) [28].  

 

2.9. In vitro cytotoxicity Evaluation 

Changes in cell viability produced by the electrospun fiber mats were evaluated by direct cytotoxicity 

assay using 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric 

method following ISO 10993–5 (Biological evaluation of medical devices-Part 5: Tests for in vitro 

cytotoxicity). Briefly, the samples were placed in 24-well plates occupying < 10% of its area and then 

sterilized by UV irradiation (254 nm, ~7 mW cm-2) for 1 hour. After that, normal human dermal 

fibroblasts (NHDF) cells were seeded onto the samples at a cell density of 1 × 104 cells/well and then 

incubated during 1, 3, and 7 days at 37 °C, in an incubator under a 5% CO2 humidified atmosphere. 

After the incubation period, the cellular metabolic activities were evaluated through the cleavage of 

the MTT tetrazolium ring and formation of the formazan blue crystals. For this purpose, the medium 

of each well was removed and then a mixture of fresh culture medium containing the MTT solution 

added to each well. After 4 hours of incubation, the content of each well was replaced by DMSO to 

dissolve the formazan crystals. After shaking, the optical densities (OD) of each sample (n=5) were 

measured at 570 nm using a microplate reader (Biorad xMark microplate spectrophotometer). Cells 

only in the culture medium and cells cultured in EtOH (96%) were included as a negative (K-) and 

positive (K+) controls, respectively. 
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2.10. Statistical Analysis 

The statistical analysis of the results obtained was carried out by analysis of variance (ANOVA) 

followed by multiple comparison tests using Turkey’s test at the 95% confidence level. Statistical 

analyses were performed in GraphPad Prism 6 software (Prism Software, USA).  

 

3. Results and Discussion 

3.1. Quantification of total Hypericin (Hyp) content in crude ethanol 

extract of HP 

The content of the Hyp present in the ethanol extract of HP was measured by the spectrophotometric 

method. The Hyp is one of the main bioactive agents present in HP extracts, and it is responsible for 

several therapeutic properties. As seen in Table 1, the total Hyp content was 0.30 ± 0.07 (%), 

according to the calibration equation (y = 0.0002x - 0.0234) with an r2 = 0.99. These results showed 

a linear relationship between the concentration of Hyp and absorbance at 587 nm. Similar results 

have been already reported by Pourhojat et al., who obtained a total Hyp content from HP extract of 

0.23 ± 0.06 (%) [26].  Therefore, the extraction method was efficiently accomplished.  

 

Table 1 – Determination of Hypericin (Hyp) content in crude ethanol extract of HP. 

Samples 
Dried extract 

(ppm) 
Dried extract 

(g) 
Absorbance in 

λ587 
𝑯𝒚𝒑 (%) 

1 6000 0.30 0.86 0.37 
2 4000 0.20 0.64 0.41 
3 3000 0.15 0.39 0.33 
4 1000 0.05 0.07 0.19 
5 500 0.025 0.04 0.21 
6 200 0.01 0.02 0.27 
7 100 0.005 0.01 0.26 
8 50 0.0025 0.01 0.33 

Average = 0.30 ± 0.07 

 

3.2. Determination of Minimum Inhibitory Concentration (MIC) of 

crude HP extract 

MIC value of crude ethanol extract of HP against S. aureus was found to be 2.50 mg/mL.  According 

to Okmen et al., methanol HP flower extracts gave a MIC value against S. aureus – 17 of 3.25 mg/mL 

and a MIC value of 1.63 mg/mL against S. aureus – 18, respectively [29]. On the other hand, Reichling 

et al. obtained MIC values of 2.50 mg/mL and in the range of 1.3-2.50 mg/mL, for several filtered 

teas and loose teas from HP against S. aureus, which were similar to the MIC value obtained in this 

study (2.50 mg/mL), and therefore in the expected range [30].  
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3.3. Electrospun Fiber Mats Characterization 

3.3.1. Surface Morphology of Electrospun Fiber Mats 

The morphological properties of electrospun PLLA/PVA/CS fiber mats with and without crude HP 

extracts were analysed by SEM. SEM micrographs and the fiber-diameter frequency distribution of 

the samples are shown in Figure 1. The electrospun PLLA/PVA/CS fiber mats displayed fibers 

uniformly distributed and randomly oriented with a mean diameter of 173.57 ± 41.00 nm. 

Nevertheless, when 2.5% owf crude HP extract was loaded, the surface morphology exhibited thinner 

fibers with a mean diameter of 119.96 ± 29.90 nm. Therefore, the addition of HP extract reduced the 

viscosity of the electrospun solution, and consequently, the average fiber diameters decreased. 

However, spindles or bead-on-a-string fiber morphologies with a mean of 194.61 ± 40.30 nm were 

formed when the ratio of crude HP extract increased further to 5.0% owf, due to the difficulty in 

obtaining stable electrospun jets. 

Similar results were found by Zarghami et al., who produced PCL/olive oil nanofibers with three 

different concentrations of olive oil (1.0%, 2.0%, and 3.0%) [20]. They found homogeneous and 

uniformly dispersed nanofibers when 1.0% and 2.0% olive oil were incorporated, while PCL loaded 

with 3.0% olive oil was difficult to produce uniform fibers. Consequently, beads and droplets 

alongside were observed. 

Furthermore, Zarghami et al. also revealed that thinner and homogeneous nanofibers with minimum 

diameter are preferred to obtain a maximum surface area and porosity structure [20]. In this context, 

the production of electrospun PLLA/PVA/CS fiber mats by incorporating two different weight 

percentages of crude HP extract demonstrated that 2.5% owf of HP is required to improve the healing 

process. 

 

Figure 1 – Characterization of the morphologic features of the electrospun PLLA/PVA/CS fiber mats with and 
without crude HP extracts.  SEM images, fiber diameter, and the size distribution of the fibers. 
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3.3.2. Attenuated Total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR) Analysis  

ATR-FTIR spectra of the raw electrospun PLLA/PVA/CS fiber mats and electrospun PLLA/PVA/CS 

fiber mats containing crude HP extracts are presented in Figure 2. All the acquired spectra exhibit the 

characteristic bands of both CS and PVA, as well as PLLA. A broad band is observed in ATR-FTIR 

spectra around 3000-3500 cm-1 due to O-H and N-H stretching vibrations of both CS and PVA 

backbone [31].  On the other hand, the C=O stretching of PLLA is observed as a strong band around 

1755.00 cm-1, while the C-O-C stretching vibration appears as a band near 1183.00 cm-1 [32]. 

Moreover, the spectra of electrospun PLLA/PVA/CS fiber mats loaded with crude HP extracts present 

bands at 880 cm-1, between 1500 cm-1 and 1600 cm-1, as well as near 1200 cm-1, representing the 

aromatic rings of HP extract, the C=C stretching vibrations, and C-O phenolic groups, respectively 

[26].  

Furthermore, the FT-IR spectra of the electrospun PLLA/PVA/CS fiber mats suggest that the 

intensity of bands increases as the concentration of crude plant extract. Therefore, the higher 

intensity of the broad peak at 3400 cm-1 is consistent with the concentration of HP incorporated, and 

consequently proves the successful blending of the crude HP extracts with electrospun PLLA/PVA/CS 

fiber mats.  

 

Figure 2 – FT-IR spectra of the raw electrospun PLLA/PVA/CS fiber mats (a) and electrospun PLLA/PVA/CS 
nanofiber mats containing 2.5% and 5.0% owf crude HP extract, (b) and (c), respectively. 
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3.3.3. Porosity Measurement 

All the electrospun PLLA/PVA/CS fiber mats with and without crude HP extracts showed a highly 

porous structure. The total porosity of the raw electrospun PLLA/PVA/CS fiber mats was 84.52 ± 

6.88%. In comparison, electrospun PLLA/PVA/CS fiber mats containing 2.5% and 5.0% owf HP 

presented a total porosity of 93.30 ± 1.24% and 80.03 ± 2.08%, respectively. 

The slightly higher porosity value measured for the electrospun PLLA/PVA/CS fiber mats containing 

2.5% HP owf can be related to the lower fiber diameters, which promote the available pore spacing 

between fibers. On the other hand, the difficulty in producing uniform and thinner fibers when 5.0% 

owf HP was loaded resulted in a lower porosity value. 

Recently, Yousefi et al. produced electrospun fiber mats loaded with multiple Henna extracts (0-2 

wt%) [33]. Their results revealed that the incorporation of 2 wt% Henna led to the production of 

uniform fibers with thinner diameters. Furthermore, several researchers have recently highlighted 

that highly porous structures with porosities above 90% are most suitable to provide the required 

space for cell adhesion, spreading, and migration, which promotes the production of the new ECM 

[34].  

In this context, 2.5% owf crude HP extract proved to be the most effective amount of crude plant 

extract used to display a proper oxygen permeability, as well as providing nutrients and fluids 

exchange through the skin surface, promoting the wound healing process. 

 

3.3.4. Water Contact-Angle Determination 

WCA on the electrospun PLLA/PVA/CS fiber mats with and without crude HP extracts were 

measured to assess the surface wettability and hydrophilicity of these materials. Based on the 

previously described in the literature to polymer surfaces, WCA values ranging 40-70° correspond to 

a moderate wettability surface, which is optimal for cell adhesion, while WCA values > 90° and WCA 

values < 20° report that the surface is hydrophobic and highly hydrophilic, respectively [35,36].  

In the present study, the raw electrospun PLLA/PVA/CS fiber mats revealed a hydrophobic character 

(WCA of 94.94 ± 3.45°), while the electrospun PLLA/PVA/CS fiber mats loaded with 2.5 and 5.0% 

owf crude HP extracts presented WCA values of 52.22 ± 8.17° and 48.10 ± 7.01°, respectively. Such 

values demonstrated a more hydrophilic character when crude HP extracts were incorporated, due to 

their hydrophilic functional groups. Moreover, these WCA values showed a moderate wettability that 

is essential to improve the initial adhesion and migration of cells, as well as their proliferation to the 

wound site. Furthermore, moderate hydrophilic materials are suitable to assure the maintenance of 

an optimally moist wound environment to prevent wound dehydration [37,38].  

Similarly, Jin et al. showed that the highly hydrophobic electrospun PCL fibers became more 

hydrophilic when plant extracts (Indigofera aspalathoides, Azadirachta indica, Memecylon edule, 
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and Myristica andamanica) were incorporated [38]. The study also revealed that moderate 

hydrophilic surfaces displayed a better affinity toward cells. 

 

3.3.5. Water Vapor Transmission Rate (WVTR) 

WVTR was measured to evaluate the ability of the produced electrospun fiber mats to provide an 

optimal moist wound environment, which plays a vital role in the wound healing process by 

preventing dehydration and fluids accumulation while enhancing the re-epithelization process 

[39,40].  

Depending on the type of wound and stage of healing, the WVTR from skin can change in a broad 

range. Typically, an WVTR for healthy skin is reported as 204 g m-2 day-1 while that for injured skin 

can range from 279 g m-2 day-1 to 5138 g m-2 day-1 [39-41].  

The electrospun PLLA/PVA/CS fiber mat resulted in a WVTR of 1890.71 ± 104.50 g m-2 day-1, while 

electrospun PLLA/PVA/CS fiber mats loaded with 2.5% and 5.0% owf crude HP extracts reported 

WVTRs of 2230.58 ± 39.49 and 1729.50 ± 38.47 g m-2 day-1, respectively. Hence, the electrospun 

PLLA/PVA/CS fiber mats loaded with 2.5% owf HP revealed a higher WVTR than the ones achieved 

by using a higher crude HP extract ratio, mainly due to the high porosity and hydrophilic character.  

Chitrattha et al. revealed that the hydrophilic character of PLA was improved when PEG was 

incorporated, and consequently enhanced their WVTR values [27]. On the other hand, Alippilakkotte 

et al. produced PLA/silver nanofibers by electrospinning [42]. The silver-extract nanoparticles were 

synthesized from Momordica charantia fruit extract and loaded with three different concentrations 

(1.0 wt% (PLA-1Ag), 2.0 wt% (PLA-2Ag) and 3.0 wt% (PLA-3Ag)). Their results demonstrated that 

the WVTR rate of PLA-2Ag sample was significantly lower than the PLA-1Ag and PLA-3Ag samples, 

respectively. The acquired data were explained by the lower porosity for this sample, and are in 

accordance with the WVTR of the electrospun PLLA/PVA/CS fiber mats containing 5.0% owf crude 

HP extract. Therefore, the WVTR values obtained in the present study suggest that the electrospun 

PLLA/PVA/CS fiber mat loaded with 2.5% owf crude HP extract can provide the most suitable moist 

environment. 

 

3.3.6. Swelling Determination  

The swelling ability of the electrospun PLLA/PVA/CS fiber mats loaded with crude HP extracts was 

studied in a PBS solution and overtime periods of 0, 24, 48, 72, 96, and 120 hours, Figure 3. The 

curves showed a rapid swelling rate during the first 24 hours and then leveled off as time passed. The 

electrospun PLLA/PVA/CS fiber mat was able to swell up to 401.19 ± 25.14%, while electrospun 

PLLA/PVA/CS fiber mats containing 2.5% and 5.0% owf crude HP extracts exhibited swelling rates 

of 510.53 ± 15.71% and 603.19 ± 21.34%, respectively. The results demonstrated that the highest 

swelling rate was obtained when the crude HP extract concentration increase to 5.0% owf. Such 

behavior can be explained by the hydrophilic character of crude HP extract, due to the presence of 
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hydrophilic functional groups on its structure, which can be easily hydrated, like hydroxyl, amino, 

and carboxyl groups. Therefore, in these conditions, the fluids quickly enter into the pores of the 

electrospun fiber mats and gradually diffuse into the fibers while creating and maintaining a moist 

wound environment to facilitate the wound healing process [43]. Moreover, the high swelling can 

prevent the dressing from sticking to the wound surface and improve the transport of oxygen to the 

wound surface, resulting in a rapid and better healing and recovery of the wound [33,44]. 

Sadri et al. proved that the swelling properties also enhanced with the amount of green tea leaf extract 

loaded [44]. Thus, polymeric nanofiber composite holds more moisture in its structure when a higher 

concentration of green tea is used. 

 

Figure 3 – Characterization of the effect of crude HP extracts on the degree of swelling (%) in PBS (pH=5.5) for 
120 hours at 37 °C. 

 

3.4. In vitro release study of HP-loaded electrospun PLLA/PVA/CS fiber 

mats 

 

The release profiles of crude HP extract from electrospun PLLA/PVA/CS fiber mats containing HP at 

different concentrations (2.5% and 5.0% owf) were reported by the total immersion method using 

PBS at pH=5.5 as release medium, Figure 4. In vitro release profiles exhibited a sustained release of 

the crude HP extracts during 72 hours, which is appropriate for improving the healing process. 

Evidently, electrospun PLLA/PVA/CS fiber mats containing 5.0% owf HP exhibited a faster release 

rate (78.99 ± 3.14%) than for 2.5% owf of HP (61.89 ± 2.36%). These results suggest that the highest 

amount of crude plant extract loading displays a faster diffusion, and consequently, the release rate 

increases with enhancing the degree of swelling of the electrospun PLLA/PVA/CS fiber mats. 

The data obtained is in agreement with the previously reported by Panichpakdee et al., who reported 

the production of the ultra-fine cellulose acetate (CA) fiber mats loaded with emodin, an active herbal 

substance for use in wound healing extracted from the plant Polygonum cuspidatum p.e, at various 
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amounts (0.01 %wt., 0.05 %wt., and 0.10 %wt.) [15]. In both cases, the electrospun fibers containing 

the highest concentration of loaded extract exhibited the maximum release rate, as well as a faster 

release process. 

 

Figure 4 – In vitro release study of crude HP extract loaded into electrospun PLLA/PVA/CS fiber mats in a PBS 
buffer solution (pH=5.5) for 120 hours at 37 °C. 

 

3.5. Antibacterial Activity Assessment 

The antibacterial efficiency of the electrospun PLLA/PVA/CS fiber mats loaded with crude HP 

extracts was successfully evaluated against S. aureus, one of the most common bacteria isolates from 

chronic wounds [11].  

The quantitative assay showed that after 24 hours of contact with crude HP extracts-loaded 

electrospun PLLA/PVA/CS fiber mats there was a percentage of microbial inhibition against S. 

aureus of 93.11 ± 3.53% and 83.97 ± 6.95% when 2.5% and 5.0% owf HP were incorporated, 

respectively, Figure 5. This evaluation demonstrated that 2.5% owf HP exhibit a higher ability to 

inhibit the bacterial growth and revealed its effectiveness. Moreover, as expected, the antibacterial 

properties of the electrospun PLLA/PVA/CS fiber mats, conferred by CS’s inherent antimicrobial 

action, were strengthened with the adding of the crude HP extracts. 

These results are in accordance with the data previously reported by Bai et al., who found that the 

extra loading of tea tree oil (TTO) in the PCL/Chitosan dressings increase the antimicrobial activity 

[45].  
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Figure 5 – Antibacterial efficiency of crude HP extract-loaded electrospun PLLA/PVA/CS fiber mats against S. 
aureus, expressed in percentage of microbial inhibition (%R). These values were obtained by comparison with 
the results of the raw electrospun PLLA/PVA/CS fiber mats. (Data are presented as the mean ± SD, * p < 0.05). 
 

3.6 In vitro Cytotoxicity Evaluation 

The suitability of the produced electrospun fiber mats for being applied as wound dressing materials 

was assessed from direct cytotoxicity assay using NHDF cells. The raw electrospun PLLA/PVA/CS 

fiber mats and electrospun PLLA/PVA/CS fiber mats containing 2.5% owf HP, which resulted in 

better wound dressing properties, were investigated. The results revealed that the presence of the 

crude HP extract into the fiber mats did not produce any cytotoxic effect on the viability of the NHDF 

cells, over 7 days, Figure 6. In both cases, the cell viability was higher than 70% (non-cytotoxic effect), 

confirming that the incorporation of the crude HP extract in the electrospun PLLA/PVA/CS did not 

affect their biocompatibility. 

 

 

Figure 6 – Evaluation of the in vitro cytotoxic profile of the produced electrospun PLLA/PVA/CS fiber mats 
with and without HP extract. Analysis of the NHDF cell viability via MTT assay after 1, 3, and 7 days.  



77 

 

4. Conclusion 

This research work describes the development of new non-woven electrospun wound dressing 

materials for the treatment and avoidance of skin wound infections. These materials composed of 

PLLA, PVA, and CS were produced from W/O emulsions by emulsion electrospinning using a 

Nanospider technology and effectively loaded with two different concentrations of crude HP extract 

(2.5 and 5.0% owf). The electrospun PLLA/PVA/CS fiber mats proved to be suitable to mimic the 

properties of native skin structure, mainly when 2.5% owf crude HP extract was incorporated. It was 

proposed by the fact that thinner fibers were produced with diameters within the preferred size range 

to the development of a new ECM. Besides, electrospun PLLA/PVA/CS fiber mats loaded with 2.5% 

owf crude HP extract displayed a most proper porosity, wettability, and degree of swelling, which 

enables the establishment of a moist wound environment, improving the capability of absorbing and 

retaining the remaining wound exudate. Furthermore, this dressing material exhibited an enhanced 

antibacterial activity against Staphylococcus aureus (S. aureus) (93.11% ± 3.53%), without 

significantly affecting the viability of NHDF cells. 

Therefore, the obtained results showed that electrospun PLLA/PVA/CS fiber mats containing 2.5% 

crude HP are a promising approach for the development of antibacterial wound dressings. 
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Paper 4 - Chelidonium majus L. Incorporated Emulsion Electrospun 

PCL/PVA_PEC Nanofibrous Meshes for Antibacterial Wound Dressing 

Applications 

 

Abstract 

Presently, there are many different types of wound dressings available on the market. Nonetheless, 

there is still a great interest to improve the performance and efficiency of these materials. Concerning 

that, new dressing materials containing natural products, such as medicinal plants that protect the 

wound from infections but also enhance skin regeneration have been or are being developed. Herein, 

we used for the first time a needleless emulsion electrospinning technique for incorporating 

Chelidonium majus L. (C. majus), a medicinal plant widely known for its traditional therapeutic 

properties, in Polycaprolactone (PCL)/Polyvinyl Alcohol (PVA)_Pectin (PEC) nanofibrous meshes. 

Moreover, the potential use of these electrospun nanofibers as a carrier for C. majus was also 

explored. The results obtained revealed that the produced PCL/PVA_PEC nanofibrous meshes 

containing C. majus extract displayed morphological characteristics similar to the natural 

extracellular matrix of the skin (ECM). Furthermore, the produced meshes showed beneficial 

properties to support the healing process. Additionally, the C. majus-loaded PCL/PVA_PEC 

nanofibrous meshes inhibited Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. 

aeruginosa) growth, reaching a 3.82 Log reduction, and showed to be useful for controlled release, 

without causing any cytotoxic effect on the normal human dermal fibroblasts (NHDF) cells. Hence, 

these findings suggest the promising suitability of this novel wound dressing material for prevention 

and treatment of bacterial wound infections. 

 

Graphical Abstract 

 
Keywords: Emulsion electrospinning; needleless electrospinning; natural compounds; C. majus; 

antimicrobial wound dressing. 
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1. Introduction  

Over recent decades, traditional wound dressings have been applied to protect the wound from 

mechanical and bacterial injuries, and simultaneously to absorb low levels of exudates. However, 

although these dressings are cheaper and provide an essential environment for wound healing, they 

are not efficient enough to promote hemostasis and maintain a moist wound environment, which has 

been shown to enhance wound healing [1–6]. To overcome such limitations and improve the healing 

process, different modern wound dressings such as films, foams, hydrogels, hydrocolloids, and micro 

to nanofibers meshes have been fabricated from a wide range of natural and synthetic biomaterials 

and selected based on the type of wounds [4–7]. Among them, nanofiber meshes produced from 

several methods, including self-assembly, phase separation, drawing, template synthesis, and 

electrospinning have been regarded as one of the most efficient wound dressing materials, especially 

those produced by electrospinning, due to its simplicity, cost-effectiveness, and functional versatility 

[1,2,4,6,8,9]. 

The electrospun nanofibrous meshes exhibit desirable features for wound healing occurs, once they 

form randomly orientated 3D-structures which resemble the skin’s extracellular matrix (ECM) 

[4,6,8–11]. Moreover, these meshes display high surface area, high porosity, and interconnected 

pores, which provide a suitable microenvironment for cell attachment, growth, and differentiation, 

as well as angiogenesis and collagen synthesis [3,4,6,8,9,12–14]. Furthermore, the electrospun 

nanofibers can control gas exchanges, supply water and nutrients to the wound site, and assist in 

fluids absorption, maintaining a moisture balance at the wound dressing interface [4,6,13]. These 

materials also exhibit potential to scar-free repair and regeneration, and the loading ability for a wide 

variety of bioactive or therapeutic agents, including antimicrobials, anti-inflammatories, growth 

factors, vitamins, and even cells [4,6,8,9,12–16]. The incorporation of these agents into electrospun 

nanofibrous meshes has been performed using different strategies, including blend, co-axial, and 

emulsion electrospinning. However, post-electrospinning surface modifications, such as chemical 

immobilization, coating, and physical absorption, as well as layer-by-layer assembly have also been 

considered [4,6,9,14,17,18]. Among the different methods used until now to add bioactive agents to 

electrospun nanofibers, emulsion electrospinning has gained considerable attention for successfully 

loading both hydrophilic and hydrophobic agents, and capability to protect the structural integrity 

and bioactivity of these agents [4,19]. Additionally, it does not require any specific setup and can 

enhance the solubility of the components of the blend, as well as act as delivery systems, improving 

its therapeutic performance [4,18–20]. In this method, an emulsion is electrospun into core-sheath 

structured fibers due to the difference in volatility between the two liquid phases, i.e., one liquid is 

dispersed into the other in the form of droplets, and during the electrospinning process, the solvent 

of the continuous phase evaporates more rapidly while the emulsion droplets move inward and merge 

in the core of the fibers [18,20]. Moreover, the electrospun nanofibrous meshes prepared by emulsion 

electrospinning have shown high encapsulation efficiency [4]. Despite the efficient incorporation of a 
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wide range of bioactive and therapeutic agents into electrospun nanofibers, the interest for natural 

compounds remains high [4,9,21]. Recent studies report the development of electrospun nanofibrous 

membranes containing medicinal plant extracts, and their constituents, such as essential oils for 

wound dressing applications due to their therapeutic properties, cost-effectiveness, and few adverse 

effects [4,9,21–28]. Plant-derived medicines have a long history of use in traditional medicine, 

namely in the treatment of different kinds of wounds [22,27,28]. Hence, the electrospun nanofibrous 

meshes containing plant extracts are a promising therapeutic option, and some practical examples 

were already successfully applied as an advantageous approach to prevent wound bacterial 

colonization and infection, while provide an appropriate environment for healing [4,6,9,21–28]. 

Herein, we aimed to fabricate electrospun Polycaprolactone (PCL)/Polyvinyl Alcohol (PVA)_Pectin 

(PEC) nanofibrous meshes containing crude Chelidonium majus L. (C. majus) extract from emulsion 

electrospinning. C. majus is a member of the Papaveraceae family, and it is used for the treatment of 

different types of warts and various inflammatory diseases, including atopic dermatitis [29–32]. The 

crude C. majus extract, as well as purified compounds derived from it, exhibit a broad spectrum of 

biological properties. The flavonoids and isoquinoline alkaloids, such as chelidonine, berberine, 

coptisine, sanguinarine, and chelerythrine, are responsible for conferring anti-inflammatory, 

antimicrobial, anticancer, analgesic, antioxidant, and hepatoprotective properties to C. majus [29–

32]. On the other hand, the hydrophobic character, strength, and durability of the synthetic polymer, 

PCL, was combined with the intrinsic biological properties displayed by PEC [29,33–36]. The PEC is 

a natural polysaccharide, known for its biocompatible, biodegradable, and non-toxicity. Additionally, 

this natural biopolymer can promote a favorable environment for cell adhesion and proliferation and 

provide an acid environment which may act as a barrier against bacteria [29,36,37]. Nonetheless, 

natural biopolymers, as polysaccharides are usually tricky to electrospun into nanofibers, and 

therefore PVA, one of the most frequently used synthetic water-soluble polymer for the preparation 

of wound dressings was added to improve PEC electro-spinnability [36]. As a result, PVA is an 

excellent emulsifying and dispersing agent and can facilitate emulsification and promote emulsion 

stability [38]. To the best of our knowledge, this is the first time that electrospun PCL/PVA_PEC 

nanofibrous meshes containing crude C. majus extract were successfully fabricated. The obtained 

results revealed the appropriateness of incorporating a medicinal plant into nanofiber-based wound 

dressings via emulsion electrospinning, aiming to prevent bacterial infection at the wound site and 

enhance the healing process. 

 

2. Materials and Methods  

2.1. Materials 

Chelidonium majus L. (C. majus) was bought from a Portuguese botanic shop. Normal human dermal 

fibroblasts (NHDF) cells were acquired from ATCC (American Type Culture Collection, Manassas, 
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VA, USA). Polycaprolactone (PCL) (MW 80,000 g/mol) was purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Polyvinyl Alcohol (PVA) (MW 115,000 g/mol) was obtained from VWR Chemicals 

(Geldenaaksebaan, Leuven, Belgium). Pectin (PEC) was purchased from Acros Organics (Fisher 

Scientific, Göteborg, Sweden). Chloroform (analytical grade), Dimethylformamide (DMF) (analytical 

grade), and ethanol absolute were acquired from Fisher Chemical (Leicestershire, UK). Nutrient agar 

(NA), Nutrient broth (NB), and agar for microbiology were bought from Fluka (Barcelona, Spain). 

Brain Heart Infusion (BHI) broth was purchased from Panreac (Barcelona, Spain). Sodium chloride 

(NaCl), Mueller-Hinton broth (MHB), tween 80, trypsin, fetal bovine serum (FBS), 3-(4,5-Dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and Dimethyl Sulfoxide (DMSO) 

anhydrous ≥99.9% were provided from Sigma-Aldrich. Phosphatebuffered saline (PBS) was 

purchased from Alfa Aesar (Kandel, Germany). All solvents were used as received without further 

purification. 

2.2. Preparation of Crude C. majus Extract  

Ethanol Crude Extraction of C. majus  

Dried plant material (2.5 g) was extracted using 80% ethanol at room temperature. After that, the 

plant extract was collected and filtered with filter paper (Whatman No. 1, 11 µm pore size), and the 

filtrate was then subjected to evaporation by rotavapor (Buchi Rotavapor RE 111, Allschwil, 

Switzerland) to obtain a soft extract. The yield of the extract was 11.29% (w/w). The crude C. majus 

extract was re-suspended in ethanol and used for all experiments, as described below. 

 

2.3. In Vitro Minimum Inhibitory Concentration (MIC) Test of the Crude 

Extract of C. majus  

Minimum inhibitory concentration (MIC) of the crude C. majus extract against Staphylococcus 

aureus (ATTC 6538) (S. aureus) and Pseudomonas aeruginosa (PA25) (P. aeruginosa) was 

determined according to NCLS M07-A6 guidelines—Methods for Dilution Antimicrobial 

Susceptibility Tests for Bacteria That Grow Aerobically. The tests were performed using the broth 

microdilution method on 96 multi-well polystyrene plates (Sigma-Aldrich, (St. Louis, MO, USA)). 

First, a stock of C. majus solutions was prepared in a range from 0.15 to 10 mg/mL in sterile MHB. 

Then, 50 µL of each C. majus dilution was added to microplate wells containing 50 µL of the bacterial 

suspension, previously adjusted to approximately ~107 CFU/mL in MHB. The assay was performed 

in triplicate, and the 96-well plates incubated for 24 hours at 37 °C. The MIC of C. majus was defined 

as the lowest concentration at which no visible bacterial growth could be detected on the bottom of 

each well (medium-turbidity not identified). 
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2.4. Emulsion Electrospinning Process  

A PCL solution was prepared by dissolving (8% w/v) PCL in a chloroform/DMF (volume ratio of 

30:20) mixture at 50 °C. This solution was kept under magnetic stirring overnight to ensure the 

proper dissolution of the polymer. To prepare the PVA_PEC blend, 8% PVA (w/v) and 2% PEC (w/v) 

solutions were dissolved in distilled water at 90 °C and at room temperature, respectively. These 

solutions were first prepared separately and then blended with a 7:3 ratio of PVA and PEC. Then, this 

blend was further incorporated with 2.5% on weight of fiber (owf) of crude C. majus extract. After 

that, the PVA_PEC blend containing C. majus extract was added into the PCL solution with a ratio of 

1:1 (v/v), and the resultant mixture was stirred using a high-speed stirrer Techmatic S2 to produce 

the water-in-oil (W/O) emulsion. The final blend was stirred at room temperature for 4 hours to 

ensure stable and uniform emulsion. As the control, PCL, PVA_PEC, and plain PCL/PVA_PEC were 

prepared in the same conditions. After preparation, the solutions were immediately electrospun using 

Nanospider Technology (Nanospider laboratory machine NS LAB 500S from Elmarco s.r.o., Liberec, 

Czech Republic), a needle-free electrospinning apparatus, based on a rotating spinning electrode, and 

then the electrospun nanofibrous meshes were fabricated. The PCL was electrospun using an applied 

voltage of 80.0 kV with a working distance (distance from the electrode to collector) of 13 cm and an 

electrode rotation rate of 55 Hz, while PVA/PEC blend was electrospun applying 75.0 kV, a working 

distance of 15 cm and an electrode rotation rate of 45 Hz. In the case of emulsions (PCL/PVA_PEC 

and PCL/PVA_PEC containing crude C. majus extract), processing conditions were respectively set 

at 80 kV, 15 cm, 55 Hz. All solutions were electrospun for 1 hour at 25 °C and relative humidity up to 

35%. The electrospun nanofibrous meshes were collected on polypropylene non-woven fabric and 

dried in the hood at room temperature till constant weight. 

 

2.5. Characterization of the Produced Electrospun Nanofibrous Meshes  

2.5.1. Fourier Transform Infrared Spectroscopy Study  

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (Thermo-Nicolet 

is10 FT-IR Spectrophotometer, Waltham, MA, USA) was used to analyze the functional groups 

present in the electrospun nanofibrous meshes produced through emulsion electrospinning. Samples 

were recorded over the range of 400–4000 cm−1 at 32 scans min−1 and averaged at the resolution of 

4 cm−1. 

 

2.5.2. Scanning Electron Microscopy (SEM) Imaging and Analysis  

The morphology and surface topography of raw electrospun PCL nanofibers, PVA_PEC blend, and 

both the plain and the C. majus-loaded PCL/PVA_PEC nanofibrous meshes were examined using an 
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SEM (Hitachi S2700, Tokyo, Japan). First, the samples were made electrically conductive by coating 

with a thin gold layer using an Emitech K550 sputter coater (Emitech Ltd., Ashford, Kent, UK) and 

then imaged at 5000× magnification. The obtained SEM images were analyzed by an image-

processing software (ImageJ, National Institutes of Health, Bethesda, MD, USA) for the 

determination of the diameters of the fibers. The diameter frequency distributions were further 

assessed with GraphPad Prism 6 software (Prism Software, La Jolla, CA, USA). 

 

2.5.3. Mechanical Properties Characterization  

The mechanical properties of both the plain and the C. majus-loaded PCL/PVA_PEC nanofibrous 

meshes were determined in dry conditions with a universal tensile test machine (DY-35 Adamel 

Lhomargy, Paris, France), according to the American Society for Testing and Materials (ASTM) 

standard D3039/D3039M (The standard test method for tensile properties of polymer matrix 

composite materials) by applying a 10-N load cell at a crosshead speed of 2 mm/min, under ambient 

conditions. All the samples (n = 5) were cut into a rectangular shape with dimensions of 1 cm × 4 cm 

(width × length), and then were vertically fixed between the two automatic gripping units of the 

tensile tester, leaving a 1 cm gauge length for mechanical loading. The sample thicknesses were 

measured using an electronic micrometer (Adamel Lhomargy MI20, Draveil, France). Tensile 

strength and elongation at break were determined from the tensile stress-strain curves, as well as 

Young’s modulus. The results were expressed as the mean ± standard deviation (SD). 

 

2.5.4. Porosity Measurements  

The porosity of the produced electrospun nanofibrous meshes was measured using a liquid 

displacement method, as described previously by Yeh et al. [39]. The displacement liquid used in this 

study was absolute ethanol since it penetrates quickly into the pores of materials without inducing 

any significant shrinkage or swelling of the polymers. Briefly, a dried sample with a known weight 

(Ws) was immersed in a graduated cylinder containing a known volume of displacement liquid (W1) 

and sonicated at 30 °C in an ultrasonic bath (Ultrasons-H, P-Selecta) for 40 minutes. The total 

amount of ethanol in the cylinder and the ethanol-impregnated sample was market as W2. The 

ethanol-impregnated sample was removed from the displacement liquid, and the volume of 

remaining ethanol was recorded as W3. The porosity (ε) of porous electrospun nanofibrous meshes 

was determined as follows (Equations (1)–(3)): 

 

𝑉𝑝 =
(𝑊2−𝑊3−𝑊𝑆)

𝜌𝜀
  (1) 

 

𝑉𝑠 =
(𝑊1−(𝑊2−𝑊𝑆))

𝜌𝜀
  (2) 

𝜀 (%) =
𝑉𝑝

(𝑉𝑝+𝑉𝑠)
× 100 ⇔ 𝜀 (%) =

(𝑊2−𝑊3−𝑊𝑠)

(𝑊1−𝑊3)
× 100 (3) 
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where Vp is the volume of the sample pores, Vs is the volume of the sample, and 𝜌𝜀 is the density of 

ethanol (g/mL). For each sample, the porosity measurements were performed in triplicate, and the 

average values reported below. 

 

2.5.5. Analysis of the In Vitro Swelling Behavior  

The swelling properties of both the plain and the C. majus-loaded PCL/PVA_PEC nanofibrous 

meshes were investigated using a gravimetric method. The pre-weighed dry samples (Wdry) were 

immersed in a PBS buffer solution with pH = 5.5 at 37 °C for 30 days. The swollen samples were taken 

out from the PBS buffer solution at specific time points, and their wet weight measured after gently 

removing the excess water with a filter paper (Wwet). All measurements were conducted in triplicate, 

and the swelling ratio calculated according to Equation (4): 

Swelling Ability (%) =
(𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦)

𝑊𝑑𝑟𝑦
× 100 (4) 

 
 

2.5.6. Study of the In Vitro Degradation Profile  

The hydrolytic degradation profile of the plain and the C. majus-loaded electrospun PCL/PVA_PEC 

nanofibrous meshes was evaluated by immersing the samples at 37 °C in PBS solution (pH = 5.5) for 

different periods up to 30 days. Briefly, at specific time points (1, 4, 8, 16, and 30 days), the samples 

were taken out from the PBS solution and then were dried and weighed. Finally, the degradation 

percentage was determined using the following Equation (5): 

Weight loss (%) =
𝑊𝑖−𝑊𝑡

𝑊𝑡
× 100 (5) 

 

 
where Wi is the initial weight of the samples, and Wt is the weight of the sample at time t. 

 

2.5.7. Wettability Studies  

The wettability of both the plain and the C. majus-loaded PCL/PVA_PEC nanofibrous meshes was 

measured using a contact angle measurement instrument OCAH-200 (DataPhysics Instruments 

GmbH, Filderstadt, Germany) operating in static mode at 25 °C. First, samples were placed on the 

measuring stage. Subsequently, water droplets of size 4 µL were placed at different locations on the 

sample surfaces from a motorized syringe, and the angle was measured immediately (within 10 

seconds). The mean value was determined from five different points and reported as the contact angle 

of each sample. 



88 

 

2.5.8. Water Vapor Transmission Rate (WVTR) Analysis  

The water vapor transmission rate (WVTR) of both the plain and the C. majus-loaded PCL/PVA_PEC 

nanofibrous meshes was measured according to the ASTM E96/E96M15 (Standard Test Methods for 

Water Vapor Transmission of Materials) to evaluate the moisture permeability of the samples. Briefly, 

each sample was cut into a round shape of 1.2 cm diameter and carefully placed on top of test tubes 

filled with 10 mL of deionized water at the initial time. Afterward, the samples-glass tubes assembly 

was placed in an incubator at 37 °C. The weights of the samples were recorded at specific time points, 

and the weight loss versus time was linearly filled to calculate the WVTR values. WVTR was 

determined using Equation (6): 

Water vapor transmission rate  (WVTR) =
𝑊𝑙𝑜𝑠𝑠

𝐴
  (g/𝑚2/𝑑𝑎𝑦) (6) 

 

 
where Wloss is the daily weight loss of water, and A is the glass tube open area in m2. 

 

2.6. Determination of In Vitro Release Profile  

The crude C. majus extract release was characterized by an in vitro study. The electrospun 

PCL/PVA_PEC nanofibrous meshes loaded with crude C. majus extracts were immersed in PBS pH 

= 5.5 release medium and stirred at 100 rpm and 37 °C to provide an environment favorable for 

wound healing. At predetermined time intervals, a fixed volume of release medium was taken out, 

and an equal amount of fresh PBS refilled. The concentration of crude C. majus extract was measured 

by UV-Vis spectrometry at a wavelength of 360 nm [40]. The absorbance values were converted to 

release percentages according to the calibrated curve constructed from a series of C. majus standard 

solutions with concentrations from 0.00 mg/mL to 5.00 mg/mL. Finally, the in vitro crude C. majus 

extract release curve was drawn over 30 days. All the measurements were performed in triplicate. 

 

2.7. Antibacterial Properties Assessment 

The antibacterial properties of the electrospun PCL/PVA_PEC containing crude C. majus extracts 

were evaluated according to ASTM E2180-07 standard (Test Method for Determining the Activity of 

Incorporated Antimicrobial Agent(s) In Polymeric or Hydrophobic Materials). Briefly, bacterial 

suspensions of S. aureus (ATTC 6538) and P. aeruginosa (A25) of ~108 CFU/mL (corresponding to 

the exponential growth phase) were inoculated into a semi-solid agar slurry prepared by adding 

0.30% agar to a 0.85% NaCl solution. Then, a thin layer of the inoculated slurry was spread over on 

top of each sample. After that, the samples were allowed to gel at room temperature and were analyzed 

immediately (T0h) and 18–24 hours after incubation (T24h) at 37 °C. The samples were subjected to 
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vigorous vortex mixing for 1 minute in a neutralizing solution to release the agar slurry from the 

sample. The resultant suspension was serially diluted with saline solution (0.85% NaCl) and plated 

on growth plates. The agar plates were incubated at 37 °C for 18–24 hours, and the number of viable 

bacterial colonies determined as colony forming units (CFU). For this purpose, viable bacterial 

colonies were counted after incubation, and CFU mL−1 calculated to determine the antibacterial 

effectiveness. All samples and control were tested in triplicate, and the results presented as mean 

values of log (CFU) with SD. 

 

2.8. In Vitro Cell Viability Assay  

The cytotoxicity of both the plain and the C. majus-loaded PCL/PVA_PEC nanofibrous meshes and 

their effect on cellular viability was evaluated with the colorimetric MTT assay according to ISO 

10993–5 (Biological evaluation of medical devices—Part 5: Tests for in vitro cytotoxicity). First, the 

NHDF cells were cultured in medium supplemented with 10% FBS in a humidified incubator at 37 °C 

under a 5% CO2 atmosphere. The culture medium was replenished with fresh media every two days. 

On the other hand, the samples cut into round disks were placed at the center of each well in 24-well 

plates covering 1/10 of their area, and then sterilized by UV irradiation (254 nm, ≈7 mW cm−2) for 1 

hour. After that, 1 × 104 cells/well were seeded in each well containing the sterilized electrospun 

nanofibrous meshes and incubated with 5% CO2 at 37 °C for 1, 3, and 7 days. During these intervals 

of time, the medium was removed and 1 mL of 0.5 mg/mL MTT reagent solution in fresh culture 

medium was added to each well and incubated for 4 hours under the same conditions. After 4 hours, 

the content of each well was replaced by DMSO to dissolve the formazan crystals. The absorbance of 

each sample was measured at 570 nm using a xMarkTM microplate spectrophotometer (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA). The cells incubated without samples (K−) and cells incubated 

with ethanol (96%) (K+) were chosen as control groups. 

 

2.9. Statistical Analysis  

Statistical analysis was performed from the one-way analysis of variance (ANOVA), followed by 

multiple comparison test Turkey using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, 

USA) with a statistical significance of p < 0.053. 
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3. Results and Discussion  

3.1. In Vitro Minimum Inhibitory Concentration (MIC) Test of the Crude 

Extract of C. majus 

The MIC values of crude C. majus extract against S. aureus and P. aeruginosa were found to be 0.625 

mg/mL and 1.25 mg/mL, respectively. Zuo et al. [41] reported a MIC value of 1.56 mg/mL for crude 

C. majus extract against Escherichia coli ATCC25922 (E. coli, Gram-negative bacteria). Such a result 

agrees with the MIC value of C. majus extract obtained in this study against P. aeruginosa, a Gram-

negative bacterium too. On the other hand, the European Medicines Agency revealed that specific 

alkaloids extracted from C. majus, such as quaternary benzophenanthridine and chelerythrine, 

exhibited MIC values of 5 µg/mL and 10 µg/mL against S. aureus [42]. The results obtained 

confirmed that MIC values for specific alkaloids obtained from plants are lower than those obtained 

for the crude extract of the same plant and that the concentration of each phytoconstituent in the 

plant may differ depending on several factors, such as the plant geographic location, the time of year 

the plant is harvested, and the chosen extraction method, consequently influencing the obtained MIC 

values. 

 

3.2. Characterization of the Produced Electrospun Nanofibrous Meshes  

3.2.1. Fourier Transform Infrared Spectroscopy Study  

The ATR-FTIR spectra of the PCL, PVA_PEC, and both the plain PCL/PVA_PEC and C. majus-loaded 

PCL/PVA_PEC nanofibers are shown in Figure 1. All the acquired spectra exhibit the characteristic 

peaks of PCL near 2890 and 2980 cm−1 (symmetric and asymmetric CH2 stretching vibration), 1721 

cm−1 (carbonyl stretching vibration), 1293 cm−1 (C-O and C-C stretching vibration), 1240 and 1167 

cm−1 (symmetric and asymmetric C-O-C stretching vibration) [43]. On the other hand, the spectra of 

PVA_PEC presents a broad peak around 3320 cm−1 (O-H stretching vibration), and bands between 

2980 cm−1 and 2887 cm−1 (C-H stretching vibration), near 1380 cm−1 (C-H deformation vibration), 

1439 cm−1 (CH2 deformation vibration), and 1251 cm−1 (C-O-C stretching vibration) [35]. Therefore, 

the spectra of PCL/PVA_PEC and PCL/PVA_PEC containing C. majus display the characteristic 

peaks of both PCL and PVA/PEC, but all the other bands of C. majus extract are masked by the 

vibrations of the functional groups in the PCL/PVA_PEC emulsion blend. However, the intensity of 

the broad peak around 3300 cm−1 increased slightly by the addition of crude C. majus extract while 

no distinct peak shifts were identified. This result suggests that the crude plant extract was well 

incorporated within the electrospun PCL/PVA_PEC nanofibrous meshes. 
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Figure 1 – Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of PCL, PVA_PEC, and 
both the plain and the C. majus-loaded electrospun PCL/PVA_PEC nanofibrous meshes. 

 

3.2.2. Scanning Electron Microscopy (SEM) Imaging and Analysis  

The surface morphology and the diameters of the nanofibers produced were assessed through SEM 

analysis, Figure 2. The PCL (260.56 ± 68.29 nm) and PVA_PEC (208.00 ± 45.46 nm) nanofibers 

displayed randomly orientated fibers with interconnected pores. On the other hand, the 

PCL/PVA_PEC and PCL/PVA_PEC containing C. majus presented an average fiber diameter of 

254.33 ± 64.94 nm and 190.53 ± 56.07 nm, respectively. These results revealed the production of 

thinner fibers in the presence of C. majus extract, due to the reduction of the viscosity of the 

electrospun solution. Motealleh et al. [44] also showed a similar effect when chamomile, an herbal 

drug, was incorporated into electrospun PCL/Polystyrene (PS) (65/35) nanofibers. In this previous 

study, the authors reported a decrease in the average nanofiber diameters from 268 to 175 nm with 

chamomile extract incorporation. Furthermore, such morphological features mimic the collagen 

fibers present in native ECM (50–500 nm) and can support cell adhesion and proliferation, prevent 

fluid accumulation, and enhance moisture vapor transmission, which ensures an effective wound 

healing process [8,13,44]. 
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Figure 2 – Nanofiber morphology and fiber size distribution of raw electrospun PCL nanofibers, PVA_PEC 
blend, and both the plain and the C. majus-loaded electrospun PCL/PVA_PEC nanofibrous meshes. 

 

3.2.3. Mechanical Properties Characterization  

The mechanical features of a wound dressing material should be in agreement with the parameters 

established to the skin’s native structure to prevent displacement of the dressing after it has been 

applied, as well as the pain during muscular movement [45,46]. To perform this, a synthetic polymer, 
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PCL, which exhibits excellent mechanical strength, was blended with a blend of PVA_PEC and 

PVA_PEC containing C. majus, which display high cell affinity but poor mechanical properties [47]. 

The tensile strength, Young’s modulus, and elongation at break for these materials were assessed in 

dry conditions and presented in Table 1. 

Table 1 – Characterization of the mechanical behavior of the produced PCL/PVA_PEC nanofibrous meshes 
with and without C. majus and comparison with the mechanical features of the native human skin. 

 
Tensile strength 

(MPa) 
Young’s modulus 

(MPa) 

 Elongation at break 
(%) 

Thickness 
(mm) 

PCL/PVA_PEC 3.17 ± 1.18 17.64 ± 5.30  17.75 ± 1.34 0.22 ± 0.01 

PCL/PVA_PEC_C. 
majus 

2.96 ± 0.03 15.75 ± 6.46 
 

20.50 ± 8.20 0.22 ± 0.03 

Native skin 2.50-30.00 a 0.40-20.00 a  10.00-115.00 a - 
a From reference [45]. 

The electrospun PCL/PVA_PEC nanofibrous meshes showed a value of the Tensile Strength of 3.17 

± 1.18 MPa, whereas the electrospun PCL/PVA_PEC nanofibrous meshes containing C. majus 

exhibited a value of 2.96 ± 0.03 MPa. Moreover, Young’s modulus obtained for PCL/PVA_PEC 

nanofibers was 17.64 ± 5.30 MPa, whereas for PCL/PVA_PEC nanofibers incorporated with C. majus 

decreased to 15.75 ± 6.46 MPa. The elongation at break assays report that the electrospun 

PCL/PVA_PEC nanofibrous meshes without and with C. majus extract can bear a strain of 17.75 ± 

1.34% and 20.50 ± 8.20%, respectively. Hence, these results are in accordance with previously 

reported values for the mechanical properties of the human skin, demonstrating that the produce 

electrospun nanofibrous meshes can provide appropriate mechanical support during the healing 

process [45]. 

 

3.2.4. Porosity Measurements 

The porosity of a biomaterial for the regeneration of skin has a significant impact on its performance 

[4,18,48]. The porous structure displayed by the electrospun nanofibrous meshes should allow them 

to perform gas and fluids exchanges, exudate absorption, and promote cell adhesion, migration, and 

proliferation, improving a new ECM production during wound healing and regeneration [4,18]. The 

total porosity of the electrospun nanofibrous meshes is presented in Figure 3a and reveals that 

PCL/PVA_PEC nanofibers have the lowest porosity (85.95 ± 5.75%), whereas PCL/PVA_PEC 

containing C. majus displayed the highest porosity (94.38 ± 4.08%), due to the higher number of 

void spaces available between nanofibers with thinner diameters. Such a result is in agreement with 

the findings reported by Yousefi et al. [48], who demonstrated a similar effect when they 

incorporated Lawsonia inermis (Henna) extracts into Chitosan/Poly(ethylene oxide) (PEO) 

nanofibrous scaffolds. 
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Figure 3 – Characterization of the total porosity (a), swelling behavior (b), and biodegradation profile (Weight 
loss) (c) of the produced electrospun nanofibrous meshes. 

Also recently, researchers have reported that porosities above 90% are the most suitable for 

facilitating skin tissue repair since they can provide support for cell accommodation and migration 

and confer a functional environment to promote their growth [4,48]. 

 

3.2.5. Analysis of the In Vitro Swelling Behavior  

The swelling capability of the biomaterials for wound healing applications is fundamental to absorb 

excessive amounts of exudate, which are produced mainly during the inflammatory phase of healing. 

The absorption rate of wound exudates can avoid impaired cell adhesion and migration, maceration 

of the surrounding tissue, as well as bacterial invasion and consequently, wound infections [48]. In 

this context, the swelling ratio of the produced electrospun nanofibrous meshes was measured in a 

PBS solution at specific time points, Figure 3b. The obtained results showed that the C. majus-loaded 

electrospun PCL/PVA_PEC nanofibers exhibit a higher swelling ability (~400%) than the plain 

PCL/PVA_PEC nanofibers (~300%). This result may be attributed to an increase in the number of 

polar and hydrophilic functional groups, higher surface area, and porosity of the C. majus-loaded 

nanofibers. Therefore, the obtained results showed that the higher swelling capability displayed by 

electrospun PCL/PVA_PEC nanofibrous meshes containing C. majus extract is more proper for 

effective exudate absorption and able to promote the healing of damaged skin. According to a similar 
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study by Yousefi et al. [48], the Lawsonia inermis extract loaded into Chitosan/PEO nanofibers 

showed the same effect on swelling behavior of the scaffolds produced. The swelling ratios indicated 

that the Chitosan/PEO nanofibers, both hydrophilic polymers, provided higher hydrophilic character 

and surface area for water absorption when Lawsonia inermis extract was loaded [48]. 

3.2.6. Study of the In Vitro Degradation Profile  

Although there is a wide variety of wound dressings available on the market, most of them still need 

to be replaced or removed from the wound site, which can lead to scar tissue formation and the risk 

of bacterial infection can also be increased [4,18,48]. Presently, to minimize this drawback, 

researchers are developing new biodegradable wound dressing materials as drug carriers to enhance 

the wound healing rate and skin tissue regeneration. In this study, the degradation profile of the 

produced electrospun nanofibrous meshes was analyzed for 30 days in a PBS solution, Figure 3c. The 

obtained results showed that the C. majus-loaded PCL/PVA_PEC nanofibers exhibited a weight loss 

of 40.22 ± 2.86%, while the plain PCL/PVA_PEC nanofibers only lost 26.96 ± 2.09% of the initial 

weight. The increase in the degradation rate when C. majus extract was incorporated into electrospun 

PCL/PVA_PEC nanofibrous meshes is mainly due to the lower fiber thickness that provides a higher 

porosity and consequently improves the contact with PBS solution, accelerating their degradation. A 

similar in vitro degradation profile was reported by Yousefi et al. [48], when Lawsonia inermis 

extract was added to the Chitosan/PEO blend solution. 

3.2.7. Wettability Studies  

Material surface wettability is a critical parameter for the application of the electrospun nanofibrous 

materials in skin tissue engineering [49,50]. In this context, the water contact angle (WCA) 

determination has been used to characterize the surface wettability of these materials. According to 

literature WCA values between 40° and 70° are characteristic of moderate hydrophilic materials and 

are more proper for supporting cell adhesion, spreading, and proliferation, in comparison with very 

hydrophilic (WCA < 20°) or hydrophobic (WCA > 90°) surfaces [49,50]. Regarding the obtained 

results, the plain PCL/PVA_PEC nanofibers exhibited a WCA of 73.85 ± 11.21°, while the C. majus-

loaded PCL/PVA_PEC nanofibers presented WCA value of 60.30 ± 14.99°. In this case, the produced 

electrospun PCL/PVA_PEC nanofibrous meshes displayed a moderate hydrophilic character. 

Moreover, the incorporation of the C. majus extract led to a lower WCA value, which might be due to 

the presence of polar functional groups in the crude plant extract, such as esters and hydroxyl groups 

that confer a more hydrophilic character to the nanofibers [29]. Therefore, the C. majus-loaded 

PCL/PVA_PEC nanofibrous meshes are more suitable to provide a moist wound environment while 

supporting cell adhesion and proliferation, and hence can be potentially used to improve the healing 

process. 
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3.2.8. Water Vapor Transmission Rate (WVTR) Analysis  

A wound dressing material should provide a proper moist environment at the wound site, avoid 

wound dehydration, and exudates accumulation [4,44,49]. Therefore, the wound surface moisture 

can be controlled using wound dressing materials with different WVTRs. Herein, the plain 

PCL/PVA_PEC nanofibers exhibited a WVTR of 1853.04 ± 204.65 g/m2/day, while C. majus-loaded 

PCL/PVA_PEC nanofibers displayed a WVTR of 2019.82 ± 151.01 g/m2/day. The determined WVTR 

values showed that the incorporation of C. majus extract into the electrospun PCL/PVA_PEC 

nanofibrous meshes improved their performance. Previous literature data repeatedly showed that 

WVTR values in the range of 2000-2500 g/m2/day are more suitable to keep the wound moist, as 

well as to create an ideal healing environment able to avoid fluid accumulation and potential infection 

[4,51]. On the other hand, a higher WVTR can lead to the wound dehydration, and a lower WVTR 

may cause an accumulation of exudate at the wound site, resulting in the breakdown of extracellular 

matrix components or maceration of the wound and surrounding skin, and consequently delaying 

the healing [4,51]. Regarding the obtained results, the highly porous C. majus-loaded PCL/PVA_PEC 

nanofibrous meshes presented a better capability to create and maintain a moist wound environment 

during the skin’s regeneration process. This result is in agreement with the data previously described 

by Vakilian et al. [52], who also reported a better water vapor exchange between the wound and 

surrounding environment when a smooth structure with interconnected pores was fabricated from 

Lawsonia inermis-loaded Poly-L-lactic acid (PLLA)/Gelatin nanofibers. 

3.3. Determination of In Vitro Release Profile 

During the healing process, the sustained release of the bioactive compounds from electrospun 

nanofibers to the wound site has been studied to enhance the desirable wound healing properties and 

skin regeneration [4,50]. In this way, the in vitro release study was carried out to check the capability 

and performance of electrospun PCL/PVA_PEC nanofibrous meshes to provide a controlled release 

of the bioactive compounds present in the crude C. majus extract. Herein, the release profile was 

analyzed, and the amount of C. majus released from electrospun nanofibers measured with UV/VIS 

spectroscopy, Figure 4. The obtained results showed that electrospun PCL/PVA_PEC nanofiber 

meshes were able to sustain the release of the crude C. majus extract for 30 days, which is essential 

to prevent bacterial infection and maintain an appropriate wound healing environment. 

Approximately 65.70 ± 4.13% of crude C. majus extract was released from electrospun 

PCL/PVA_PEC nanofibrous meshes during the test period. This result proved that the application of 

emulsion electrospinning using W/O emulsions could provide an improved drug sustained release 

profile when hydrophilic bioactive compounds, such as medicinal plant extracts, are incorporated 

[53]. 
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Figure 4 – In vitro release profile of C. majus from the produced electrospun PCL/PVA_PEC nanofibrous 
meshes. 

 

3.4. Antibacterial Properties Assessment  

Several therapeutic agents have been incorporated into electrospun nanofibers to avoid bacterial 

colonization to the wound surface and subsequent infections, which may lead to bacterial biofilms, 

delaying the healing process [4,54]. Herein, the antibacterial properties of the electrospun 

PCL/PVA_PEC nanofibrous meshes containing C. majus were evaluated against S. aureus and P. 

aeruginosa, the most common pathogens found in skin wound infections, to prevent bacterial 

penetration and disease. The obtained results showed antimicrobial activity against both bacteria, 

Figure 5. However, the electrospun PCL/PVA_PEC nanofibrous meshes containing C. majus extract 

exhibit a higher inhibitory effect against S. aureus (99.98 ± 4.43%, 3.82 Log reduction) than against 

P. aeruginosa (95.26 ± 5.52%, 1.32 Log reduction), with p < 0.01. Furthermore, the results proved 

the potential of the crude plant extracts, such as C. majus, to be used as a source of natural 

compounds with valuable antimicrobial activity in wound management. Regarding that, the 

antibacterial effect of the C. majus was found to be related to the capability of some of its alkaloids, 

such as sanguinarine and chelerythrine, to change the permeability of the bacterial membrane and 

inhibit the synthesis of bacterial DNA [29]. Therefore, the electrospun PCL/PVA/PEC nanofibrous 

meshes containing C. majus could be useful for preventing and treating wound infections. 

 

Figure 5 – Assessment of antibacterial properties of the produced C. majus-loaded electrospun PCL/PVA_PEC 
nanofibrous meshes against S. aureus and P. aeruginosa. (Data are presented as the mean ± SD, ** p < 0.01). 
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3.5. In Vitro Cell Viability Assay  

An ideal wound dressing should be biocompatible and perform its function without compromised 

the cellular events involved in wound healing. Moreover, these materials are supposed to reproduce 

the 3D architecture of the native skin’s ECM, which support cell adhesion and proliferation [55]. The 

in vitro biocompatibility of the produced electrospun PCL/PVA_PEC nanofibrous meshes was 

evaluated using MTT assay, and their effects on NHDF cells proliferation are shown in Figure 6. The 

cell viability of both the plain and the C. majus-loaded PCL/PVA_PEC nanofibrous meshes mats did 

not show any cytotoxic effect over 7 days. 

 

Figure 6 – Evaluation of the NHDF cell after 1, 3, and 7 days in direct contact with the produced electrospun 
PCL/PVA_PEC nanofibrous meshes with and without C. majus extract. 

According to the guideline for evaluation of in vitro cytotoxicity of medical devices (ISO 10993-5), 

the biomaterials can be classified as non-cytotoxic and biocompatible when the cell viability is greater 

than 70%. Hence, it is possible to conclude that the produced electrospun nanofibrous meshes are 

safe and can be applied as wound dressing without inducing any toxicity. 

 

4. Conclusions  

The production of polymeric electrospun nanofibers conjugated with natural products, such as 

medicinal plants, has been regarded as a promising approach to improve the performance and 

efficiency of the wound dressing displaying antimicrobial activity. In this study, crude C. majus 

extract, well known for improving the bactericidal activity and the healing process, was successfully 

incorporated into electrospun PCL/PVA_PEC nanofibrous meshes via emulsion electrospinning for 

the first time. The produced dressing materials were characterized by their morphological, chemical, 

physical, and biological features. The manufactured electrospun PCL/PVA_PEC nanofibrous meshes 

exhibited morphological similarities with native skin’s ECM structure and demonstrated to be able 

to ensure the maintenance of a moist environment at the wound site. Moreover, the in vitro release 

assay revealed that the C. majus extract incorporated in the nanofiber structure was gradually 
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released to the medium for 30 days testing period. Moreover, the produced electrospun nanofiber 

meshes presented mechanical properties similar to those of the human skin and showed the 

capability to inhibit S. aureus and P. aeruginosa growth, without compromising cell viability. 

Therefore, the loading and controlled release of C. majus extract using the electrospun 

PCL/PVA_PEC nanofibrous meshes could be potentially applied to prevent bacterial wound 

infection and consequently accelerate the healing process. Soon, in vivo studies will be performed to 

further characterize the performance of these dressing materials for wound care and management, 

as well as the possible allergic reactions that C. majus extract may cause to patients. 
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Part II 

Electrospun Double-Layered for Wound 

Dressing Applications 

This part is focused on the development of the electrospun nanofibrous membranes with two different 

layers containing crude plant extracts. The double-layer electrospun membranes exhibited the 

capability to restore the structural and functional properties of the skin and presented antibacterial 

activity. Hence, the electrospun wound dressing membranes designed as double layers are suggested 

to be a superior strategy to further enhance the healing process and prevent infections.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This part includes the following scientific publications:  
 
Cláudia Mouro, Ana P. Gomes, and Isabel C. Gouveia. Double-layer PLLA/PEO_Chitosan 

nanofibrous mats containing Hypericum perforatum L. as an effective approach for wound 

treatment. Polymers for Advanced Technologies (2021) 32(4):1493-1506. (Paper 5) 

 

Cláudia Mouro, Raul Fangueiro, and Isabel C. Gouveia. Preparation and Characterization of 

Electrospun Double-layered Nanocomposites Membranes as a Carrier for Centella asiatica (L.). 

Polymers (2020) 12(11):2653. (Paper 6) 
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Paper 5 - Double-layer PLLA/PEO_Chitosan nanofibrous mats 

containing Hypericum perforatum L. as an effective approach for 

wound treatment 

 
 
Abstract 

 
Despite a large number of wound dressing materials in the market, an ideal dressing able to re-

establish both the features and functions of the native skin remains a challenge. Concerning this, the 

present study aimed to produce a new double-layer nanofibrous dressing material. The upper layer 

was fabricated by using Poly(L-lactic acid; PLLA) to act as a hydrophobic protective barrier, while the 

highly porous lower layer composed of a blend of Poly(ethylene oxide) (PEO) and Chitosan (CS) 

containing Hypericum perforatum L. (HP) was produced to be used in the wound site, reduce the 

risk of infection, and enhance the healing process. The produced double-layer material exhibited the 

required chemical, physical, and mechanical properties. Besides, the results showed an inhibitory 

effect on Staphylococcus aureus and Pseudomonas aeruginosa growth without providing any 

cytotoxicity on normal human dermal fibroblast (NHDF) cells. Therefore, these findings emphasize 

the potential use of this material as an antimicrobial wound dressing to treat skin lesions. 

 

Graphical Abstract 

 

 

 

Keywords: Nanospider technology; multilayer electrospinning; crude plant extracts; Hypericum 

perforatum L.; wound dressings.  
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1. Introduction 

The skin is a sensory organ capable of acting as a physical barrier against harmful external influences, 

provides thermo-regulation to maintain consistent body temperature, and contributes to biological, 

immunological, and metabolic functions [1-3]. The skin's three main layers confer these unique 

abilities: the epidermis, the thin outer layer, directly exposed to the external environment, the dermis, 

the thick middle layer, responsible for skin's strength and elasticity, and the subcutaneous tissue, the 

innermost layer, which contain abundant fat and act as additional insulation and mechanical 

protection [3]. Nevertheless, the skin's structure and functions can be compromised after injury, and 

consequently, a skin wound can occur. Many different types of wounds can affect skin integrity. The 

wounds may be superficial, partial-thickness, or full-thickness wounds, depending on the number of 

skin layers that are damaged [4]. However, partial-thickness and full-thickness wounds, may 

particularly cause severe changes in body temperature, due to fluid loss and electrolyte disorders. 

Besides, although the accumulation of the exudates around the wounds may represent an optimal 

moist and nutrient-rich environment, the damaged skin is more susceptible to bacterial growth and 

under these conditions increase the risk of infection, delaying the normal healing process [4-6]. The 

most common gram-positive bacteria present in the wound environment is the Staphylococcus 

aureus. However, Escherichia coli and Pseudomonas species are often found at the later stages of 

chronic wounds and tend to penetrate the skin's deeper layers, contributing to significant tissue 

damage [7]. Regarding that, remarkable advances have been made to prevent wound bacterial 

contamination. The electrospun nanofibrous mats have arisen as promising materials to re-establish 

the natural skin features, due to their ability to mimic the human skin's extracellular matrix (ECM) 

architecture that supports cell adhesion and proliferation, and encourages the formation of new tissue 

[1,3,4,8-13]. Moreover, the inherently high surface area and porosity, exhibited by electrospun 

nanofibers, might promote the hemostasis, quickly absorb wound exudates and control a moist 

wound environment, allowing a beneficial transport of nutrients, oxygen, and water permeation 

[1,3,4,8-13]. Also, these nonwovens structures are flexible, provide conformability to the wound site, 

present an effective physical barrier, and can reduce scar formation. In addition, the biological 

performance of the electrospun nanofibers can be further improved by incorporating a wide range of 

bioactive compounds, like growth factors, vitamins, antibiotics, analgesics, anti-inflammatory, and 

antimicrobial agents [1,3,4,8-13]. For this purpose, blend, coaxial, and emulsion electrospinning 

techniques have been extensively explored. However, recent studies report the production of multi-

layered nanofibers containing bioactive agents through sequential electrospinning [14,15]. 

Accordingly, in this study, Nanospider technology, a modified electrospinning technique, based on a 

rotating spinning electrode, was used to produce a new double-layer nanocomposite dressing 

material containing a crude plant extract [16-18]. The Poly(L-lactic acid; PLLA), a biodegradable and 

biocompatible synthetic polymer, approved by the US Food and Drug Administration (FDA) for direct 

contact with biological fluids, was selected to produce the upper layer, due to its unique mechanical 
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properties [19,20]. On the other hand, a lower layer of Poly(ethylene oxide); PEO) and Chitosan (CS) 

was considered to be in direct contact with the injured tissue, and the crude Hypericum perforatum 

L. (HP) extract was further incorporated to enhance their biological properties and antimicrobial 

ability. The CS, a natural polysaccharide-based biopolymer, was blended with the PEO, a hydrophilic 

water-soluble synthetic polymer, to improve its electrospinnability, since the CS presents limited 

solubility at physiological pH and high viscosity in acid solutions [1,14,21-23]. Also, the CS has been 

used to stimulate the production of collagen and promote skin cell adhesion and proliferation, and it 

has been demonstrated to display bactericidal activity and hemostatic properties [1,14,21-23]. In turn, 

the crude HP extract contains multiple interesting bioactive phytochemicals, like 

naphthodianthrones (hypericin, pseudohypericin), phloroglucinol (hyperforin), flavonoids 

(hyperoside, quercitrin, rutin), and phenolic acids (chlorogenic acid), which exhibit excellent 

medicinal properties [24-26]. Particularly, naphthodianthrones like hypericin (Hyp) has shown 

notable anti-inflammatory and antimicrobial properties, which make this plant extract useful to 

accelerate wound healing and prevent infection. Besides, the HP extract has demonstrated to enhance 

fibroblast proliferation, revascularization, and collagen deposition [24-26]. Furthermore, the crude 

natural plant extracts, which are widely available and inexpensive, have emerged as an attractive 

therapeutic option to suppress the incidence of antibiotic-resistance bacteria because they possess 

low side effects and can exert their activity not only killing the microorganism itself, but affecting 

several key events in the pathogenic process [27-30]. Herein, the new double-layer 

PLLA/PEO_HP_CS nanofibrous material was successfully fabricated by the deposition of a 

PEO_HP_CS layer on a dense PLLA layer using a multilayer electrospinning method. The obtained 

results revealed the suitability of this material to be applied as a multifunctional wound dressing in 

the treatment of wounds. Likewise, these results demonstrated a unique capability of the eco-friendly 

and low-cost crude HP extract to promote the wound healing process while protecting the wound 

from infection. 

 

2. Experimental  

2.1. Materials 

Hypericum perforatum L. (HP) was bought from a Portuguese botanic shop. Normal human dermal 

fibroblasts (NHDF) cells were purchased from ATCC – American Type Culture Collection. Poly(L-

lactic acid) (PLLA) with an average molecular weight (MW) of 217,000 to 225,000 g/mol, Purasorb 

(PL18), was acquired from Corbion Purac. Poly(ethylene oxide) (PEO) (MW 100,000 g/mol) and 

Chitosan (CS) (MW 50,000-190,000 g/mol, degree of deacetylation 75%-85%) were obtained from 

Sigma-Aldrich. Chloroform (analytical grade), dimethylformamide (DMF; analytical grade), glacial 

acetic acid, and ethanol absolute were purchased from Fisher Chemical. Nutrient agar (NA), nutrient 

broth (NB), and agar for microbiology were obtained from Fluka. Brain Heart Infusion (BHI) broth 
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was bought from Panreac. Sodium chloride (NaCl), Mueller-hinton broth (MHB), tween 80, dimethyl 

sulfoxide (DMSO) anhydrous ≥99.9%, ethylene glycol anhydrous (99.8%), diiodomethane, trypsin, 

and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were acquired from 

Sigma Aldrich. Phosphate-buffered saline (PBS) was purchased from Alfa Aesar. All solvents were 

used as received without further purification. 

 

2.2. Crude HP extract  

2.2.1. Preparation of crude ethanolic HP extract  

The crude extract was obtained from aerial parts of the plant by the maceration method using water 

and ethanol in a ratio of 20:80. Briefly, approximately 2.50 g of powdered plant material was 

macerated with 50 mL of solvent at room temperature. Afterward, the ethanolic extract was filtered 

with filter paper (Whatman No. 1, 11 μm pore size), and the filtrate was evaporated by Rotavapor 

(Buchi Rotavapor RE 111) to obtain the dried extract. The extract yield percentage based on the 

starting material was 17.97%. Finally, the dried HP extract was properly stored in the Eppendorf tubes 

and then used for the investigation, as described below. 

2.2.2. Analysis of the total content of Hypericin in the crude HP extract  

The total content of Hyp from the crude HP extract was quantified by the spectrophotometric method 

described by Pourhojat et al. [31]. Briefly, stock solutions (6000 to 50 ppm) of dried crude HP extract 

were prepared. Then, the Hyp content (% Hyp [wt/wt]) was calculated from the absorbance readings 

of each HP solution at 587 nm, using phosphate buffer saline (PBS) pH = 5.5 as control. The Hyp 

content was determined through Equation (1):  

 

Hyp (%) =
𝐴

780

100

𝑚
  (1) 

 

Where A is the measured absorbance, m the weight in grams after drying of 25 mL of crude HP extract, 

and 780 the specific absorbance of Hyp at 587 nm. 

2.3. Determination of minimum inhibitory concentration of crude 

ethanolic HP extract  

Broth microdilution minimum inhibitory concentration (MIC) method was used to determine the in 

vitro antimicrobial activity of the crude ethanolic HP extract against Staphylococcus aureus (ATTC 

6538) (S. aureus), a gram-positive bacteria, and Pseudomonas aeruginosa (PA25) (P. aeruginosa), 

a gram-negative bacteria, according to NCLS M07-A6 guidelines. Briefly, overnight liquid cultures of 
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S. aureus and P. aeruginosa were diluted in sterile water to get suspensions of 108 CFU/mL (0.5 

McFarland turbidity). Then, these suspensions were further diluted 1:10 in sterile Mueller-Hinton 

Broth (MHB) to obtain the bacterial work suspensions of approximately 107 CFU/mL. The crude HP 

solutions were prepared in MHB and ranging from 10 to 0.1 mg/mL. Subsequently, 50 μL of these 

dilutions and 50 μL of the work suspensions of the S. aureus or P. aeruginosa were added for each 

well of the 96 well plates. A positive control (MHB with work suspension), as well as a negative control 

(containing only MHB), were also included. The 96-well plates were incubated for 24 hours at 37 °C. 

The MIC value is the lowest concentration of HP extract that visibly inhibits the bacterial growth in 

the wells (absence of medium turbidity and a pellet on the bottom of each well). All the experiments 

were performed in triplicate. 

2.4. Preparation of polymer solutions  

In the first step, the individual PLLA and PEO_CS solutions were freshly prepared to produce the 

double-layer nanofibrous wound dressing used in this study. The 10% PLLA solution (wt/vol) was 

prepared at room temperature by dissolution in a 9:1 (vol/vol) chloroform/DMF mixture. This 

solution was kept under magnetic stirring until complete polymer dissolution. On the other hand, the 

PEO_CS blend was prepared from 8% PEO solution (wt/vol) in 8:2 (vol/vol) ethanol/distilled water 

and 4% CS (wt/vol) in 14% acetic acid (vol/vol) at room temperature. Then, these solutions were 

blended in a weight fraction of 80:20 and stirred on a magnetic stirrer for 2 hours to obtain a 

homogeneous solution. The crude HP extract was further added to the PEO_CS blend to obtain a 

solution containing 2.5% over weight of fiber (owf) of crude HP extract. 

2.5. Production of the double-layer nanofibrous mats  

The double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous materials were fabricated by 

Nanospider Technology (Nanospider laboratory machine NS LAB 500S from Elmarco s.r.o., Czech 

Republic, http://www.elmarco.com), the needleless electrospinning equipment based on a rotating 

spinning electrode. First, the PLLA solution was electrospun at 80.0 kV with a working distance 

(distance from the electrode to collector) of 13 cm and an electrode rotation rate of 55 Hz at 20 °C for 

30 minutes. After that, the PEO_CS or PEO_HP_CS blend solutions were electrospun directly over 

recently produced electrospun PLLA fibers at 80.0 kV with a working distance of 9 cm and an 

electrode rotation rate of 35 Hz at 25 °C for 1 hour. The PLLA's upper layer and the lower layers of 

PEO_CS and PEO_HP_CS were further electrospun separately for comparative purposes. 
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2.6. Evaluation of the surface morphology, chemical, physical, and 

mechanical properties of the produced double-layer nanofibrous mats  

2.6.1. Characterization of the surface morphology by scanning electron 

microscopy  

The obtained double-layer nanofibrous mats were observed by scanning electron microscopy (SEM) 

using a Hitachi S2700 to analyze the fiber morphology. Briefly, the samples were fixed on aluminium 

stubs using double-sided tape and then sputter-coated with gold using an Emitech K550 sputter 

coater (Quorum Technologies Ltd, UK). All the samples were examined under SEM with an 

accelerating voltage of 20 kV. The average diameter and diameter distribution were obtained by 

analyzing SEM images using public domain software (Image J, National Institutes of Health) for 100 

randomly selected fibers. 

2.6.2. Attenuated total reflectance–Fourier transform infrared 

spectroscopy analysis 

 The chemical structure of the upper layer of PLLA, the crude HP extract, and the lower layers of 

PEO_CS with and without crude HP extract were analyzed by Fourier transform infrared 

spectroscopy (FTIR; Thermo-Nicolet is10 FT-IR Spectrophotometer) with an attenuated total 

reflectance (ATR) accessory. Data were collected over 64 scans at 4 cm−1 resolution over the range 

from 4000 and 400 cm−1. 

2.6.3. Porosity assessment  

The porosity of the upper layer composed by PLLA and the lower layers of PEO_CS and PEO_HP_CS 

was determined through a liquid displacement method as previously described by Chitrattha and 

Phaechamud [32]. Absolute ethanol was used as the displacement liquid because it penetrated easily 

into the pores and, being a non-solvent of the PLLA, PEO_CS, and PEO_HP_CS did not induce 

shrinkage or swelling of the electrospun nanofibrous mats. In the first step, the dried samples were 

weighed (WS) and immersed in a cylinder containing a known volume of displacement liquid (W1). 

Each cylinder was placed in a water-bath sonicator for 40 minutes at 30 °C. After sonication, the 

amount of ethanol was refilled, and the cylinders were reweighed (W2). The ethanol-impregnated 

samples were then removed from the cylinders while the remaining displacement liquid was recorded 

(W3). The samples' porosity (ε) was determined through Equation (2) [32]: 

 

𝜀 (%) =
(𝑊2−𝑊3−𝑊𝑆)

(𝑊1−𝑊3)
× 100     (2) 

 
All the experiments were performed in triplicate, and the average values were reported. 
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2.6.4. Water contact-angle measurement  

The contact angle measurements of the double-layer nanofibrous materials composed by the upper 

layer of PLLA and the lower layers of PEO_CS and PEO_HP_CS were carried out with a Dataphysics 

Contact Angle System OCAH-200 apparatus, operating in static mode at 25 °C, using deionized water 

as reference fluid. For each sample, droplets (4 μL) were placed at different locations on the material 

surface, and then the average was reported as the contact angle of each sample. 

 

2.6.5. Measurement of surface free energy of adhesion 

 The interactions between bacteria and material surfaces were investigated from sessile drop contact 

angle measurements at room temperature, using three probe liquids of different polarities: two polar 

liquids, deionized water and ethylene glycol, and one non-polar component, diiodomethane, whose 

surface tension components are known. Briefly, the measured contact angles were converted into its 

Lifshitz-Van der Waals (𝛾𝐿𝑊) and Lewis acid–base (𝛾𝐴𝐵) surface free energy components using the 

Lifshitz-van der Waals and Lewis acid–base approaches proposed by Van Oss et al. [33-35]. The γ 

AB, being 𝛾𝐴𝐵 = 2√𝛾+𝛾−, was separated into two different components, namely in the electron-

donating (𝛾−) and electron-accepting (𝛾+) parameters. After that, the total free energy of adhesion 

(∆Gadh
TOTAL) between the bacteria (S. aureus and P. aeruginosa) (B) and material surfaces 

(PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous mats) (S) in an aqueous suspension (L) was 

calculated through the surface tension components, according to Equation (3): 

∆Gadh
TOTAL = ∆Gadh

LW + ∆Gadh
AB  (3) 

 

Where the Lifshitz-Van der Waals component was determined by Equation (4): 

∆Gadh
LW = (√γB

LW − √γS
LW)

2

−  (√γB
LW − √γL

LW)

2

− (√γS
LW − √γL

LW)

2

(4) 

 

And the Lewis acid-base parameter was determined by Equation 5:  

 

∆Gadh
AB = 2[√γL

+(√γB
− + √γS

− − √γL
−) + √γL

−(√γB
+ + √γS

+) − √γL
+ − √γB

−γS
+ − √γB

+γS
−]     (5) 

 

According to the prediction of the thermodynamic approach, adhesive interactions will be favorable 

if ∆Gadh
TOTAL < 0  and unfavorable if ∆Gadh

TOTAL > 0 [33 − 35]. 

 
2.6.6. Water vapor transmission rate (WVTR) 

The WVTR through the double-layer PLLA/PEO_CS nanofibrous mats with and without crude HP 

extract was measured according to the ASTM E96/E96M-15 standard method. Briefly, circular discs 
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of 1.2 cm diameter were cut from each sample and placed on the top of the glass test tubes containing 

10 mL of deionized water. A parafilm tape was used around the open of each test tube to attach the 

samples and prevent any moisture loss. The electrospun nanofibrous materials were incubated at 37 

°C, and the passage of water vapor from the test tube was determined at specific time points through 

their weight loss and according to the following equation (Equation (6)): 

Water vapor transmission rate  (WVTR) =
𝑊𝑙𝑜𝑠𝑠

𝐴
 (6) 

 

Where Wloss is the daily weight loss of water, and A is the area of the glass tube opening in m2.  

 

2.6.7. Swelling profiles of the double-layer nanofibrous mats  

The swelling behavior of the double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous 

materials was assessed by a gravimetric method. Briefly, pre-weighted dry samples (Wdry) were 

submerged in PBS, pH = 5.5, for 30 days at 37 °C. At specific time points, the swollen samples were 

taken out and reweighed after gently removing the excess liquid with a filter paper (Wwet). All 

measurements were conducted in triplicate, and the swelling ratio calculated according to Equation 

(7): 

Swelling Ratio (%) =
(𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦)

𝑊𝑑𝑟𝑦
× 100 (7) 

 
 

2.6.8. Characterization of the mechanical properties of the produced 

double-layer nanofibrous mats  

The mechanical properties of the double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous 

materials were studied under dry conditions using a universal tensile testing machine (DY-35 Adamel 

Lhomargy, France) according to the guidelines established by Standard Test Method for Tensile 

Properties of Polymer Matrix Composite Materials (ASTM standard D3039/D3039M). Before 

testing, the samples (n = 5) were prepared with a width of 1 cm and a length of 4 cm. The length 

between the clamps was set to 1 cm and performed at a strain rate of 2 mm/min. The Young's 

modulus, tensile strength, and elongation at break (%E) were calculated from the strain–stress curve 

based on the Equations (8) and (9), respectively: 

 

𝑆𝑡𝑟𝑒𝑠𝑠 = σ =  
𝐹

𝐴
     (8) 

𝑆𝑡𝑟𝑎𝑖𝑛 = ε =  
𝛥𝑙

𝐿
      (9) 
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Where F is the maximum load at the breakpoint; A is the area of the cross-section of a specimen on 

which force was applied (mm2); Δl is the extension of length at rupture; L is the initial length between 

the clamps. 

 

2.7. In vitro release study of HP from double-layer nanofibrous mats 

The in vitro crude HP extract release from the double-layer PLLA/PEO_HP_CS nanofibrous mats 

was studied in PBS, pH 5.5, at 37 °C, with constant rotation at a speed of 100 rpm, simulating the 

acidic environment of a wound site. At predetermined intervals, a fixed volume of release medium 

was removed and replaced by fresh PBS. The released crude HP extract was measured by UV-Vis 

spectrometry at wavelength λmax = 587 nm, which is associated with the absorbance of 

naphthodianthrones, like hypericin [31]. The in vitro crude HP extract release curve was drawn based 

on the cumulative release percentage of HP in PBS solution over 30 days. Previously, a calibration 

curve was constructed from a series of HP standard solutions with concentrations from 0.00 mg/mL 

to 10.00 mg/mL. All measurements were carried out in triplicate. 

 
2.8. Evaluation of the biological properties of the produced double-layer 

nanofibrous mats  

2.8.1. Antibacterial properties assessment  

The ability of the double-layer PLLA/PEO_HP_CS nanofibrous dressing material to inhibit S. aureus 

(ATTC 6538) and P. aeruginosa (PA25) growth was tested through ASTM E2180-07. Briefly, bacterial 

suspensions (~108 CFU/mL) were prepared from an overnight stationary liquid culture and 

transferred to the sterile agar slurries previously made with 0.85 (wt/vol) NaCl and 0.30 (wt/vol) 

agar-agar in deionized water. After that, a thin layer of the semi-solid agar slurries was inoculated 

over the PLLA's upper layer and the lower layers of PEO_CS and PEO_HP_CS, as well as a 0.22 μm 

filter paper (control). The samples were assessed immediately after inoculum application (T0h), and 

after 18 to 24 hours in contact with the agar slurries at 37 °C (T24h). To accomplish that, serial dilutions 

were carried out with 0.85 (wt/vol) NaCl, plated in NA plates, and incubated at 37 °C during 18 to 24 

hours. The bacterial colonies were counted, and CFU/mL was calculated. All samples and control 

were tested in triplicate, and the results presented as mean values of log (CFU mL−1). 
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2.8.2. Evaluation of cell viability after cells being in direct contact with 

the produced double-layer nanofibrous mats  

The biocompatibility of the upper layer of PLLA and the double-layer PLLA/PEO_CS and 

PLLA/PEO_HP_CS nanofibrous materials was evaluated in vitro through the 3-(4,5-

dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay following ISO 10993–5 

(Biological evaluation of medical devices-Part 5: Tests for in vitro cytotoxicity). Briefly, sample discs 

(n = 4) were placed at the center of each well in 24-well plates, covering <1/10 of its area, and sterilized 

under UV irradiation (254 nm, ~7 mW cm-2) for 1 hour. After that, normal human dermal fibroblasts 

(NHDF) cells were used to seed each well containing the samples at a density of 1×104 cells/well. The 

plates were incubated at 37 °C under a humidified 5% CO2 atmosphere. At specific intervals of time, 

namely after 1, 3, and 7 days of incubation, the medium of each well was removed and replaced by 1 

mL of 0.5 mg/mL MTT reagent solution and incubated for 4 hours under the same conditions. 

Following this, the content of each well was discarded, and DMSO was added to dissolve the purple 

formazan crystals of MTT formed. The absorbance of each well was measured at 570 nm using a 

microplate reader (Biorad xMark microplate spectrophotometer). The measured absorbance was 

directly proportional to the number of living cells in each well. A negative control (K−) composed by 

cells incubated without materials and positive control (K+) formed by cells incubated with EtOH 

(96%) were also used. 

2.9. Statistical analysis  

Data were statistically analyzed according to the one-way ANOVA parametric test followed by 

multiple comparison test Turkey using GraphPad Prism 6 software (Prism Software). Statistical 

calculations were based on a confidence level of ≥95% (values of p < 0.05 were considered statistically 

significant). 

 

3. Results and Discussion  

3.1. Analysis of the total content of Hypericin (Hyp) in crude HP extract 

The total content of Hyp, one of the main bioactive agents responsible for HP antimicrobial 

properties, is presented in Table 1. The Hyp content in the crude HP extract was 0.29 ± 0.06 (%), 

according to the calibration equation (y = 0.0001x - 0.0184) with an r2 = 0.99. In fact, the obtained 

value was similar to that reported by Pourhojat et al. (0.23 ± 0.06 [%]) [31]. 
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Table 1 – Determination of Hypericin (Hyp) content in crude HP extract. 

 

 

 

 

Note: Average = 0.29 ± 0.06. 

 

3.2. Determination of minimum inhibitory concentration of crude 

ethanolic HP extract 

The MIC values of the crude ethanolic HP extract against S. aureus (Gram-positive) and P. 

aeruginosa (Gram-negative) were 2.5 and 5.0 mg/mL, respectively. Reichling et al. reported an 

inhibitory effect between 1.3 and 2.5 mg/mL and >60 mg/mL on the growth of S. aureus and P. 

aeruginosa, respectively, when different watery HP's preparations of loose teas and filtered teas were 

tested [36]. Although the MIC reported in the aforementioned work, against P. aeruginosa (>60 

mg/mL), exhibits a higher value than the MIC of 5.0 mg/mL against P. aeruginosa found in this 

research work, both results revealed that the Gram-positive bacteria are more susceptible to the crude 

HP extract. Moreover, Milosevic et al. have reported MIC values of 1.25 and 2.5 mg/mL against P. 

fluorescens (B28), P. phaseolicola (B29), and P. glycine (B40) for ethanolic extract of HP [25]. The 

composition of the medicinal plant extracts can be changed by several factors, namely by growing and 

harvested plant location, seasonal variations, and the extraction method used. These changes can also 

influence the presence of phyto-constituents in the plant extracts, and consequently their 

antimicrobial properties [37-39]. 

 

3.3. Evaluation of the surface morphology, chemical, physical, and 

mechanical properties of the produced double-layer nanofibrous mats  

3.3.1. Characterization of the surface morphology by scanning electron 

microscopy 

The double-layer PLLA/PEO_CS nanofibrous materials with and without crude HP extract were 

successfully fabricated, as shown by SEM images in Figure 1A. A denser upper layer of PLLA with 

randomly oriented fibers was produced with an average fiber diameter of 1.86 ± 0.68 μm. This result 

Samples 
Dried extract 

(ppm) 
Dried extract 

(g) 
Absorbance 

in λ587 
𝐇𝐲𝐩 (%) 

1 6000 0.30 0.81 0.34 
2 4000 0.20 0.54 0.35 
3 3000 0.15 0.39 0.33 
4 1000 0.05 0.07 0.19 
5 500 0.025 0.04 0.20 
6 200 0.01 0.02 0.26 
7 100 0.005 0.01 0.34 
8 50 0.0025 0.01 0.31 
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is in agreement with the data previously reported by Yee Foong and Sultana, who founded a similar 

mean diameter for PLLA nanofibers (1.62–4.84 μm) [16]. On the other hand, the lower layers of 

PEO_CS and PEO_HP_CS presented a highly porous nanofiber structure composed of homogenous 

fibers with a mean diameter of 141.05 ± 46.11 nm and 88.33 ± 29.45 nm, respectively. These results 

revealed that the less viscosity of the PEO_HP_CS solution used for nanofiber fabrication resulted in 

the production of the thinner fibers. A similar effect was previously reported by Sadri et al., who 

observed a decrease in the nanofiber diameter from 100 to 86.18 nm when 2% of green tea (GT) was 

incorporated into PEO/CS nanofibers [40]. Moreover, the lower average diameters exhibited by 

PEO_CS and PEO_HP_CS lower layers are within the preferred range of the collagen fibers present 

in the natural ECM (from 50 to 500 nm), and hence can recreate a new ECM environment [3,41]. The 

cross-section of the PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous mats were also analyzed 

and proved that these wound dressing materials displayed a double-layer structure with two different 

layers, Figure 1B.  

 
 

 

Figure 1 – Characterization of the surface morphology of the produced double-layer nanofibrous materials by 
scanning electron microscopy (SEM). SEM micrographs and fiber diameters distribution of the Poly(L-lactic 
acid) (PLLA's) upper layer and the lower layers of the PEO_CS and PEO_HP_CS, respectively (A). Macroscopic 
SEM images of the cross-sections of the produced double-layer nanofibrous mats (B). 
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3.3.2. Attenuated total reflectance-Fourier transform infrared 

spectroscopy Analysis  

The functional groups of PLLA's upper layer, lower layers of the PEO_CS and PEO_HP_CS, and the 

raw HP extract were characterized by attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR), as demonstrated by Figure 2. The ATR-FTIR spectrum of the PLLA's upper 

layer exhibits its characteristic peaks at 1750.58, 1181.56, and 1084.76 cm−1 associated with the 

stretching vibration of the C꞊O group, and the asymmetric and symmetric stretching vibrations of the 

C-O-C group, respectively. Also, the band at 1044.06 cm−1 corresponds to C-CH3 stretching of the 

PLLA [42]. 

On the other hand, the spectra of the lower layers of PEO_CS and PEO_HP_CS present the typical 

peak between 3300.00 and 3400.00 cm−1 for N-H and O-H stretching of the polysaccharide 

molecules and crude HP extract [21,22,31]. Moreover, these spectra display two characteristic peaks 

around 1560.00 and 1650.00 cm−1 attributed to the amide groups in the PEO_CS blend, as well as a 

band between 2879.00 and 2880.00 cm−1 associated with the CH2 stretching groups of PEO. In 

addition, peaks near 1341.00 and 1359.00 cm−1 represent the C-H group, while the band around 

1145.00 cm−1 is due to C-O-C stretching vibration of the PEO_CS [21,22]. Therefore, the spectra of 

the lower layers display peaks in the same positions but differ in the intensity of them. This evidence 

demonstrates the successful incorporation of the crude HP extract into the PEO_CS blend. In 

addition, the spectrum of the crude ethanolic HP extract confirms its characteristic peaks at 3334.82 

cm−1 (OH-stretching vibrations), 2980.77 cm−1 (C-H bond stretching vibrations), 1646.61 cm−1 (bonds 

in the carbonyl group), 1433.33 cm−1 (C-H bending vibrations), 1251.63 cm−1 (C-O phenolic groups), 

1054.60 cm−1 (C-O single bonds stretching vibrations), and 890.47 cm−1 (aromatic rings), respectively 

[31,43]. 

 

Figure 2 – ATR-FTIR analysis of the produced double-layer nanofibrous materials. Chemical composition of 
the PLLA's upper layer, and the PEO_CS and PEO_HP_CS's lower layers, as well as the raw crude HP extract. 
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3.3.3. Porosity assessment  

The porous structure of the produced double-layer nanofibrous materials has a direct impact on their 

performance [1,10,44]. Herein, The PLLA's upper layer displays the lowest porosity (74.25% ± 

13.77%), which is essential to prevent microbial penetration and growth within the wound dressing, 

Figure 3A. On the other hand, the lower layers of PEO_CS and PEO_HP_CS exhibit a highly porous 

structure with porosities values of 89.19% ± 2.43% and 93.71% ± 1.00%, respectively, Figure 3A. 

These results demonstrate that the porosity increases in the presence of crude HP extract, which is in 

agreement with the lower diameter of the PEO_HP_CS nanofibers and the higher number of void 

spaces existing between the nanofibers. Moreover, the PEO_HP_CS's lower layer, intended to be in 

direct contact with the injured tissue, exhibited a preferred porosity for cell adhesion and migration, 

and to provide pathways for oxygen, nutrients, and fluids exchanges. These events are essential for 

an effective healing process [10,44]. 

3.3.4. Water contact-angle measurement  

The surface wettability is usually measured by the contact angle of the water (WCA) on the material 

surfaces [14,45]. According to literature, a WCA in the range from 40° to 60°, is characteristic of a 

moderate hydrophilic material. It is considered optimal for nanofiber-cell interactions, in comparison 

with a highly hydrophobic material surface (WCA > 90º) or very hydrophilic ones (WCA < 20°) 

[14,45,46]. In this context, the WCA values were measured to evaluate the wettability's surface of 

PLLA's upper layer and lower layers of PEO_CS and PEO_HP_CS, Figure 3B. The PLLA's upper layer 

displayed a WCA value higher than 90° (WCA value of 105.23 ± 2.89°), which suggests a non-wetting 

behavior and confirms the hydrophobic nature of PLLA fibers. On the other hand, the lowers layers 

of PEO_CS and PEO_HP_CS exhibited a moderate hydrophilic character as showed by the WCA 

values of 55.60 ± 8.89° and 50.97 ± 11.60°, respectively. Therefore, the incorporation of crude HP 

extract into the PEO_CS's lower layer revealed an improved surface wettability, which contributes to 

enhancing cell adhesion and proliferation and provides an appropriate moist wound environment. 

3.3.5. Measurement of surface free energy of adhesion  

Bacterial adhesion to biomaterial surfaces is a complex process that can be affected by several factors, 

such as the physicochemical properties of the bacteria, the material surface properties, and the 

surrounding environment features [47,48]. In this study, the adhesion of S. aureus and P. aeruginosa 

onto PLLA, PEO_CS, and PEO_HP_CS surfaces were determined thermodynamically from a liquid 

suspension. The free energy of adhesion to the PLLA's upper layer in the presence of S. aureus was 

unfavorable, for example, >0 mJ/m2, ΔGTOTAL = 23.23 ± 2.51 mJ/m2. In the same way, the free 

energy of adhesion between P. aeruginosa and PLLA's upper layer was ΔGTOTAL = 19.82 ± 3.03 
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mJ/m2. The results obtained revealed that the PLLA's layer is essential for avoiding the adhesion of 

the bacteria, reinforcing its suitability to act as a protective barrier.  

On the other hand, the free energy of adhesion for S. aureus when exposed to PEO_CS and 

PEO_HP_CS's lower layers increased from ΔGTOTAL = 44.60 ± 0.41 mJ/m2 to ΔGTOTAL = 48.79 ± 3.08 

mJ/m2, respectively. The same tendency was observed for the P. aeruginosa when in contact with the 

lower layers of PEO_CS and PEO_HP_CS, the free energy of adhesion increased from ΔGTOTAL = 

41.64 ± 0.40 mJ/m2 to ΔGTOTAL = 46.01 ± 3.22 mJ/m2, respectively. These values indicated that the 

lower layers were further energetically unfavorable for the bacteria adhesion. This result can be 

explained by the highly porous structure and high surface area displayed by lower layers surface, 

which plays an essential role in delivering bioactive agents to the wound site, and subsequently, can 

avoid bacterial adhesion and growth [8]. Moreover, the excellent intrinsic antimicrobial properties 

exhibited by CS and HP are also able to prevent bacteria adhesion, acting as an anti-adhesive and 

inhibiting biofilm formation [1,31,36]. 

3.3.6. Water vapor transmission rate  

An ideal wound dressing should be permeable to maintain a suitable moist environment and prevent 

wound dehydration [1,49,50]. In this way, the double-layer PLLA/PEO_CS nanofibrous mats 

displayed a WVTR of 1800.85 ± 133.42 g/m2/day while the double-layer PLLA/PEO_HP_CS 

nanofibrous mats present a WVTR of 1916.51 ± 143.02 g/m2/day. These values are slightly lower than 

the recommended WVTR for an appropriate wound dressing (2000-2500 g/m2/day), nonetheless, 

the incorporation of crude HP extract into the PEO_CS's lower layer leads to an enhancement of the 

WVTR value. Moreover, these results are in agreement with the WVTR values, obtained in another 

study, for a double-layer nanofibrous material [15]. 

 

3.3.7. Swelling profiles of the double-layer nanofibrous materials  

The ability to absorb exudates and provide an optimal balance of moisture at the wound surface can 

be characterized through the swelling behavior of the produced materials [1]. Herein, the swelling 

profiles of the double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous mats were analyzed 

by incubating the samples in a PBS solution at 37 °C, and their weight was monitored at 

predetermined time points, Figure 3C. The PLLA/PEO_HP_CS displays a higher swelling ratio 

(~500%) in comparison to PLLA/PEO_CS (~300%). The higher water uptake capacity of the 

PLLA/PEO_HP_CS can be attributed to its hydrophilic properties and highly porous structure. Also, 

the hydrophilic character of the crude HP extract further enhances the absorption capability [31]. On 

the other hand, the higher porosity of the PLLA/PEO_HP_CS increases its swelling ability due to 

more free space available for water uptake, which improves the dressing's ability to absorb and retain 

excessive amounts of exudate, which is most common during the inflammatory phase of healing 
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[22,40]. Hence, the double-layer PLLA/PEO_HP_CS nanofibrous mats can hold more moisture in 

its structure and allow a highly efficient exudate absorption, helping to avoid healthy tissue 

maceration, impaired cell proliferation, as well as subsequent infections. 

 

Figure 3 – Characterization of the total porosity (A), wettability features (B), and the swelling profile (C) of the 
fabricated double-layer nanofibrous materials. (Data are presented as the mean ± SD, * p < 0.05 and *** p < 
0.001). 

 

3.3.8. Characterization of the mechanical properties of the produced 

double-layer nanofibrous mats  

The mechanical performance of the produced double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS 

nanofibrous materials was evaluated in dry conditions through the analysis of the tensile strength, 

Young's modulus, and elongation at break for these materials, Table 2. The tensile strength obtained 

for PLLA/PEO_CS was 2.49 ± 0.17 MPa, whereas for PLLA/PEO_HP_CS this value decreased to 1.93 

± 0.18 MPa. However, the PLLA/PEO_HP_CS presented an increase of the elasticity in comparison 

with the PLLA/PEO_CS, exhibiting Young's modulus of 15.86 ± 0.50 MPa and 18.20 ± 2.49 MPa, 

respectively. Moreover, when the crude HP extract was incorporated into the double-layer 

PLLA/PEO_CS nanofibrous mats, a slight reduction in the elongation at break was observed. In this 

case, the PLLA/PEO_CS can bear a strain of 13.90% ± 2.83%, whereas the PLLA/PEO_HP_CS can 

carry a strain of 12.17% ± 1.33%. Through this analysis, it was verified that the produced wound 

dressing materials revealed similar mechanical properties, and the values showed to be very close to 

the native skin requirements, Table 2. Thus, from these results, we can conclude that PLLA/PEO_CS 
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and PLLA/PEO_HP_CS can provide and retain adequate mechanical support during the healing 

process, as well as facilitate their handling and application [1]. These findings are strongly related to 

the excellent mechanical properties of the upper layer made of PLLA [20]. 

 
 
Table 2 – Mechanical properties displayed by the double-layer nanofibrous materials and by the natural human 
skin. 
 

 
Tensile strength 

(MPa) 
Young’s 

modulus (MPa) 
Elongation at break 

(%) 
Thickness 

(mm) 

PLLA/PEO_CS 2.49 ± 0.17 18.20 ± 2.49 13.90 ± 2.83 0.20 ± 0.01 

PLLA/PEO_HP_CS 1.93 ± 0.18 15.86 ± 0.50 12.17 ± 1.33 0.22 ± 0.05 

Native human skin 2.50-30.00a 0.40-20.00a 10.00-115.00a - 

a The native human skin’ values were achieved from Reference 1. 
 

 

3.4. In vitro release study of HP from double-layer nanofibrous mats  

The release kinetics of the crude HP extract from double-layer PLLA/PEO_HP_CS dressing material 

was studied in PBS (pH 5.5) solution at 37 °C. As demonstrated in Figure 4, the HP release from the 

PLLA/PEO_HP_CS occurred in a gradual manner reaching its maximum after 5 days (76.59% ± 

3.83%) [51]. This result suggests that the swelling behavior and hydrophilic character of the 

PEO_HP_CS can help release the crude HP extract from the lower layer. In a similar way, Sadri et al. 

also observed a moderate delivery of GT from CS/PEO nanofibers [40]. In addition, the slow wetting 

of the hydrophobic PLLA surface and the slow biodegradability rate of PLLA's upper layer can be 

attractive to avoid an undesirable release. 

 

 

Figure 4 – In vitro release study of crude HP extract from produced double-layer PLLA/PEO_HP_CS 
nanofibrous material at a PBS buffer solution (pH = 5.5) for 30 days at 37 °C. 
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3.5. Evaluation of the biological properties of the produced double-layer 

nanofibrous mats  

3.5.1. Antibacterial properties assessment  

Damaged skin is particularly susceptible to microbial invasion and infections by pathogenic 

microorganisms, resulting in delayed healing and life-threatening complications [8]. Therefore, the 

antibacterial efficiency of the produced double-layer nanofibrous materials was evaluated against S. 

aureus and P. aeruginosa, two of the most prevalent bacteria in wound infections, Figure 5. Firstly, 

the capability of the PLLA's upper layer to avoid the bacterial infiltration within its structure was 

evaluated in comparison with the control, a 0.22 μm filter paper. As expected, the quantitative 

analysis showed for S. aureus and P. aeruginosa that after 24 hours of contact with the PLLA's upper 

layer, there was a total reduction of their viability of 6.92% ± 4.12% and 5.79% ± 1.31%, respectively. 

The acquired data revealed that the few bacteria were able to penetrate through the PLLA's upper 

layer due to its lower porosity. Consequently, the upper layer was able to act as a protective barrier 

avoiding bacteria growth in the wounds and ensuring a non-infectious healing environment [52]. The 

antimicrobial capacity of the lower layers of PEO_CS and PEO_HP_CS was also characterized to 

provide an aseptic environment at the wound site. The lower layer of PEO_CS exhibited a growth 

inhibitory effect against S. aureus and P. aeruginosa of 62.28% ± 6.10% and 47.52% ± 8.23%, 

respectively. However, when the crude HP extract was incorporated into the lower layer of PEO_CS, 

a better inhibitory effect on S. aureus and P. aeruginosa growth was observed (99.75% ± 1.30% and 

90.61% ± 1.63%). This result can be explained by the intrinsic antimicrobial properties of both CS and 

crude HP extract. The antimicrobial activity of CS is related to its polycationic nature. Thus, the 

positively charged groups of CS can interact with the bacteria membranes (negatively charged), 

changing its permeability, and eventually leading to the leakage of the intracellular constituents [53]. 

Also, the naphthodianthrones, particularly hypericin, from HP can strengthen the CS's inherent 

antimicrobial action and enhance the antimicrobial activity displayed by a lower layer of PEO_HP_CS 

[24-26,54]. Therefore, the incorporation of the crude HP extract promotes wound repair while 

simultaneously helps to reduce wound bacterial colonization and infection. 
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Figure 5 – Evaluation of antibacterial efficiency of the fabricated double-layer PLLA/PEO_CS nanofibrous 
material containing crude HP extract against S. aureus (A) and P. aeruginosa (B). (Data are presented as the 
mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001). 
 
 
 

3.5.2. Evaluation of cell viability after cells being in direct contact with 

the produced double-layer nanofibrous mats  

Wound healing is a complex biological process that involves a wide variety of cellular interactions. 

Among the different cell types, fibroblasts exhibit a crucial role during the healing process. They are 

responsible for breaking down the fibrin clot and are involved in the deposition and remodelling of 

ECM components, formation of collagen structures to provide structural support for other cells, as 

well as contracting wound tissue [55]. Herein, NHDF cells were used to evaluate the cytotoxic profile 

of the developed double-layer wound dressing material by using the MTT assay, Figure 6. Concerning 

this, the upper layer of PLLA and the double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS materials 

did not elicit any cytotoxic effect. Moreover, the crude HP extract incorporated in the PEO_CS's lower 

layer did not compromise the cell viability over 7 days, confirming its biocompatibility. 

 

Figure 6 – Evaluation of cell viability when the NHDFs were incubated for 1, 3, and 7 days with the PLLA's 
upper layer, and the double-layer PLLA/PEO_CS and PLLA/PEO_HP_CS nanofibrous materials. 
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4. Conclusions  

In this study, a double-layer nanocomposite PLLA/PEO_CS nanofibrous material containing crude 

HP extract was successfully developed using a multilayer electrospinning technique. The PLLA's 

upper layer was fabricated to protect the wound. In contrast, the lower layer of PEO_HP_CS was 

produced to re-establish a favorable wound environment for healing and prevent bacterial 

colonization or biofilm formation. The obtained results showed that the incorporation of crude HP 

extract in the double-layer PLLA/PEO_CS nanofibrous material exhibited a higher swelling ratio 

(~500%) in PBS, which is useful for maintaining favorable moisture balance within the wound site 

and that prevents from nanofibers sticking to the wound surface, as well as further damages. The 

acquired data can be related to the higher porosity (93.71% ± 1.00%) and wettability (WCA of 50.97 

± 11.60°) of the lower layer of PEO_HP_CS, as well as to the enhanced WVTR rate (1916.51 ± 143.02 

g/m2/day). Besides, the incorporation of the crude HP extract into the PEO_CS's lower layer 

improved its ability to prevent bacterial invasion at the wound surface, as demonstrated by 

antibacterial activity against S. aureus (99.75% ± 1.30%) and P. aeruginosa (90.61% ± 1.63%), 

respectively, and this material did not show any cytotoxic effect on NHDF cells. Shortly, the 

application of the produced material as a wound dressing will be enhanced by performed hemolysis 

assay. In vivo studies are required to further understand the performance of the produced double-

layer bioactive wound dressing material in the treatment of skin injuries. Moreover, the therapeutic 

ability of the crude HP extract, namely its anti-inflammatory activity, should also be evaluated, once 

wound infections are associated with a more significant amount of inflammation, which is responsible 

for delaying the healing process. 
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Paper 6 - Preparation and Characterization of Electrospun Double-

layered Nanocomposites Membranes as a Carrier for Centella asiatica 

(L.) 

Abstract 

A wide range of naturally derived and synthetic biodegradable and biocompatible polymers are today 

regarded as promising materials for improving skin regeneration. Alongside this, these materials have 

been explored in conjunction with different types of antimicrobial and bioactive agents, especially 

natural-derived compounds, to enhance their biological properties. Herein, a double-layered 

nanocomposite dressing membrane was fabricated with two distinct layers. A bottom layer from 

Chitosan-Sodium tripolyphosphate (CS-TPP) and Polyvinyl Alcohol (PVA) containing Centella 

asiatica (L.) (CA) was electrospun directly over a Polycaprolactone (PCL) layer to improve the 

biologic performance of the electrospun nanofibers. In turn, the PCL layer was designed to provide 

mechanical support to the damaged tissue. The results revealed that the produced double-layered 

nanocomposite membrane closely resembles the mechanical, porosity, and wettability features 

required for skin tissue engineering. On the other hand, the in vitro drug release profile of the 

PCL/PVA_CS-TPP containing CA exhibited a controlled release for 10 days. Moreover, the PVA_CS-

TPP_CA’s bottom layer displayed the highest antibacterial activity against Staphylococcus aureus (S. 

aureus) (99.96 ± 6.04%) and Pseudomonas aeruginosa (P. aeruginosa) (99.94 ± 0.67%), which is 

responsible for avoiding bacterial penetration while endowing bioactive properties. Finally, the 3-

(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay showed that this 

nanocomposite membrane was not cytotoxic for normal human dermal fibroblasts (NHDF) cells. 

Therefore, these findings suggest the potential use of the double-layered PCL/PVA_CS-TPP_CA as 

an efficient bionanocomposite dressing material. 

 

Graphical Abstract 

 

Keywords: Polycaprolactone; chitosan; sodium tripolyphosphate; poly(vinyl alcohol); Centella 

asiatica; double-layered nanocomposite membranes.  
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1. Introduction  

Wound healing is a dynamic and complex process that requires cellular interactions between a wide 

variety of cell types [1–3]. These interactions are mediated through a coordinated cascade of 

biological events synergistically controlled by numerous bioactive molecules, such as growth factors, 

anti-inflammatory agents, and vitamins. However, the physiology of the healing process may be 

impaired by several factors [1–3]. Among them, bacterial colonization and subsequent infections 

remain one of the most serious complications after skin structure is compromised [1,4,5]. Generally, 

when pathogenic microorganisms contaminate skin wounds, the immune system mobilizes its energy 

trying to suppress the invasion of these pathogens instead of focusing on the re-establishment of the 

native skin’s structural and functional features [1,4–6]. If infection occurs, microorganisms, 

particularly bacteria, can produce endotoxins that stimulate the expression of pro-inflammatory 

cytokines and encourage an extended inflammatory response. In this case, wounds exhibit increased 

levels of metalloproteinases (MMPs), which provide an unsuitable environment for the production of 

new skin’s extracellular matrix (ECM) components, delaying or even interrupting the healing process 

[1,5,6]. 

Concerning this, several wound dressings displaying antimicrobial properties have been developed to 

protect the wound from infection and enhance the healing process. Nonetheless, it is essential to 

improve their performance to suppress this health problem and reduce the occurrence of life-

threatening complications [1,5–7]. For this purpose, different combinations of both synthetic and 

natural biocompatible and biodegradable polymers have been explored to produce 3D nanofibrous 

membranes that mimic the architecture of the skin’s ECM [1,6–8]. So far, to successfully produce 

nanofibers as potential wound dressings, several techniques have been used, namely self-assembly, 

phase separation, drawing, template synthesis, and electrospinning. Electrospinning has been 

considered as one of the most efficient, versatile, and cost-effective methods to produce 

nanocomposite dressing materials with the desirable features [1,7]. The unique structural and 

morphological properties of the electrospun nanofibers, like the high specific area to volume ratio, 

interconnected pores, and the smaller fiber diameters, closely resemble the structure of collagen 

fibers found in the normal skin’s ECM. Alongside this, their porous structure can support cell 

adhesion, migration, and proliferation, and regulate the release of both growth factors and signaling 

molecules, which are required to achieve wound healing [1,7–11]. The electrospun nanofibers can also 

provide quick hemostasis, enhance exudate absorption, nutrients, and gas permeability, as well as 

preventing bacterial penetration and colonization. Moreover, electrospinning provides the 

operational ability for incorporating antimicrobial and/or bioactive agents, which enable the 

improvement of the biologic behavior of these wound dressing materials [1,7–9]. To accomplish that, 

several different approaches have been used as an alternative to traditional single-fluid 

electrospinning [12]. Among them, double-fluid and multiple-fluid electrospinning methods have 

been extensively studied to produce core–shell nanofibers and provide specific release profiles 
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[13,14]. In the coaxial electrospinning system, namely in modified coaxial electrospinning processes, 

different coaxial spinneret needles have been designed [15]. Furthermore, two needles side-by-side 

have been applied to produce nanofibers with Janus structures [14,16,17]. On the other hand, 

multiple-fluid systems with distinct spinneret arrangements like traditional and modified triaxial 

spinnerets and electrospun nanofibers with a common shell and two separate cores have been 

developed to ensure a sustained release of the incorporated agents [14,18–21]. However, those new 

methods for manipulating the inner chamber structure are complicated. Thus, traditional single-fluid 

blending electrospinning is still the mainstream method due to its straightforward operation, easy 

scale-up, and remarkable power for tailoring the components and compositions of resultant 

composite nanofibers. Additionally, manipulation of deposition on the collector with different 

electrospun nanofibers has been studied in recent works and is being further explored to improve the 

functional performances of the electrospun wound dressing materials containing antimicrobial 

agents [11,22–24]. Among the different antimicrobial agents incorporated so far in electrospun 

wound dressings, antibiotics and nanoparticles have been widely explored due to their capability to 

avoid bacteria penetration and colonization into the wound site [1,5,7,9]. Nonetheless, the growing 

threat of antibiotic resistance and their toxicity have encouraged the use of natural products to avoid 

bacterial contamination. Regarding that, compounds obtained from natural sources, like medicinal 

plants, have been regarded as a powerful natural supplement for the management and treatment of 

wounds [1,7,9,25,26]: mainly crude plant extracts, which are ecologically sustainable mixtures rich in 

interesting bioactive phytochemicals, such as tannins, alkaloids, carbohydrates and glycosides, 

terpenoids, steroids, flavonoids, and coumarins with multiple healing benefits [7,9,26,27]. Herein, 

we produced a novel bionanocomposite dressing membrane with a double-layered structure through 

electrospinning. Polycaprolactone (PCL), a hydrophobic synthetic polymer, was used as the main 

component of the first layer, due to its biocompatibility, desirable mechanical strength, and ability to 

act as a protective barrier [10,28–30]. On the other hand, the second layer of Polyvinyl Alcohol (PVA) 

and Chitosan-Sodium tripolyphosphate (CS-TPP) containing Centella asiatica (L.) (CA) was designed 

to be in direct contact with the injured skin and enhance the healing process [30,31]. CA is a member 

of the Apiaceae family, and it has been widely used for the treatment of dermatoses, skin lesions such 

as burns, excoriations, hypertrophic scars or eczema, and other skin diseases, like leprosy and 

psoriasis, as well as in non-dermatologic conditions. CA displays different terpenoids, known as 

centelloids, including asiaticoside, madecassoside, centelloside, centellose, brahminoside, 

thankunizide, sceffoleoside, brahmoside, and asiatic, centellic, brahmic, and madecassic acids which 

are responsible for conferring several therapeutic properties to CA [32–34]. Moreover, the extracts 

obtained from this medicinal plant are known for their capability to stimulate fibroblast proliferation, 

collagen synthesis, and angiogenesis [32]. In turn, Chitosan (CS), one of the most abundant natural 

polysaccharides, is known for its ability to stimulate collagen synthesis, as well as bactericidal and 

hemostatic properties. Alongside this, CS possesses amine functional groups on its backbone chains, 

which in acidic aqueous media ensure a high density of positive charges [31,35–37]. Thus, under these 
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conditions, CS can be ionically cross-linked with biodegradable and biocompatible polyanions, as the 

sodium tripolyphosphate (TPP), forming polyelectrolyte complexes as antimicrobial and/or bioactive 

agents delivery carriers [31,35]. Nevertheless, the CS-TPP solutions are difficult and unstable to 

electrospun into a fibrous structure, due to the high viscosity of the CS at low pH values [31,37–39]. 

To overcome this limitation, PVA, one of the most commonly used water-soluble synthetic polymers, 

was added to the CS-TPP blend to enhance fiber-forming ability [31,36,38,39]. Hence, in this work, 

we aimed to take advantage of the capability offered by double-layered PCL/PVA_CS-TPP_CA to 

improve the wound healing process, namely the benefits that the ionically cross-linked electrospun 

PVA_CS-TPP nanofibers display to control the release of the crude CA extract according to the 

demands for antimicrobial wound care products. 

 

2. Materials and Methods  

2.1. Materials  

Centella asiatica (CA) was supplied from a Portuguese botanic shop (CHÁ HUNOS, Lda., Portugal) 

without any additives. Normal human dermal fibroblasts (NHDF) cells were purchased from ATCC—

American Type Culture Collection. Polycaprolactone (PCL) (MW 80,000 g/mol), Chitosan (CS) (low 

molecular weight) were acquired from Sigma-Aldrich. Polyvinyl Alcohol (PVA) (MW 115,000 g/mol) 

was purchased from VWR Chemicals. Ethanol absolute, Chloroform, Dimethylformamide (DMF), 

and Glacial acetic acid were purchased from Fisher Chemical. Nutrient agar (NA), Nutrient broth 

(NB), and Agar for microbiology were provided from Fluka. Brain Heart Infusion (BHI) broth was 

obtained from Panreac. Mueller Hinton broth (MHB), Tween 80, Sodium Hydroxide (NaOH), 

Sodium Chloride (NaCl), Trypsin, and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT) were bought from Sigma-Aldrich. Phosphate-buffered saline (PBS) and Sodium 

tripolyphosphate (TPP) were purchased from Alfa Aesar. All solvents were used as received from the 

manufacturer. 

 

2.2. Ethanol Extraction of Crude Centella asiatica (CA) Plant  

The dried and powdered aerial plant parts (4 g) were macerated using 40 mL of 95% ethanol as 

solvent at room temperature for 24 hours. Then, the supernatant from the ethanol extraction was 

directly filtered through Whatman filter paper, and after that, the acquired filtrate was dried under 

reduced pressure to obtain dry CA extract. The yield of the fresh plant was 18.81% (dry weight of the 

extract obtained after solvent removal per weight of plant) (w/w). Finally, the crude CA extract was 

stored following good storage practices and next re-suspended in 45% (v/v) ethanol for further 

experiments. 
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2.3. Minimum Inhibitory Concentration (MIC) of the Crude CA extract  

Minimum inhibitory concentration (MIC) of the crude CA extract was assessed against 

Staphylococcus aureus (ATTC 6538) (S. aureus) and Pseudomonas aeruginosa (PA25) (P. 

aeruginosa) using the broth microdilution method on 96 multi-well polystyrene plates (Sigma-

Aldrich), according to the CLSI M07-A6 document. Briefly, serial dilutions of crude CA extract were 

prepared in sterile Mueller Hinton Broth (MHB) to obtain the desired extract concentrations 

(between 50 and 0.15 mg/mL). Then, 50 µL of each CA dilution containing 50 µL of a bacterial 

suspension (adjusted to ~107 CFU/mL in MHB) was applied to the microplate wells in triplicate. The 

plates were after that incubated at 37 °C for 18–24 hours. The MIC was defined as the lowest 

concentration of the crude CA extract at which there was no visible growth of S. aureus and P. 

aeruginosa (no solution turbidity on naked eyes). MHB with bacterial suspensions was added as a 

positive control, whereas only MHB was used as a negative control. 

 

2.4. Fabrication of the Double-Layered Nanocomposites Membranes  

The double-layered nanocomposites membranes were fabricated using the Nanospider technology 

(Nanospider laboratory machine NS LAB 500S from Elmarco S.R.O., Czech Republic, http://www. 

elmarco.com), as a modified electrospinning method.  

Top layer: Initially, a PCL solution (8% PCL (w/v)) was prepared in chloroform/DMF at 30:20 volume 

ratio. The resultant solution was electrospun at 75.0 kV, using a working distance of 15 cm and an 

electrode rotation rate of 55 Hz (electrode spin = 8.8 r/min).  

Bottom layer: CS-TPP blend was prepared according to a previously reported method by Nguyen et 

al. [40] using sodium tripolyphosphate (TPP) as a crosslinking agent. Briefly, 0.2% (w/v) chitosan 

was dissolved in 0.35% acetic acid and kept overnight at room temperature. The pH of the resulting 

chitosan solution was then adjusted to pH 5.5 using a 0.5 M sodium hydroxide (NaOH) solution. In 

turn, a TPP solution was prepared in distilled water at a concentration of 0.25% (w/v). The CS-TPP 

was produced by dropping the TPP solution into the CS solution under vigorous stirring in a volume 

ratio of 6:1 for 60 min at room temperature. Afterward, the CS-TPP was blended with 10% (w/v) of 

PVA dissolved in distilled water at 90 °C with a volume ratio of 70:30, respectively. Additionally, the 

crude CA extract incorporation into CS-TPP was achieved by adding 3 mg/mL of the CA extract in the 

TPP solution. The CS-TPP_CA was produced following the same procedure as for the CS-TPP. After 

polymer solutions were obtained, they were placed in a container with a rotating spinning electrode, 

and electrospun on top of the recently prepared PCL’s top layer at an electrode spin of 45 Hz 

(electrode spin = 7.2 r/min), using a working distance of 15 cm and an applied voltage of 75 kV. 

Finally, the fabricated double-layered nanocomposites membranes (PCL/PVA_CS-TPP and 

PCL/PVA_CS-TPP_CA) were characterized through in vitro assays to assess their appropriateness as 

a wound dressing material. 
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2.5. Characterization of the Produced Double-Layered Nanocomposites 

Membranes  

2.5.1. Scanning Electron Microscopy (SEM) Imaging and Analysis  

The surface morphology of the electrospun nanofibers of the top layer (PCL) and bottom layers 

(PVA_CS-TPP and PVA_CS-TPP_CA) of the developed double-layered nanocomposite membranes 

was observed using scanning electron microscopy (SEM) (S2700, Hitachi, Tokyo, Japan) at an 

accelerating voltage of 20 kV. First, the samples were mounted on aluminum stubs and sputter-coated 

with a thin gold layer in an Emitech K550 sputter coater (Quorum Technologies Ltd., Laughton, East 

Sussex, UK) for better conductivity during imaging. The fiber diameters were measured from the 

obtained SEM images using ImageJ software (National Institutes of Health, MD, USA) and the size-

frequency distributions constructed with GraphPad Prism 6 software (GraphPad Software, La Jolla, 

CA, USA). 

 

2.5.2. Attenuated Total Reflectance–Fourier Transform Infrared 

Spectroscopy Study  

The chemical composition of the top layer (PCL), the bottom layers (PVA_CS-TPP and PVA_CS-

TPP_CA), and their raw materials was analyzed using attenuated total reflectance–Fourier transform 

infrared spectroscopy (ATR–FTIR, Thermo-Nicolet is10 FT-IR Spectrophotometer, Waltham, MA, 

USA). The spectra of the samples were recorded in a spectral width ranging from 400–4000 cm−1 

with an average of 32 scans min−1 and a spectral resolution of 4 cm−1. 

 

2.5.3. Differential Scanning Calorimetry (DSC)  

The thermal behavior of the PCL’s top layer and the bottom layers of PVA_CS-TPP with and without 

CA extract was evaluated by differential scanning calorimetry (DSC) (DSC 204 Phoenix Netzsch, 

Germany). Briefly, about 5 mg of each sample was filled in small aluminum containers, and the non-

isothermal scans performed from 30 °C to 200 °C at a heating rate of 5 °C/min, with a nitrogen-

replacing atmosphere. 

 

2.5.4. Assessment of the Mechanical Characteristics of the Produced 

Double-Layered Nanocomposites Membranes 

The tensile test was carried out in dry conditions according to the ASTM standard D3039/D3039M 

to evaluate the mechanical characteristics of the produced double-layered nanocomposites 

membranes. Briefly, samples of the PCL/PVA_CS-TPP and PCL/PVA_CS-TPP containing CA 
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samples (n = 5) were cut into rectangular strips of 1 cm × 4 cm, and then the thickness was measured 

with a micrometer (Adamel Lhomargy MI20, France). The tensile test was performed using a 

dynamometer (DY-35 Adamel Lhomargy, France) by using a load cell of 10-N. The samples were 

mounted vertically between the clamps of the tensile tester, and a speed of 2 mm/min used until the 

membranes were ruptured. Finally, the tensile strength, Young’s modulus, and elongation at break 

were determined. 

2.5.5. Measurement of the Total Porosity  

The total porosity of the dried PCL’s top layer and bottom layers of PVA_CS-TPP and PVA_CS-

TPP_CA was measured using a fluid displacement method and conducted as previously described by 

Yeh et al. [41]. Absolute ethanol with density ρε was used as displacement liquid because it can easily 

penetrate the porous structure without inducing negligible shrinking or swelling as a non-solvent of 

both layers. Briefly, a graduated cylinder with ethanol was weighed (W1), then a dried sample with a 

known weight (Ws) was immersed into the cylinder containing the displacement liquid. After that, 

this assembly was placed in an ultrasonic bath (Ultrasons-H, P-Selecta) for 40 min at 30 °C. After this 

period, the volume of ethanol in the graduated cylinder was refilled and weighed as W2. The sample 

saturated with ethanol was taken out from the cylinder, and its weight determined as W3. The porosity 

(ε) of both layers was estimated through the following (Equations (1)–(3)): 

𝑉𝑠 =
(𝑊1−𝑊2+𝑊𝑠)

𝜌𝜀
  (1) 

𝑉𝑝 =
(𝑊2−𝑊3−𝑊𝑠)

𝜌𝜀
  (2) 

𝜀 (%) =
𝑉𝑝

(𝑉𝑝+𝑉𝑠)
× 100 ⇔ 𝜀 (%) =

(𝑊2−𝑊3−𝑊𝑠)

(𝑊1−𝑊3)
× 100  (3) 

 

where Vs is the volume of the sample, and Vp is the volume of the sample pores. For each sample, the 

porosity measurements were performed in triplicate, and the average ± standard deviation (SD) 

shown for each sample. 

 

2.5.6. Evaluation of Wettability Properties  

The water contact angles (WCA) at the surface of both layers (PCL, PVA_CS-TPP, and PVA_CS-

TPP_CA) were determined using a Data Physics Contact Angle Goniometer (OCAH-200) for surface-

wetting characterization. Briefly, each sample was placed on the measuring stage, then water drops 

(4 µL) were seated onto the surface of the samples at different locations at 25 °C. The reported WCA 

values were the average of at least three independent measurements (n = 3). 
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2.5.7. Analysis of the In Vitro Swelling Behavior  

The swelling degree of the produced double-layered nanocomposites membranes (PCL/PVA_CS-TPP 

and PCL/PVA_CS-TPP_CA) was investigated in a phosphate buffer solution (PBS) at a pH of 5.5 by 

using a gravimetric method. Briefly, the pre-weighted dry samples (W0) were immersed in the PBS at 

37 °C. At specific time points, the swollen samples were removed from the PBS buffer solution and 

reweighted after kindly wiping the excess buffer off the samples (Wt). All measurements were 

performed in triplicate (n = 3) and the amount of water uptake determined according to the following 

Equation (4): 

 

Swelling Ratio (%) =
(𝑊𝑡−𝑊0)

𝑊0
× 100 (4) 

 

 

2.5.8. Study of the In Vitro Biodegradation Profile  

The physical integrity behaviors were analyzed from the weight loss of the produced double-layered 

nanocomposites membranes. Briefly, the dried samples with the initial weight of (W0) were immersed 

into PBS solution (pH = 5.5) at 37 °C. At predetermined time intervals (1, 4, 7, and 10 days), the 

samples (n = 3) were removed from the PBS solution, rinsed with distilled water to remove residual 

buffer salts, oven-dried, and reweighted (Wd). Finally, the weight loss (%) of each sample was 

determined based on Equation (5): 

 

Weight loss (%) =
(𝑊0−𝑊𝑑)

𝑊𝑑
× 100  (5) 

 

2.5.9. Water Vapor Transmission Rate (WVTR) Analysis  

The gravimetric assay based on the ASTM E96/E96M-15 standard was used to evaluate the water 

vapor transmission rate (WVTR) of the produced double-layered nanocomposites membranes. 

Briefly, sample circles (1.2 cm diameter) were cut and carefully attached to the mouths of test tubes 

containing 10 mL of deionized water. The circular opening of the test tubes was sealed using parafilm, 

and the samples–glass tubes assembly placed in an incubator at 37 °C. At predetermined intervals, 

the amount of water evaporation was estimated by the changes in their weight over time. The WVTR 

was calculated according to Equation (6): 

 

Water vapor transmission rate  (WVTR) =
𝑊𝑙𝑜𝑠𝑠

𝐴
  (g/𝑚2/𝑑𝑎𝑦)  (6) 

 

Where Wloss is the daily weight loss of water and A is the test area in m2. 
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2.6. Analysis of the In Vitro CA Release from Double-Layered 

Nanocomposites Membranes  

The in vitro release profile of the double-layered nanocomposites membranes containing crude CA 

extract was investigated in PBS (pH = 5.5) containing 10% (v/v) of ethanol. The amount of released 

CA in PBS was monitored by a UV–Vis spectrophotometer at a wavelength of 370 nm [42]. Briefly, 

the double-layered PCL/PVA_CS-TPP_CA membranes were kept immersed in PBS buffer at 37 °C 

and 100 rpm for 10 days. At specific time points, a fixed volume of released medium was taken out 

from the incubation medium, and an equal amount of fresh buffer solution refilled to maintain the 

sink condition. The amount of crude CA extract released was measured by converting its detected UV 

absorbance to its concentration according to the calibration curve constructed from a series of CA 

standard solutions (from 0.00 mg/mL to 5.00 mg/mL). After that, the data obtained were evaluated 

to determine the cumulative percentage of the released CA from the samples at each immersion time 

point. The experiments were conducted in triplicate (n = 3). 

 

2.7. Assessment of the Antibacterial Properties of the Produced Double-

Layered Nanocomposites Membranes  

The antibacterial activity of both layers (PCL, PVA_CS-TPP, and PVA_CS-TPP_CA) was exanimated 

against S. aureus and P. aeruginosa following the guidelines established by the Standard Test Method 

for Determining the Activity of Incorporated Antimicrobial Agent(s) in Polymeric or Hydrophobic 

Materials (ASTM E2180-07 standard). Firstly, S. aureus and P. aeruginosa were cultivated in 

nutrient broth (NB) and brain–heart infusion broth (BHI) in a shaking incubator at 37 °C and 110 

rpm for 18–24 hours, respectively. After that, the bacterial suspensions were diluted until the 

bacterial concentration reached ~108 CFU/mL, then added to the previously prepared agar slurry to 

facilitate surface interaction. A thin layer of inoculated agar slurry was pipetted onto the samples and 

then left to gel at room temperature before incubation at 37 °C for 18–24 hours. The surviving bacteria 

were analyzed immediately (T0h) and after incubation (T24h) by elution of the agar slurry inoculum 

from the test samples. After bacteria elution, serial dilutions were made in NaCl and pipetted on agar 

plates, and incubated at 37 °C for 18–24 hours. Finally, the number of surviving colonies following 

incubation was counted, and the counts used to establish the log (CFU/mL). 

 

2.8. Analysis of the In Vitro Cell Viability  

The cytotoxicity of the double-layered nanocomposites membranes (PCL/PVA_CS-TPP and 

PCL/PVA_CS-TPP_CA) was evaluated through colorimetric 3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) assay according to ISO 10993–5 (Biological evaluation of 

medical devices–Part 5: Tests for in vitro cytotoxicity). Firstly, the normal human dermal fibroblasts 
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(NHDF) cells were cultured in a medium supplemented with fetal bovine serum (FBS) in a humidified 

incubator at 37 °C under a 5% CO2 atmosphere. Afterward, the samples cut into round disks (with a 

diameter of ~6 mm) were placed at the center of each well in 24-well plates, then sterilized by UV 

irradiation for 1 hour before cell seeding. After that, 1 × 104 cells/well were seeded in each well 

containing the sterilized membranes and incubated with 5% CO2 at 37 °C for 1, 3, and 7 days. During 

these intervals of time, the medium was removed, and a mixture of fresh culture medium with the 

MTT reagent added to each well. After being incubated for 4 hours under the same conditions, the 

content of each well was again removed and replaced by DMSO to dissolve the formazan crystals. 

Finally, the absorbance of each membrane was measured at 570 nm using a spectrophotometric plate 

reader (Biorad xMark microplate spectrophotometer). Cells incubated without samples (K−) and cells 

with EtOH (96%) (K+) were chosen as control groups. The positive control (K+) was added in separate 

24 well plates to avoid false results caused by EtOH (96%). 

2.9. Statistical Analysis  

Statistical analysis was performed from the one-way ANOVA, followed by multiple comparison test 

Turkey using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, USA) with a statistical 

significance of p < 0.05. 

 

3. Results and Discussion  

3.1. Minimal Inhibitory Concentration (MIC) of the Crude CA Extract  

The antimicrobial susceptibility of the crude CA extract was determined by the MIC. The MIC value 

against S. aureus was found to be 1.40 mg/mL, while the value for P. aeruginosa was 2.80 mg/mL. 

These values were lower than those obtained by Yao et al. [43], who revealed MIC values to the 

ethanolic extract of CA of 6.25 mg/mL and 25 mg/mL against S. aureus and P. aeruginosa, 

respectively. These results proved that the antibacterial activity of the medicinal plants depends on 

the specific active compounds present in the extract. 

 

3.2. Characterization of the Produced Double-Layered Nanocomposites 

Membranes  

3.2.1. Scanning Electron Microscopy (SEM) Imaging and Analysis  

In this study, the surface morphologies and diameter distributions of the electrospun nanofibers from 

PCL’s top layer and the bottom layers of PVA_CS-TPP and PVA_CS-TPP incorporated with the crude 

CA extract, respectively, are displayed in Figure 1a. The SEM images show that both layers exhibit a 
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random distribution of nanofibers with interconnected pores. The average diameters of the smooth 

PCL structure were determined to be 277.63 ± 85.19 nm, which is in agreement with other studies 

performed with PCL [44]. In turn, the average fiber diameter of the smooth and bead-free structures 

of PVA_CS-TPP was decreased from 323.85 ± 91.07 nm to 284.34 ± 75.79 nm when the crude CA 

extract was incorporated, as a result of reduction of the viscosity of the electrospinning solution. In 

this way, these results suggest that the produced double-layered nanocomposites membranes 

resemble the fibrous morphology and architecture of the natural extracellular matrix (ECM) since the 

nanofibers exhibit diameters within the size range of the collagen fibers of ECM (50–400 nm), being 

able to promote cell adhesion and proliferation [45,46]. 

 

Figure 1 – Morphology and fiber diameter distribution of the PCL’s top layer and the PVA_CS-TPP and 
PVA_CS-TPP_CA's bottom layers (a); and Cross-sectional SEM images of the double-layered membranes 
PCL/PVA_CS-TPP with crude CA extract (on the right) and without (on the left) (b). 

According to the cross-sectional image, Figure 1b, it is possible to observe the two different layers of 

the produced double-layered nanocomposites membranes. 
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3.2.2. Attenuated Total Reflectance-Fourier Transform Infrared 

Spectroscopy Study  

The acquired ATR-FTIR spectra of the produced double-layered nanocomposites membranes are 

presented in Figure 2. The spectrum of the PCL’s top layer displays its characteristic bands, Figure 

2a. The peaks at 2865.22 and 2943.10 cm−1 belongs to the symmetric and asymmetric CH2 stretching 

vibration, while the band at 1722.95 cm−1 corresponds to the C=O stretching vibration [47]. 

 

Figure 2 – ATR-FTIR analysis of the produced double-layered membranes. FTIR spectra of the PCL’s top layer 
(a), the bottom layers of PVA_CS-TPP and PVA_CS-TPP_CA, and their raw materials (b). 

In turn, the spectrum of the PVA_CS-TPP’s bottom layer shows the characteristic peaks of the PVA 

and CS at 3316.14 and 2936.47 cm−1, attributed to the O-H and CH2 stretching vibration, respectively, 

and a peak at 1642.57 cm−1 assigned to C=O stretching of a primary amide, Figure 2b. These bands 

revealed that the PVA and CS-TPP were successfully dispersed in the nanofibers [31]. Moreover, 

when the CA extract was incorporated into the PVA_CS-TPP nanofibers, a higher intensity of the 

peaks was observed once the characteristic peaks of the crude CA extract overlapped with the bands 

of PVA_CS-TPP, Figure 2b. A similar effect was previously reported by Amina et al. [48], who showed 

that the characteristic peaks of PU nanofibers overlapped with the bands of aqueous extract of 

Grewia mollis (G. mollis), leading to a higher intensity in the PU/G. mollis nanofibers’ spectrum. 

However, the spectrum of raw CA confirms its characteristics peaks at 3322.12 cm−1 (O-H stretching 

vibration of carboxylic acid group), 1656.07 cm−1 (C-O stretching vibration), 1451.17 cm−1 (C-H in-

plane bending vibration), 1375.48 cm−1 (C-N stretching vibration, aromatic amide), and 1024.98 cm−1 

(C-O stretchining) [49]. 
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3.2.3. Differential Scanning Calorimetry (DSC)  

The thermal properties of both layers (PCL’s top layer and the bottom layers of PVA_CS-TPP and 

PVA_CS-TPP containing crude CA extract) were evaluated by DSC, as demonstrated in Figure 3. In 

PCL’s top layer, the endothermic peak at 62.96 °C corresponds to the melting temperature (Tm) of 

PCL. This result is in agreement with the data available in the literature for electrospun PCL 

membranes (Tm(PCL) = 60.10 °C) [50]. On the other hand, comparing the raw PVA_CS with the 

PVA_CS-TPP nanofibers, it was found that the endothermic peak at 62.24 °C corresponding to the 

evaporation of water and acetic acid solvents [51,52]. In addition, a weak endothermic peak was 

found at 188.43 °C, which is due to the melting of PVA crystals [51]. Additionally, the DSC 

thermograms suggest that the presence of CS-TPP shifted the endothermic peaks to a higher 

temperature, confirming the thermal stability of the ionically cross-linked electrospun PVA_CS-TPP 

nanofibers. Moreover, the incorporation of the crude CA extract slightly changed the Tm of the 

PVA_CS-TPP nanofibers, indicating that the incorporation of the crude plant extract slightly enhance 

the thermal properties of the bottom layer of the produced double-layered nanocomposite 

membrane. Therefore, the electrospun PVA_CS-TPP_CA nanofibers were revealed to be thermally 

stable to support cell growth, which is essential for improving the healing process. 

 

Figure 3 – Characterization of the thermal behavior of the produced double-layered membranes. DSC curves 
of the PCL’s top layer (a); and the bottom layers of PVA_CS, PVA_CS-TPP, and PVA_CS-TPP_CA (b). 

Similarly, Ghaseminezhad et al. [53] developed electrospun PCL/Gelatin nanofibers loaded with 

different amounts of Althea officinalis (AO) and demonstrated that till 15 wt % AO the thermal 

stability of these electrospun nanofibers was slightly improved. 
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3.2.4. Assessment of the Mechanical Characteristics of the Produced 

Electrospun Double-Layered Nanocomposites Membranes  

The mechanical characteristics, like tension, elasticity, and Young’s modulus, of the produced 

double-layered nanocomposites membranes, are summarized in Table 1. The electrospun 

PCL/PVA_CS-TPP membrane exhibited a tensile strength of 3.96 ± 0.99 MPa, Young’s modulus of 

38.16 ± 5.32 MPa, and an elongation at break of 10.39 ± 1.89%. However, the mechanical strength of 

the nanocomposites membranes was decreased after incorporation of the crude CA extract. The 

tensile strength and Young’s modulus of the PCL/PVA_CS-TPP_CA were reduced to 3.03 ± 0.67 

MPa and 36.36 ± 7.29 MPa, respectively. The crude CA extract also had a slight effect on the 

elongation at break (8.31 ± 0.61%). Nevertheless, the obtained values are close to those exhibited by 

native human skin, Table 1. 

 

Table 1 – Evaluation of the mechanical properties of the produced Polycaprolactone (PCL)/ Poly(vinyl alcohol) 
(PVA) and Chitosan-Sodium tripolyphosphate (CS-TPP) (PVA_CS-TPP) nanofibrous membranes with and 
without crude Centella asiatica (L.) (CA) extract and comparison with the native human skin values. 

 

 
Tensile 

strength 
(MPa) 

Young’s 
modulus 

(MPa) 

Elongation 
at break 

(%) 

Thickness 
(mm) 

PCL/PVA_CS-TPP 3.96 ± 0.99 38.16 ± 5.32 10.39 ± 1.89 0.12 ± 0.01 

PCL/PVA_CS-TPP_CA 3.03 ± 0.67 36.36 ± 7.29 8.31 ± 0.61 0.10 ± 0.02 

Native skin 2.50-30.00 a 0.40-20.00 a 10.00-115.00 a - 
a From reference [10]. 

 

According to what was described above, several studies have shown that the incorporation of the 

crude plant extracts into electrospun nanofibers decreases the mechanical strength of the 

membranes, due to its weaker mechanical properties [11,54]. In turn, synthetic polymers like PCL 

have exhibited excellent mechanical performance [55]. 

Thereby, the two layers of the double-layered nanocomposites membranes attached will provide 

good resilience and compliance to cover a wound area, resulting in effective wound healing with 

minimal scarring. 

3.2.5. Measurement of the Total Porosity  

The wound dressings’ porosity is a very important parameter for an effective healing process to occur. 

Herein, the porosity of the PCL’s top layer was found to be 64.01 ± 10.61%, Figure 4a. This value is 

in accordance with other studies that used the lowest porosity of the PCL as a protective layer against 

bacteria penetration [11,56]. On the other hand, the bottom layers of the PVA_CS-TPP and PVA_CS-

TPP_CA displayed porosities of 92.92 ± 1.16% and 96.88 ± 1.14%, respectively, Figure 4a. The data 

obtained reveal that the porosity values of the bottom layers, which play a vital role in the healing 
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process, are in the preferred range of 60 to 90% for cell adhesion, migration, and proliferation. In 

addition, a highly porous structure is beneficial for the improvement of the production of the new 

ECM components [7]. 

 

 

Figure 4 – Characterization of the total porosity (a); wettability (b); swelling profile (c); and weight loss at pH 
= 5.5 (d) of the produced double-layered membranes. (Data are represented as average ± standard derivation 
(SD), * p < 0.05 and ** p < 0.01). 

3.2.6. Evaluation of Wettability Properties  

The wettability of the wound dressing materials is a crucial parameter that affects their biological 

performance [57]. Herein, the surface wettability of both layers of the produced double-layered 

nanocomposite membranes was investigated from the WCA between the surface material and water 

droplets using the sessile drop technique. The PCL’s top layer of nanocomposites membranes 

exhibited a WCA value of 105.93 ± 18.85°, confirming its hydrophobic character conferred by PCL 

aliphatic chains, Figure 4b. On the other hand, the bottom layers of the PVA_CS-TPP, which is in 

contact with the wound, showed a WCA value of 50.83 ± 13.97°. This value decreased to 42.50 ± 

16.93° when the crude CA extract was incorporated in this layer (PVA_CS-TPP_CA), Figure 4b. Such 

behavior is associated with the hydrophilic character of the plant components. Therefore, the 

moderate wettability of the PVA_CS-TPP and PVA_CS-TPP_CA nanofibers is in accordance with the 

literature since WCA values between 40◦ and 70° could lead to better cell adhesion, migration, and 
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proliferation. Furthermore, values within this range are more prone to provide moist environments, 

enhancing the healing process, than the hydrophobic (WCA > 90°) or super hydrophilic (WCA < 20°) 

surfaces, as previously mentioned in the literature [56,57]. 

3.2.7. Analysis of the In Vitro Swelling Behavior  

The water absorption capability of the produced electrospun double-layered nanocomposites 

membranes plays an important role in the absorption of wound exudates providing a moist wound 

environment [58]. The swelling behavior might contribute to avoiding an extreme level of the 

moisture at the wound surface, and the dryness of the wound, which can lead to a delay in healing 

[58]. The swelling profiles of the PCL/PVA_CS-TPP and PCL/PVA_CS-TPP_CA membranes were 

evaluated after immersion in PBS at pH = 5.5 for 10 days to simulate the acidic environment at the 

wound site, Figure 4c. The electrospun PCL/PVA_CS-TPP membrane containing crude CA extract 

displayed a higher water absorption capability (~600%) than the PCL/PVA_CS-TPP membrane 

(~400%). Thus, the results suggest that the incorporation of CA extract in the bottom layer of 

PVA_CS-TPP provided hydrophilicity to the polymer blend, contributing to a higher amount of water 

retained in the interconnected fibrous pores and increasing the water absorption ratio. A similar 

effect was previously described by Yousefi et al. [35], who found a higher water-uptake ability when 

Henna extracts were incorporated into CS/Poly(ethylene oxide) (PEO) nanofibrous mats. Regarding 

that, the CS/PEO/Henna extract nanofibrous mats were demonstrated to exhibit the capability to 

efficiently remove the exudate from the wound, adjusting the wound moisture. 

 

3.2.8. Study of the In Vitro Biodegradation Profile  

An ideal wound dressing must display suitable biodegradability and a degradation profile consistent 

with the wound repair and regeneration [59]. Herein, the electrospun double-layered 

nanocomposites membranes were fabricated from biodegradable materials, and the percentages of 

weight loss are presented in Figure 4d. The degradation studies showed that the PCL/PVA_CS-TPP 

exhibited a weight loss of 37.10 ± 2.33%, while the PCL/PVA_CS-TPP_CA undergo a weight loss of 

48.04 ± 1.82%, respectively. Therefore, the hydrophilic character of crude CA extract contributed to 

both increases the water absorption and a slightly faster weight loss of the nanofibers. In addition, 

the PVA and CS present in the bottom layer are characterized by suffering higher weight losses than 

the PCL’s top layer, which displays a slow in vitro degradation profile [11]. 

 

3.2.9. Water Vapor Transmission Rate (WVTR) Analysis  

The membrane’s permeability is another important parameter which can ensure suitable 

oxygenation of the wound environment and stimulate new blood vessel, sustaining the complex 

cellular events during the healing process [60]. In addition, the wound dressing membranes should 
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avoid excessive dehydration as well as the build-up of exudates [7]. The data available in the literature 

demonstrated that the ideal WVTR value for wound dressing materials should be between 2000–

2500 g/m2/day [7]. Herein, a WVTR of 1162.94 ± 116.10 g/m2/day and 1757.12 ± 67.69 g/m2/day 

were measured for PCL/PVA_CS-TPP and PCL/PVA_CS-TPP_CA, respectively. These values 

appeared to be outside the range recommended for an ideal dressing. However, the WVTR values 

obtained herein are within the range displayed by commercial wound dressings (426–2047 

g/m2/day) [61]. 

 

3.3. Analysis of the In Vitro CA Release from Electrospun Double-

Layered Nanocomposites Membranes  

Nowadays, loading bioactive agents into the electrospun nanofibers can be achieved through the 

simple blending of the polymer solution before spinning, post-spinning surface functionalization 

methods, or using core-shell electrospinning techniques [7]. The choice of the method is dependent 

on the intended application and based on the preferred bioactive agent release profile. Herein, crude 

CA extract, a medicinal plant, was selected to be incorporated into the PVA_CS-TPP nanofibers to 

improve the healing properties of the double-layered nanocomposites membranes. The cumulative 

release profile of the crude CA extract from the bottom’s nanofibers is shown in Figure 5. The amount 

of CA released from the bottom layer reached 84.22 ± 2.08% after 10 days. The slower and sustained 

release of CA could be influenced by the nature of the plant components as well as the pore size of 

the nanofibers. Further, the swelling ability and consequential diffusion and degradation of the 

polymers on exposure to the aqueous medium (PBS pH = 5.5) can also affect the release mechanism 

of the crude CA extract [62,63]. 

 

 

Figure 5 – Cumulative release profile of the crude CA extract from the bottom’s PVA_CS-TPP nanofibers at 
pH = 5.5. 

 

Regarding all the above-mentioned, the obtained release profile is crucial for the produced bottom 

layer to prevent wound bacterial colonization and infection. 
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3.4. Assessment of the Antibacterial Properties of the Produced 

Electrospun Double-Layered Nanocomposites Membranes 

Wounded skin is usually associated with a higher level of bacterial colonization and subsequent 

biofilm formation, which can prolong the inflammatory phase of healing, delay collagen synthesis, 

and impede re-epithelialization [1,5,6]. Although the inflammatory cells inducing phagocytosis of the 

pathogens, high growth of bacteria at the wound site lead to an extended infiltration of immune cells 

and increase the production of pro-inflammatory cytokines [1,5,6]. Therefore, an ideal wound 

dressing material should provide an unfavorable environment for bacteria growth or inhibit the 

infiltration of bacteria at the wound site. In this study, the behavior of the PCL’s top layer was similar 

to the control group (filter paper with a pore size of 0.22 µm), proving the capability to act as a 

protective barrier against S. aureus and P. aeruginosa due to its low porosity, Figure 6. The 

antibacterial activity of the bottom layers (PVA_CS-TPP and PVA_CS-TPP_CA) was also evaluated. 

PVA_CS-TPP showed an inhibitory effect of 61.80 ± 4.45% and 48.41 ± 9.94% against S. aureus and 

P. aeruginosa, respectively. However, an increased inhibitory effect on bacterial growth, 99.96 ± 

6.04% and 99.94 ± 0.67% for S. aureus and P. aeruginosa, was observed when the crude CA extract 

was incorporated, Figure 6. This result confirmed that the CA’s secondary metabolites, like 

triterpenoid saponins (asiatic acid, asiaticoside, and madecassoside) exhibit a high ability to inhibit 

bacterial growth, as previously reported in different research studies [34,64]. Hence, the PVA_CS-

TPP layer containing CA extract is essential to provide an aseptic environment at the wound site. 

 

Figure 6 – Evaluation of the antibacterial potential of the PCL’s top layer and the PVA_CS-TPP_CA and 
PVA_CS-TPP_CA’s bottom layers against Staphylococcus aureus (S. aureus) (a) and Pseudomonas aeruginosa 
(P. aeruginosa) (b). (Data are represented as average ± standard deviation (SD), ** p < 0.01 and **** p < 
0.0001). 
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3.5. Analysis of the In Vitro Cell Viability 

In this study, the effect of the produced double-layered nanocomposites membranes on cell viability 

and proliferation was investigated through MTT assay for 1, 3, and 7 days and the results are shown 

in Figure 7. Overall, it was found that the PCL/PVA_CS-TPP and PCL/PVA_CS-TPP containing CA 

extract displayed excellent cell viability (over 90%) when tested on NHDF cells. The non-toxic 

properties could be attributed to the porous and hydrophilic character exhibited by the bottom layers, 

which can support cell adhesion and proliferation. 

 

 

Figure 7 – Growth of normal human dermal fibroblasts (NHDF) cells on the PCL’s top layer and the PVA_CS-
TPP and PVA_CS-TPP_CA’s bottom layers detected by 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay in term of cell viability after 1, 3, and 7 days. 
 

Similarly, Yousefi et al. [35] demonstrated that the incorporation of the Henna extracts into CS/PEO 

nanofibrous mats did not affect the proliferation and viability of the NHF cells, confirming that they 

lack cytotoxic effects. 

 

4. Conclusions 

 In the present study, the electrospun double-layered nanocomposite membrane of PCL, PVA, and 

CS-TPP was incorporated with crude CA extract to improve skin regeneration. The obtained 

nanocomposite material was characterized in terms of physical, chemical, and biological features to 

verify its suitability to be applied as an advanced wound dressing. The results showed that the PCL’s 

layer could act as a protective barrier against external contaminants, and simultaneously, the 

PVA_CS-TPP_CA’s bottom layer was revealed to be effective in exudate absorption and providing a 
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moist environment. Moreover, PVA_CS-TPP_CA improved the antibacterial activity of the double-

layered nanocomposite membrane against S. aureus and P. aeruginosa, which is advantageous to 

prevent microbial penetration. This novel nano-carrier was also able to achieve a controlled release 

of CA and closely resemble the mechanical properties of native skin. Furthermore, the produced 

double-layered nanocomposites membranes did not provide a cytotoxic effect on NHDF cell culture. 

Hence, these findings emphasize the potential to blend PCL and PVA_CS-TPP nanofibers with the 

beneficial properties of crude CA extract for wound healing applications. Shortly, other potential 

healing benefits of these double-layered nanocomposites membranes will be further tested, as well as 

their efficacy in animal models to establish in vivo data. 
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Part III 
Cotton based composite for Wound Dressing 

Applications 

This part englobes the development of a bilayer composite wound dressing material aimed to 

suppress the limitations of the frequently used textile wound dressings by deposition of an 

electrospun nanofiber layer containing a crude medicinal plant extract. The properties added by the 

electrospun nanofibers to the conventional cotton gauze bandage are highlighted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This part includes the following scientific publications:  

Cláudia Mouro, Colum P. Dunne, and Isabel C. Gouveia. Designing New Antibacterial Wound 

Dressings: Development of a Dual Layer Cotton Material Coated with Poly(Vinyl Alcohol)_Chitosan 

Nanofibers Incorporating Agrimonia eupatoria L. Extract. Molecules (2021) 26(1):83. (Paper 7) 



154 

 

  



155 

 

Paper 7 - Designing New Antibacterial Wound Dressings: Development 

of a Dual Layer Cotton Material Coated with Poly(vinyl 

alcohol)_Chitosan Nanofibers Incorporating Agrimonia eupatoria L. 

Extract 

Abstract 

Wounds display particular vulnerability to microbial invasion and infections by pathogenic bacteria. 

Therefore, to reduce the risk of wound infections, researchers have expended considerable energy on 

developing advanced therapeutic dressings, such as electrospun membranes containing antimicrobial 

agents. Among the most used antimicrobial agents, medicinal plant extracts demonstrate 

considerable potential for clinical use, due primarily to their efficacy allied to relatively low incidence 

of adverse side-effects. In this context, the present work aimed to develop a unique dual-layer 

composite material with enhanced antibacterial activity derived from a coating layer of Poly(vinyl 

alcohol) (PVA) and Chitosan (CS) containing Agrimonia eupatoria L. (AG). This novel material has 

properties that facilitate it being electrospun above a conventional cotton gauze bandage pre-treated 

with 2,2,6,6-tetramethylpiperidinyl-1-oxy free radical (TEMPO). The produced dual-layer composite 

material demonstrated features attractive in production of wound dressings, specifically, wettability, 

porosity, and swelling capacity. Moreover, antibacterial assays showed that AG-incorporated into 

PVA_CS’s coating layer could effectively inhibit Staphylococcus aureus (S. aureus) and 

Pseudomonas aeruginosa (P. aeruginosa) growth. Equally important, the cytotoxic profile of the 

dual-layer material in normal human dermal fibroblast (NHDF) cells demonstrated biocompatibility. 

In summary, these data provide initial confidence that the TEMPO-oxidized cotton/PVA_CS dressing 

material containing AG extract demonstrates adequate mechanical attributes for use as a wound 

dressing and represents a promising approach to prevention of bacterial wound contamination. 

 

Graphical Abstract 

 
Keywords: Cotton; nanofibers; electrospinning; Agrimonia eupatoria L.; antibacterial wound 

dressings; skin infections. 
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1. Introduction 

Although skin is a relatively robust protection against infectious agents [1,2], it is prone to 

compromise by physical damage or disease-related lesions that affect both the structure and function. 

Of these, cutaneous wounds represent a favorable microenvironment for bacterial colonization and 

proliferation, facilitating occurrence of infections especially in patients with impaired immune 

responses [3–7]. In an era of increasing multidrug-resistance, impaired treatment options, and 

elevated rates of morbidity and mortality [6], the development of wound dressings with intrinsic 

antimicrobial properties is increasingly desirable. Traditionally, wound dressings comprise gauzes, 

films, foams, hydrogels, and hydrocolloids and these have been used to cover the wound site to 

improve the healing process [3,6–8]. Nevertheless, natural textile materials (such as cotton) continue 

to be most used due to their low cost, limited adverse effects, easy handling and fabrication, and 

adequate mechanical support [8]. However, such textile wound dressings can lead to wound 

dehydration, adherence to wound beds in the presence of high-exudate wounds, and cause trauma 

and pain during removal [8]. Due to this, composite wound dressings, which combine the most 

advantageous features of these different materials have been developed to prevent bacterial infections 

while enhancing the healing process. Likewise, complementary approaches have involved innovative 

dressings with intrinsic antibacterial activity, integrated extrinsic antimicrobial agents, surface 

modification, and topical application have been explored [3,9–12]. However, the latter approach 

involving topical administration has proved problematic due to subsequent irritation or allergic 

contact dermatitis reactions that negatively impact the healing process [11,13]. Furthermore, non-

healing, chronic wounds often present with considerable volumes of exudate, which can reduce the 

penetration rate of topically administered agents [14]. In efforts to overcome these challenges, 

attention has turned to the potential use of nanofiber materials produced from naturally derived or 

synthetic biopolymer mixtures that undergo electrospinning, with enhanced capability to promote 

skin regeneration while conferring protection against bacterial infection [10,15,16]. These beneficial 

traits are mediated somewhat through a physical similarity of the electrospun nanofibrous 

membranes to the native skin extracellular matrix that promotes cell adhesion and proliferation allied 

with the ability to deliver therapeutic and bioactive compounds directly to the wound site [10,15,16]. 

In addition, the simplicity, cost-effectiveness, and versatility of the electrospinning, as well as the 

unique features of the produced electrospun nanofibers, make this technique attractive for wound 

dressing applications [10,15,16]. 

Among the therapeutic and bioactive compounds, many are sourced from medicinal plants [10,16]. 

More specifically, crude plant extracts that (presumably) contain mixtures of bioactive compounds 

have demonstrated attractive levels of efficacy that is often greater than those exhibited by single 

isolated compounds from those same plants. This efficacy is likely to relate to synergic interactions 

between constituent compounds or possible protection of bioactive agents from enzymatic 

degradation during extraction processes [16–19]. One such crude extract derives from Agrimonia 
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eupatoria L., a member of the family Rosaceae, commonly known as agrimony (AG) has been 

analyzed and shown to be rich in tannins, flavonoids, phenolic acids, and triterpenoids with 

recognized anti-inflammatory, antioxidant, antimicrobial, and antibiofilm properties [20–23]. In this 

study, a new composite wound dressing material was produced that comprised two distinct layers. To 

accomplish that, a cotton gauze bandage that had been oxidized previously with the 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO)/sodium bromide (NaBr)/sodium hypochlorite 

(NaClO) system was used as a substrate for the nanofibrous membrane composed of Poly(vinyl 

alcohol) (PVA), Chitosan (CS), and AG. Hence, the produced electrospun PVA_CS membrane 

combined with AG is intended to reduce the adhesion behavior of the textile dressing when applied 

to the wound bed and to improve the healing process, complemented by suppression of wound 

infection mediated by inherent antibacterial activity. 

 

2. Results and Discussion  

2.1. Minimum Inhibitory Concentration (MIC)  

The in vitro antibacterial efficiency measures of the ethanol crude extract of AG against 

Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) were found to be 

1.25 and 3.75 mg/mL, respectively, Figure 1. These results suggest that the crude AG extract is less 

effective against Gram-negative bacteria (P. aeruginosa) compared to Gram-positive (S. aureus), 

albeit that only two species were studied. Notably, a similar effect was described previously by 

Muruzovic et al., where MIC values of 1.25 mg/mL and 0.62 mg/mL were obtained for P. aeruginosa 

and S. aureus, respectively [23]. However, there is a caveat in that the geographic location, the season 

in which the medicinal plants are harvested, and the chosen extraction method may impact the 

eventual extract’s chemical composition and, thereby, MIC values. 

 

Figure 1 – Determination of the minimum inhibitory concentration (MIC) against Staphylococcus aureus (S. 
aureus) and Pseudomonas aeruginosa (P. aeruginosa) by resazurin-based 96-well plate microdilution method.  
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2.2 Characterization of the Dual-Layer Dressing Materials 

2.2.1. Assessment of the Morphologic Features 

The TEMPO-oxidized cotton/PVA_CS materials with and without incorporated crude AG extract 

were successfully fabricated with a bilayer organization as demonstrated by the cross-sectional SEM 

images, Figure 2A. Additionally, the coating layers of PVA_CS and PVA_AG_CS were electrospun 

directly over the cotton bandage gauze to enable absorption of wound exudates in a controlled 

manner, to maintain a suitable moist environment, and to ensure proper nutrient and gas exchange. 

This electrospun membrane proved to be non-toxic, biocompatible and biodegradable, with 

antimicrobial ability to enhance collagen synthesis, as previously reported membranes produced with 

PVA and CS [24]. Moreover, incorporation of the crude AG extract into this layer supplements the 

antimicrobial activity on the dual-layer material. With regard to physical properties specifically, the 

diameter of the coating layer’s nanofibers was determined by SEM imaging, Figure 2B. Uniform and 

homogeneous nanofibers having an average diameter of 280.20 ± 82.65 nm and 208.11 ± 57.92 nm 

were obtained for CS_PVA and CS_AG_PVA, respectively. These diameters are within the size range 

displayed by collagen fibers in natural skin (50–400 nm), potentially promoting cell adhesion, 

migration, and proliferation [25,26]. 

 

Figure 2 – Morphological characterization of the produced 2,2,6,6-tetramethylpiperidine-1-oxyl radical 
(TEMPO)-oxidized cotton/Poly(vinyl alcohol) (PVA)_Chitosan (CS) materials with and without crude 
Agrimonia eupatoria L. (AG) extract. SEM images of the cross-sections (A); surface morphologies and diameter 
distribution of the coating layers of PVA_CS and PVA_AG_CS nanofibers (B). 
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2.2.2. Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

The ATR-FTIR spectra were acquired to characterize the chemical composition of the produced 

nanocomposite wound dressing materials, Figure 3. The spectrum of the TEMPO-oxidized cotton 

reflected the characteristic peaks of unmodified cotton at around 3330 cm−1 (O–H stretching 

vibration), 2880 cm−1 (C–H stretching vibration), 1330 cm−1 (O–H deformation vibration), 1160 and 

890 cm−1 (β-(1–4) glycoside bridge), and 1030 cm−1 (C–O–C stretching vibration). In addition, in the 

TEMPO-oxidized cotton spectrum, it is possible to detect a band at about 1600 cm−1 (asymmetrical 

COO− stretching vibration) Figure 3A. This result is associated with the TEMPO-mediated oxidation 

conditions, which impart a negative surface charge to the cellulose cotton [27]. In comparison, the 

spectrum of the coated layer displays the characteristic bands of CS around 1560 cm−1 (N–H bending 

vibrations) and 1650 cm−1 (C=O stretching vibrations), as well as the typical broad peak of PVA_CS 

in the region between 3000 and 3500 cm−1 (–OH and –NH stretching) Figure 3B. The presence of 

these bands is evidence of the effective blending of the PVA_CS. Furthermore, an increase in the 

intensity of the PVA_AG_CS’s characteristic peaks demonstrated the successful blending of the crude 

AG extract into the PVA_CS nanofibers. A similar effect was described by Hadisi et al., whereby the 

characteristic peaks of henna overlapped with the peaks of gelatin-oxidized starch nanofibers [28]. 

 

 

Figure 3 – Attenuated total reflection-Fourier transform infrared (ATR-FTIR) analysis of the produced dual-
layer dressing materials. Cotton layer (A), and the nanofibrous coating layers (B). 
 

 

2.3. Mechanical Strength Behavior 

In order to confirm whether the produced dual-layer dressing materials are suitable for support of 

mechanisms involved in the healing process, the mechanical behavior of the TEMPO-oxidized 

cotton/PVA_CS with and without crude AG extract was determined in dry conditions from tensile 

strength, Young’s modulus, and elongation at break, Table 1. The mechanical properties of the 

TEMPO-oxidized cotton, PVA_CS, and PVA_AG_CS nanofibers were also evaluated for further 

comparison purposes. 
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Table 1 – Characterization of the mechanical properties of the produced dual-layer dressing material and 
associated raw materials. 
 

 

Tensile 
Strength 

(MPa) 

Young’s 
Modulus (GPa) 

Elongation at 
Break 

(%) 

Thickness 
(mm) 

TEMPO-oxidized 
cotton 

36.98 ± 4.13 1.82 ± 0.25 2.04 ± 0.12 0.250 ± 0.011 

PVA_CS 9.83 ± 16.38 0.41 ± 0.25 4.64 ± 1.40 0.051 ± 0.004 

PVA_AG_CS 9.66 ± 1.95 0.35 ± 0.09 3.03 ± 0.60 0.012 ± 0.001 

TEMPO-oxidized 
cotton/PVA_CS 

22.48 ± 4.46 0.40 ± 0.14 5.80 ± 0.89 0.315 ± 0.011 

TEMPO-oxidized 
cotton/PVA_AG_CS 

26.55 ± 1.41 0.46 ± 0.11 5.95 ± 1.71 0.270 ± 0.004 

 

The TEMPO-oxidized cotton/PVA_CS displayed a tensile strength value of 22.48 ± 4.46 MPa, 

whereas the TEMPO-oxidized cotton/PVA_AG_CS exhibited a value of 26.55 ± 1.41 MPa. These 

results, and in comparison with the tensile strength obtained for the individual layers, confirmed that 

an appropriate balance is required between the higher mechanical strength of the TEMPO-oxidized 

cotton and the weaker mechanical behavior exhibited by the PVA_CS and PVA_AG_CS nanofibrous 

coating layers. That requirement mirrors the tensile strengths’ range of 5.00 to 30.00 MPa associated 

with native skin [2]. TEMPO-oxidized cotton/PVA_CS with and without crude AG extract 

demonstrated a similar Young’s modulus of elasticity of 0.46 ± 0.11 GPa and 0.40 ± 0.14 GPa, 

respectively. The elongation at break assays determined that TEMPO-oxidized cotton/PVA_CS and 

TEMPO-oxidized cotton/PVA_AG_CS materials bore a similar strain of 5.80 ± 0.89% and 5.95 ± 

1.71%, respectively. While these values are outside the range available for native skin (Young’s 

modulus ranging between 0.4 and 20 MPa and elongations ranging from 10% to 115%) [2], other 

potential wound dressing materials (previously described) have similarly high Young’s modulus (e.g., 

ranging between 278.6 ± 12.5 MPa and 456.2 ± 22.5 MPa) [29]. 

 

2.4. Wetting Studies  

Water droplet contact angle (WCA) between 40° and 70° has been considered as a favorable surface 

in contrast to very hydrophilic (WCA < 20°) and hydrophobic (WCA > 90°) surfaces [30,31]. This 

relates to cell adhesion, migration, and proliferation, and absorption of excess wound exudate. In this 

study, the TEMPO-oxidized cotton displayed a WCA value of 27.53 ± 6.84°, confirming its highly 

hydrophilic nature [27]. This result is indicative of the ability of the hydroxyl groups present on the 

cotton fabric to absorb fluids. However, it is important to remember that although the cotton bandage 

gauzes could be used for absorbing exudates, their efficiency can be lost when these dressings become 

saturated, resulting in tissue maceration and potential contribution to increase in the occurrence of 

infections [10]. Notably, the coating layer of PVA_CS exhibited a WCA value of 54.03 ± 11.98°, and 
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the PVA_AG_CS layer had a WCA score of 42.37 ± 7.52°. These results demonstrated that the 

presence of polar phytochemicals in the crude AG extract improves the wettability of the PVA_CS, 

creating an effective moist environment, which is essential to the healing process [32]. 

 

2.5. Porosity Assessment 

Ideally, the dual dressing materials’ porosity should allow proper gas exchange, efficient water and 

nutrients supply, and effective fluid absorption while maintaining the moisture balance at the wound 

site [10]. High porosity is also expected to support cell accommodation and migration. In that context, 

porosity values within the range of 60–90% have been found essential for effective healing processes 

[10]. In our study, the TEMPO-oxidized cotton exhibited the lowest porosity value (76.09 ± 5.64%), 

whereas the blend of PVA_CS and PVA_AG_CS scored highest porosity values (84.09 ± 6.71% and 

92.77 ± 6.01%, respectively). These findings indicate that nanofibers with lower diameters, like 

PVA_AG_CS (208.11 ± 57.92 nm), lead to a higher number of void spaces available between 

nanofibers and result in higher porosity values. This physical feature also provides a larger specific 

surface area suitable for cell adhesion and growth during the healing process. 

 

2.6. Water Vapor Transmission Rates (WVTRs)  

An ideal wound dressing should keep the wound moist and also absorb excess fluids, while allowing 

air and vapor permeation. Specifically, water vapor transmission rates (WVTRs) ranging between 

2000 and 2500 g/m2/day facilitate water vapor exchanges and prevent exudate accumulation, which 

can contribute to the breakdown of the skin extracellular matrix (ECM) components or provoke skin 

maceration of the healthy tissue surrounding the wound [10]. In this study, the TEMPO-oxidized 

cotton coated with a blend of PVA_CS without and with crude AG extract had similar WVTR values 

of 1246.75 ± 148.63 g/m2/day and 1304.09 ± 123.13 g/m2/day, respectively. These results suggest 

that the obtained WVTRs are outside of the ideal range for a proper wound dressing material. 

However, it is interesting that our test coatings performed better than several commercially available 

wound dressings (Comfeel (Coloplast A/s) (308 g/m2/day), Dermiflex (Johnson & Johnson, New 

Brunswick, Nova Jersey, EUA) (90 g/m2/day), and Duroderm (ConvaTec Ltd., Deeside, Flintshire, 

UK) (886 ± 32 g/m2/day)) [33]. 

 

2.7. Swelling and In Vitro Degradation Studies  

The water uptake and weight loss tests of the our dual-layer dressing materials were performed over 

10 days in PBS buffer at pH = 5.5 and pH = 8.0 to mimic the acidic wound environment favorable for 

wound healing, and the attributes of wound fluid, respectively, Figure 4A,B. The TEMPO-oxidized 

cotton/PVA_CS displayed a lower degree of swelling at pH = 5.5 and pH = 8.0 of ~310% and ~250%, 

respectively. The TEMPO-oxidized cotton/PVA_CS containing the crude AG extract presented a 
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water absorption ratio at pH = 5.5 and pH = 8.0 of ~400% and ~320%, respectively, Figure 4A. These 

behaviors can be explained by the higher hydrophilic character of the electrospun PVA_AG_CS 

nanofibers. In addition, the highest swelling capacity was observed at pH = 5.5, due to the protonation 

of the amino NH2 and acetamido CH3C(O)NH groups of CS, which can form ammonium cations and 

increase the degree of swelling [34]. Hence, it was evident that TEMPO-oxidized cotton/PVA_AG_CS 

at both pHs provided a more appropriate environment for exudates absorption. The TEMPO-oxidized 

cotton/PVA_CS displayed weight losses of 16.63 ± 4.49% and 13.05 ± 3.07% at pH = 5.5 and pH = 

8.0, while TEMPO-oxidized cotton/PVA_AG_CS underwent weight loss of 22.12 ± 5.96% and 16.25 

± 3.07% at pH = 5.5 and pH = 8.0, respectively, Figure 4B. This is mainly due to the addition of the 

biodegradable and natural components, such as PVA, CS, and crude AG plant extract to the non-

degradable TEMPO-oxidized cotton. It is reasonable to conclude that the components present in the 

coating layer are the most important regulators of the degradation profile, which itself must be similar 

to the skin regeneration rate [35]. Nevertheless, the produced dual-layer dressing materials showed 

no significant differences in the hydrolytic degradation. 

 

 

Figure 4 – Characterization of the TEMPO-oxidized cotton/PVA_CS materials with and without crude AG 
extract incorporated. Swelling profile (A); weight loss (B) at pH = 5.5 and pH = 8.0. 
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3. Study of the In Vitro AG Release  

The release behavior of the nanofibers was investigated by immersing the produced material in PBS 

at pH = 5.5 (pH found on normal skin and beneficial for wound healing) and pH = 8.0 (pH of wound 

exudate), for 10 days, Figure 5. The result was an initial burst release observed within the first 6 h, 

followed by a sustained diffusion or slow release. Correspondingly, a cumulative release of the AG 

extract from the lower layer was 72.18 ± 3.71% and 62.68 ± 3.87% at pH = 5.5 and pH = 8.0, 

respectively. This behavior can be explained by the higher swelling capacity of the TEMPO-oxidized 

cotton/PVA_AG_CS dressing material at pH = 5.5, as well as weight loss. Hence, it appeared that the 

AG release rate from PVA_CS is mainly controlled by the degree of swelling and weight loss rate, 

being the cumulative release of the crude AG extract crucial if occurrence of infections at the wound 

site is to be avoided. 

 

 

Figure 5 – Evaluation of the in vitro release profile of the crude AG extract incorporated into the TEMPO-
oxidized cotton/PVA_CS material. 

 

4. Antibacterial Properties of the Dual-Layer Dressing 

Materials  

In this study, the antimicrobial properties were characterized against S. aureus (Gram-positive) and 

P. aeruginosa (Gram-negative), the bacteria most commonly isolated from wound infections [7,36]. 

The observed results (Figure 6) show an inhibitory effect after 24 h of contact of 25.32 ± 5.62% and 

27.84 ± 5.77% for the TEMPO-oxidized cotton sample against S. aureus and P. aeruginosa, 

respectively. This suggests that the cellulose cotton may help to prevent bacterial penetration into the 

wound, while offering mechanical support to the wound site. In contrast, the coating layer of 

PVA_AG_CS exhibited a higher inhibitory effect, 99.17 ± 4.05% and 98.13 ± 0.88% for S. aureus and 

P. aeruginosa, while the coating layer of PVA_CS inhibited S. aureus and P. aeruginosa growth to 

lesser degrees (64.39 ± 10.07% and 61.25 ± 4.22%, respectively) (Figure 6). These values reflect the 
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intrinsic bactericidal activity of CS and crude AG extract and previous studies demonstrating that 

inhibitory or anti-adhesion attributes of secondary metabolites, such as flavonoids, phenolic acids, 

and triterpenoids of AG [21,23]. In addition, the cationic properties of CS allow it to interact with the 

negatively charged bacterial material surface, resulting in increased cell wall permeability, and 

consequent disruption and loss of intracellular components [37,38]. 

 

Figure 6 – Evaluation of the antibacterial properties of the TEMPO-oxidized cotton, PVA_CS, and PVA_AG_CS 
nanofibers against S. aureus (A); P. aeruginosa (B). Data are represented as average ± standard deviation (SD), 
** p < 0.01 and **** p < 0.0001). 

 

5. In Vitro Cytotoxicity Assay (MTT)  

An ideal wound dressing should be biocompatible and play a major role in cellular interactions, 

supporting the healing process. To explore this aspect of our coatings, the normal human dermal 

fibroblast (NHDF) cells were chosen as implicated in producing new ECM components, and collagen 

fibers, which are integral events in cell migration and proliferation responsible for reestablishment of 

damaged tissue [7,10,36]. As shown in Figure 7, the chosen direct MTT (3-(4,5-Dimethyl-2-thiazolyl)-

2,5-diphenyl-2H-tetrazolium bromide) cytocompatibility assay provided no evidence of cytotoxicity 

against NHDF cells. Notably, the produced dual-layer dressing materials displayed more than 80% 

cell viability, even after 7 days. Additionally, the TEMPO-oxidized cotton coated with PVA_AG_CS 

exhibited an ascending effect of proliferation from 1 to 7 days. This trend could be attributed to the 

higher porosity and hydrophilic character exhibited by the PVA_AG_CS nanofibers, which are 

considered to be proper for encouraging the cell attachment and proliferation at the nanofibrous 

membrane’s surface. 
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Figure 7 – Evaluation of the normal human dermal fibroblast (NHDF) cell viability after 1, 3, and 7 days in 
contact with the TEMPO-oxidized cotton and the produced dual-layer dressing materials. 

 

Moreover, the toxicity levels of the produced dual-layer dressing materials were determined from the 

standard percentage cell viability ranges (as seen in Table 2). The obtained results showed that the 

tested materials displayed toxicity levels between 0 and 1, which are considered as nontoxic to the 

human body [39]. 

Table 2 – Classification of the toxicity level of the produced dual-layer dressing materials depending on the 
percentage of cell viability (%). 

 

a The standard viability data were obtained from reference [39]. 

Standard Viability Dataa 
 

Experimental Data 

Cell Viability 
(%) 

Toxicity Level 
 

Samples 
Cell 

Viability 
(%) 

Toxicity Level 

≥ 100 0  
TEMPO-oxidized 

cotton 

Day 1 88.99 1 

75-99 1  Day 3 98.50 1 

50-74 2  Day 7 92.98 1 

25-49 3  
TEMPO-oxidized 
cotton/PVA_CS 

Day 1 91.83 1 

1-24 4  Day 3 105.79 0 

0 5  Day 7 89.69 1 

   
TEMPO-oxidized 

cotton/PVA_AG_CS 

Day 1 92.78 1 

   Day 3 100.45 0 

   Day 7 104.64 0 
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6. Materials and Methods 

6.1. Materials 

Agrimonia eupatoria L. (AG) plant was obtained (CHÁ HUNOS, Lda., Vila Nova de Gaia, Portugal), 

stored and used according to the supplier’s recommendations. Normal human dermal fibroblast 

(NHDF) cells were acquired from ATCC—American Type Culture Collection. Cotton fabric was 

obtained from James H. Heal & Co. Ltd. (Halifax, UK). Resazurin (7-hydroxy-3H-phenoxazin-3-one 

10-oxide) dye, 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), sodium bromide (NaBr), 

sodium hypochlorite (NaOCl), chitosan (CS) (low molecular weight), sodium hydroxide (NaOH), 

hydrochloric acid (HCl), sodium chloride (NaCl), Mueller-Hinton broth (MHB), tween 80, dimethyl 

sulfoxide (DMSO) anhydrous ≥ 99.9%, trypsin, and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (Sintra, Portugal). Glacial acetic acid 

(CH3COOH) and ethanol absolute were acquired from Fisher Scientific (Porto Salvo, Portugal). 

Poly(vinyl alcohol) (PVA) (MW 115,000 g/mol) was purchased from VWR International (Carnaxide, 

Portugal). Nutrient agar (NA), nutrient broth (NB), and agar for microbiology were bought from 

Fluka (Sintra, Portugal). Brain Heart Infusion (BHI) broth was obtained from Panreac (Barcelona, 

Spain). Phosphate-buffered saline (PBS) was purchased from Alfa Aesar (Ward Hill, USA). All 

solvents were of analytical grade and used as received without further purification. 

 
6.2. Methods  

6.2.1. Preparation of Crude AG Extract  

The dried aerial parts of the medicinal AG plant (CHÁ HUNOS, Lda., Vila Nova de Gaia, Portugal) 

were powdered and subjected to cold maceration with ethanol/water in a ratio of 80:20 for 24 hours. 

The extracted solution was filtered through a membrane filter (Whatman No. 1, 11 µm pore size), and 

the filtrate solvent evaporated using a Rotavapor apparatus (Buchi Rotavapor RE 111). The obtained 

crude AG extract was used throughout the sudy. 

 

6.2.2. Minimum Inhibitory Concentration (MIC)  

Minimum inhibitory concentration (MIC) of the crude AG extract was evaluated against S. aureus 

(ATTC 6538) and P. aeruginosa (PA25) using the broth microdilution method according to the CLSI 

NCLS M7-A6 guidelines. Briefly, stock solutions of the AG were prepared (30 to 0.08 mg/mL) in 

sterile MHB. Then, 50 µL of each AG dilution was aliquoted in 96 multi-well polystyrene plates 

(Sigma-Aldrich) followed by 50 µL bacterial inoculum containing ~107 colony-forming unit 

(CFU)/mL. The plates were incubated at 37 °C for 18–24 hours. After incubation, 30 µL of 0.02% 

resazurin solution was added to each microplate well to aid visualization of bacterial growth. The 
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plates were further incubated for 2–4 hours for the observation of color change. The lowest 

concentration at which the blue-purple resazurin color (no bacteria growth) changed to pink (bacteria 

growth) was taken as the MIC value. The MIC values was defined as the lowest concentration of the 

AG extract resulting in complete inhibition of visible growth. AG-free wells only with MHB medium 

and inoculum were used as a positive control (K+), whereas wells containing only MHB medium were 

used as a negative control (K−). 

 

6.2.3. Fabrication of the Dual-Layer Dressing Materials  

First layer: Firstly, cotton fabric was pre-activated with TEMPO to provide a negative net electrostatic 

charge. To accomplish this, a solution of 0.0125% (w/v) TEMPO, 0.125% (w/v) NaBr, and 3.2% (v/v) 

NaClO was prepared, and its pH value was adjusted to 10.5 with 1 N NaOH. Then, 2 g of cellulose 

cotton was immersed in 50 mL of the TEMPO solution and stirred for 60 minutes. The pH of the 

solution was reduced to 7 using 0.1 M HCl, and the cotton fabric washed in deionized water. After the 

activation process, the second layer was electrospun directly over the first layer to produce the dual-

layer materials.  

Second layer: A blend comprising 10% (w/v) PVA (well-known fiber-forming polymer) and 2% (w/v) 

CS (natural cationic polysaccharide) was prepared in water and 0.1 M CH3COOH, respectively. The 

pH of the CS solution was adjusted to 5 using 0.1 M HCl, resulting in a positive electrostatic charge, 

and added to the PVA solution in a ratio of 30:70. This blend with and without 5.0 wt.% crude AG 

extract was electrospun on top of the TEMPO-oxidized cotton using NanospiderTM electrospinning 

(Nanospider laboratory machine NS LAB 500S from Elmarco S.R.O., Liberec, Czech Republic) at an 

electrode rotation of 55 Hz, using a working distance of 13 cm, and an applied voltage of 75 kV, during 

~1 hour. The raw PVA_CS and PVA_AG_CS were collected on polypropylene nonwoven fabric over 

the same conditions. 

 

6.2.4. Characterization of the Dual-Layer Dressing Materials  

Assessment of the Morphologic Features  

The morphology of the dual-layer dressing materials was determined by scanning electron 

microscopy (SEM, S-3400N, Hitachi, Tokyo, Japan) at an accelerating voltage of 20 kV. Before 

imaging, a small section of the nanofibers coating layer was placed on SEM specimen stubs, and then 

sputter coating with a thin layer of gold using the Quorum Q150R ES sputter coater (Quorum 

Technologies Ltd., Laughton, East Sussex, UK) to make them electrically conductive. The average 

fiber diameter and the fiber size distributions of each sample were analyzed by measuring the 

diameter of 100 random fibers from the captured SEM micrographs using an image analysis software 

(Image J, National Institutes of Health, Bethesda, MD, USA). 
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Fourier Transform Infrared Spectroscopy (ATR-FTIR)  

ATR-FTIR spectra were performed in an ATR-FTIR spectrophotometer (Thermo Nicolet is10 FT-IR 

Spectrophotometer, Waltham, MA, USA) to demonstrate the integration among the components used 

in the production of the dual-layer materials. Briefly, the samples were mounted directly on the 

sensor, and the spectra recorded over the range of 400–4000 cm−1 at a resolution of 4 cm−1. 

Mechanical Strength Behavior  

The tensile test was performed using a uniaxial tensile machine (DY-35 Adamel Lhomargy, Roissy en 

Brie, France), according to ASTM standard D3039/D3039M. Briefly, the dried rectangular specimens 

(40 mm × 10 mm (length × width)) were placed between two clamps separated by a distance of 1 cm, 

and a 100 N load cell was applied to the samples at a stretching rate of 2 mm/min until the break. On 

each sample, measurements were made five times at room temperature. The Young’s modulus (MPa) 

was determined by the slope of the initial linear portion of the stress–strain curve, and the tensile 

strength (MPa) and elongation at break (%) calculated according to the following equations 

(Equations (1) and (2)): 

 

Tensile strength (MPa) = (Breaking force or the maximum load (N)/Cross-sectional area of the 

sample (mm2)) (1) 

Elongation at break (%) = (The extension at the breaking point (mm)/Initial length of the sample 

(mm)) × 100 (2) 

All values were compared subsequently with the reported values of native human skin. 

Wetting Studies  

The surface wettability of the dual-layer materials was evaluated by the sessile drop method using a 

Dataphysics Contact Angle System OCAH-200. Briefly, distilled water droplets of a volume of 4 µL 

were dropped carefully onto the surface of each sample at different locations. The droplet landing was 

recorded by a high-resolution video camera attached to the analyzer within 20 seconds, and the 

contact angle measured by analyzing the shape of the drop. The average of the values was reported as 

mean ± SD. 

 

Porosity Assessment  

The porosity of each layer of the produced dual-layer materials was measured using the liquid 

displacement method, as reported by Yeh et al. [40]. Briefly, the dry weight of the samples was 

recorded, as (Ws). Then, the samples were immersed in a graduated cylinder with known volume (W1) 

of absolute EtOH for 40 minutes at 30 °C, and the amount of the ethanol after impregnation was 
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refilled and weighted as W2. After removing the nanofibrous mats from the displacement liquid, the 

volume of the ethanol remaining in the graduated cylinder was recorded as W3. The dressing’s 

porosity was calculated as (Equation (3)): 

Porosity (%) =
(𝑊2−𝑊3−𝑊𝑠)

(𝑊1−𝑊3)
× 100 (3)  

 

Water Vapor Transmission Rates (WVTR)  

Water vapor transmission rates (WVTRs) were determined according to ASTM E96 (American 

Society for Testing Materials)—standard test method for water vapor transmission of the materials. 

Briefly, circular samples were affixed to individual test tubes (diameter of opening = 1.2 cm) filled 

with 10 mL of distilled water and tightly sealed using parafilm tape along their periphery to prevent 

water loss. After that, the whole apparatus was weighed (Wi) and incubated at 37 °C. After 24 hours, 

the sample-glass tubes assembly was removed and weighed (Wf ), and WVTR calculated as outlined 

below (Equation (4)): 

Water vapor transmission rate  (WVTR) (g/𝑚2/𝑑𝑎𝑦) =
𝑊𝑖−𝑊𝑓

𝐴
 (4)  

 

where A is the exposure area (m2), and Wi and Wf are the initial and final weights of the test tubes, 

respectively.  

 

Swelling and In Vitro Degradation Studies  

The dried dual-layer materials were cut into 1 × 1 cm2 pieces, and pre-weighed (W0). These samples 

were soaked in 10 mL of PBS (pH = 5.5 and pH = 8.0) solutions at 37 °C and removed from the media 

at predetermined time points. Excess water on the surface was wiped with filter paper, and the 

swollen samples weighed (Wt) immediately. The degree of water uptake was calculated as follows 

(Equation (5)). 

 

Water Uptake (%) =
Wt−W0

W0
× 100 (5)  

 

Hydrolytic degradation was also monitored based on the weight change of the samples by immersing 

in PBS (pH = 5.5 and pH = 8.0) solutions at 37 °C. The percentage weight loss was determined based 

on the weight of the dried pre-weighed samples (W0) and the weight of dried samples after removing 

from the PBS solutions (Wd), as follows (Equation (6)). 

Weight loss (%) =
W0−Wd

W0
× 100 (6)  
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6.2.5. Study of the In Vitro AG Release  

The AG release from the dual-layer materials was determined using 10 mL of PBS release medium at 

pH = 5.5 or pH = 8.0, with a shaking rate of 100 rpm in a thermostatic shaking incubator. At specific 

time points, samples were removed from the release medium, and an equal amount of fresh PBS 

medium was added. The concentration of AG was determined using a UV-visible spectrophotometer 

at a 400 nm wavelength, and the cumulative release of the AG calculated from a standard curve 

plotted with a known amount of AG as standard [22,41]. 

 

6.2.6. Antibacterial Properties of the Dual-Layer Dressing Materials  

The antibacterial activity of the produced dual-layer materials was tested according to the Standard 

Test Method for Determining the Activity of Incorporated Antimicrobial Agent(s) in Polymeric or 

Hydrophobic Materials (ASTM E2180-07 standard). Strains of S. aureus and P. aeruginosa were 

used. Briefly, agar slurry solutions (0.30% agar and 0.85% NaCl) were prepared and inoculated with 

overnight bacterial suspensions of ~108 CFU/mL. Then, a thin semisolid layer of inoculated agar 

slurries was spread onto the surface of each sample, including a filter paper control (pore size of 0.22 

µm), and allowed to gel. The test samples were incubated at 37 °C for 18–24 hours for two different 

contact times (t = 0 hours and t = 24 hours). After each contact time, a sterilized saline solution (NaCl) 

was added to the falcon tubes containing the inoculated samples, and these were shaken vigorously 

to enable the release of the agar slurry. Next, serial dilutions were performed with NaCl solution, 

pipetted out, and spread onto agar plates. The plates were incubated at 37 °C for 18–24 hours, and 

the log (CFU/mL) calculated for each sample. 

 

6.2.7. In Vitro Cytotoxicity Assay (MTT)  

The cell viability and proliferation of the dual-layer materials were analyzed using a MTT assay as 

recommended by the ISO 10993-5:2009 guidelines (Biological evaluation of medical devices—Part 5: 

Tests for in vitro cytotoxicity). This involves direct cell contact with the material. Briefly, the NHDF 

cells were cultured in complete medium supplemented with fetal bovine serum (FBS) and incubated 

in a humidified incubator at 37 °C with 5% CO2. After cell seeding, the samples were cut into round 

disks to cover less than 10% of the well area, and then placed into a 24-well culture plate and sterilized 

by UV irradiation (254 nm, ≈ 7 mW cm−2) for 1 h. The NHDF cells were seeded onto the samples at a 

density of 1 × 104 cells/well for 1, 3, and 7 days, and the medium changed every two days. At those 

specific time points, the medium was taken out, and the MTT reagent solution added to each well. 

The plate was covered with aluminized paper. After 4 hours under the same conditions, the MTT 

solution was removed and the produced formazan dissolved in DMSO. The absorbance of each plate 

was determined by a spectrophotometric plate reader (BioRad xMark microplate spectrophotometer) 
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with a test wavelength of 570 nm. Cells incubated without samples were used as a negative control 

(K−), and cells incubated with EtOH (96%) selected as a positive control (K+). 

 

6.2.8. Statistical Analysis  

Statistical data analysis utilized one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison test using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, USA). Using a 

confidence level of ≥ 95%, values of p < 0.05 were considered statistically significant. 

 

7. Conclusions  

Chronic wounds and difficult-to-heal wounds continue to attract considerable interest due to 

associated high prevalence of bacterial infections. Based on aspirations to mitigate those risks, 

previous research has demonstrated the potential of wound dressing materials with antimicrobial 

activity. This study focused on contributing new insight regarding amalgamation of well-understood 

wound dressing physical properties with novel use of electrospun membrane containing an 

antimicrobial plant extract. The findings presented demonstrate potential to enhance skin 

regeneration while suppressing bacterial growth, complementing published data regarding analogous 

use of antibiotics, nanoparticles, and other natural compounds applied to electrospun nanofibers. In 

summary, our novel dual-layer TEMPO-oxidized cotton/PVA_AG_CS dressing material exhibited 

attributes supporting its use for mechanical protection of wounds and physical barrier protection 

against infectious agents (i.e., albeit so far limited to S. aureus and P. aeruginosa). In addition, the 

coating layer of PVA_CS containing crude AG extract presented suitable morphology and achieved 

diameters within the size range of the collagen fibers in the natural skin (50–400 nm). Moreover, the 

TEMPO-oxidized cotton/PVA_AG_CS exhibited an adequate wettability, porosity, and swelling 

ration for a wound dressing. These characteristics are likely to enhance the therapeutic effectiveness 

of the produced material. Additionally, an initial burst release of AG in the first 6 hours, followed by 

a sustained release profile, was also observed. Such data emphasize the suitability of the dual-layer 

TEMPO-oxidized cotton/PVA_AG_CS dressing material to maintain an aseptic environment at the 

wound site, which is crucial to avoid the wound bacterial colonization and infection. 
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General discussion and concluding remarks 

 
This doctoral thesis has been intended to understand the growing interest of using natural products 

in wound management and care, and more specifically, highlight the importance of incorporating 

these therapeutic and/or bioactive agents in wound dressing materials to both prevent wound 

bacterial colonization, thus anticipated to promote the reestablishment of the structural and 

functional integrity of the injured skin. Furthermore, it has been confirmed the potential of the 

electrospinning technique to produce nanofibrous membranes that are capable of reproducing or 

mimics the native 3D-structure of the skin’s extracellular matrix (ECM) and further enhance the 

healing process. Regarding that, there is a tremendous progress on the development of wound 

dressings with effective antimicrobial properties. 

To accomplish the proposed goals, different approaches, namely emulsion electrospinning and multi-

layered assembly by deposition of two different nanofibrous layers and a nanofiber layer on a cotton 

material, were used to produce dressing materials from naturally derived and synthetic biopolymers 

blends, and several crude medicinal plant extracts (Hypericum perforatum L. (HP), Chelidonium 

majus L. (CM), Centella asiatica L. (CA), and Agrimonia eupatoria L. (AG)) as well as their 

derivatives, like the Eugenol (EUG), were incorporated to enhance the antibacterial efficiency and 

provide a favorable environment for wound healing. Concerning this, the EUG, a phenol essential oil 

(EO) extracted from cloves, was the first natural compound with useful therapeutic properties to be 

successfully applied. It was, for the first time, loaded into electrospun Polycaprolactone (PCL)/ 

Polyvinyl Alcohol (PVA)/ Chitosan (CS) nanofibrous mats via electrospinning from either water-in-

oil (W/O) or oil-in-water (O/W) emulsions. The O/W emulsion, where PCL and EUG were dispersed 

into PVA/CS blend, showed particular suitability to be used as wound dressing material, due to its 

more uniform fibers’ morphology, higher porosity, and moderate wettability. Besides, it was possible 

to confirm that the O/W emulsions enable the best release behavior, when oil-soluble bioactive 

compounds, as the EUG, are incorporated. However, the antibacterial activity of EUG loaded into the 

O/W emulsion against Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. 

aeruginosa) was lower than from the W/O emulsion, which could be explained by the faster EUG’s 

diffusion from W/O emulsion blend. Hence, emulsion electrospinning was successfully applied due 

to its incomparable ability to improve the solubility of the different components of the blend as well 

as the capability to protect both EUG's stability and bioactivity. Nonetheless, some drawbacks are 

pointed to the time-consuming methods and special laboratory facilities required to extract the EOs, 

as well as the large amount of raw plant material needed to obtain them. Besides, these plant-derived 

substances are easily degraded and considered to be highly susceptible to volatilization losses and 

thermal decomposition. To overcome these limitations and corroborate the ability of the emulsion 

electrospinning to incorporate natural products, two crude hydroethanolic extracts of HP and CM, 

known for their remarkable antimicrobial properties, were prepared by maceration and then loaded 
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into two different W/O emulsions consisting of Poly(L-lactic acid) (PLLA), PVA, and CS, and PCL, 

PVA, and Pectin (PEC), respectively.  

Firstly, the HP was loaded into electrospun PLLA/PVA/CS nanofibers with two different amounts 

(2.5% and 5.0% owf) to achieve the optimal conditions to ensure an appropriate support and 

microenvironment for the healing process. The main results revealed that the produced membranes, 

mainly when 2.5% owf crude HP extract was incorporated, provided the desired properties for wound 

dressing materials due to their nanofibers morphology, porosity, wettability, vapor and gas 

permeation, as well as water uptake capability.  Furthermore, the in vitro assays demonstrated that 

the produced membranes effectively inhibited the growth of bacteria without inducing any cytotoxic 

effect on normal human dermal fibroblast (NHDF) cells. Moreover, the observed sustained HP 

release profile from nanofibers was achieved, which is crucial to enhance the healing process. 

Meanwhile, the fabricated electrospun PCL/PVA_PEC nanofibrous meshes containing 2.5% owf of 

the CM showed the features required to promote both the regeneration of skin tissue and to prevent 

wound contamination, as well as mechanical properties similar to those of the native skin. Overall, 

the emulsion electrospinning is an attractive approach to incorporate natural products and produce, 

in single-step, single-layer nanofibrous delivery systems. 

On the other hand, the crude plant extracts proved to be a promising alternative to EOs due to their 

easy availability, low cost, and versatility. Also, these ecologically sustainable mixtures with multiple 

therapeutic properties have shown to be more effective than their isolated components, perhaps 

owing to positive synergetic interactions between the different compounds. 

Although the previous nanofibrous membranes have demonstrated promising properties to be used 

as wound dressing materials, they are not always capable to reproduce both the structure and 

functions of native skin. Thus, the knowledge and the know-how acquired up to this stage of the 

doctoral work have allowed the development of a new approach focused on the benefits of producing 

double-layer nanofibrous wound dressings containing crude medicinal plant extracts.  

Concerning the above mentioned, a double-layer nanofibrous material was successfully produced 

with an upper layer of PLLA and a lower layer of Polyethylene oxide (PEO), CS, and HP. The PLLA’s 

upper layer revealed excellent mechanical properties as well as a suitable porosity and wettability to 

act as a waterproof and breathable barrier preventing bacteria penetration to the wound site. On the 

other hand, the PEO_HP_CS’s lower layer was able to mimic the structure and properties of the 

native skin’s ECM, easily absorb the wound exudate, and avoid the growth of S. aureus and P. 

aeruginosa, strengthening its suitability to improve the healing process. Similarly, a novel 

electrospun double-layered wound dressing membrane was produced with a top layer made of PCL 

that protects the wound against external threats, while CS was cross-linked with sodium 

tripolyphosphate (TPP) in order to be used as a carrier for CA, and then added to PVA to produce the 

bottom layer. Due to their features, this layer was able to modulate the release of the CA according to 

the demands of the healing process while also inhibit the growth of S. aureus and P. aeruginosa 

without eliciting any toxic effect on NHDF cells. 
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Finally, a nano-coating of PVA, CS, and AG onto a cotton gauze bandage was applied to suppress the 

limitations of the cotton dressings, which can lead to wound dehydration, cause skin maceration, and 

trauma and pain during dressing removal. Thus, the combination the most advantageous features of 

cotton (mechanical protection) with the ability of the electrospun nanofibrous layer in maintain the 

moist wound environment, absorb the excess exudates, and delivery bioactive compounds improves 

the performance of this composite material in skin regeneration. For this purpose, the cellulose cotton 

was oxidized by the radical 2,2,6,6-tetramethylpiperidinyl-1-oxy free radical (TEMPO), one of the 

most common surface chemical modification of cellulose fibers, to convert the surface hydroxyl 

groups into charged carboxyl entities. The negatively charged carboxyl groups were convenient to 

interact with the positively amino groups of CS, which was previously blended with PVA and AG to 

produce the nanofiber coating. The results demonstrated that the PVA_CS_AG’s layer, designed to 

be in contact with the wound, exhibited a better ability to ensure a moist wound healing environment 

and exudate absorption than the PVA_CS’s layer. Besides, this layer showed an enhanced bactericidal 

activity against S. aureus and P. aeruginosa and adequate properties to promote cell adhesion and 

proliferation. Hence, composite wound dressings by coating of cotton with a nanofibrous layer open 

the way for developing new potential composite wound dressings, including based on the previously 

produced materials. 

Overall, it was found that all approaches enabled the successful production of the polymeric 

electrospun nanofibrous materials to be used as wound dressings. Also, medicinal plant extracts 

demonstrated to be a very powerful source of bioactive compounds that can be incorporated into 

nanofibrous meshes and improve the performance of these materials without inducing any cytotoxic 

effect and develop any resistance to bacteria. 

 
 
Therefore, by analysing and correlating all the obtained results summarized in Table 1 with the 

desired values for an ideal wound dressing with antimicrobial properties, it can be concluded that the 

produced electrospun PCL/PVA_PEC nanofibrous meshes containing CM displayed a better 

antibacterial activity against S. aureus (99.98 ± 4.43%, 3.82 Log reduction) and P. aeruginosa (95.26 

± 5.52%, 1.32 Log reduction) than the other single-layer wound dressing materials produced via 

emulsion electrospinning. Furthermore, those electrospun nanofibrous meshes resulted in excellent 

properties to promote a perfect wound healing process, as mentioned above. The obtained fibers 

exhibited good morphology and a mean diameter of 190.53 ± 56.07 nm, which is within the size range 

displayed by the collagen fibers present in native ECM (50-400 nm). Besides, the produced 

electrospun nanofibrous meshes revealed a porosity above 90% (94.38 ± 4.08%) and a moderate 

hydrophilic character (60.30 ± 14.99°) able to sustain a moist environment at the wound site, as well 

as ability to provide support for cell adhesion and proliferation. Also, the electrospun PCL/PVA_PEC 

nanofibrous meshes incorporated with CM presented the desired value of water uptake (between 100-

900%) and vapor permeation (between 2000-2500 g/m2/day), which highlight their potential to 

absorb wound exudates and ensure an efficient nutrient supply and gas exchanges. Moreover, these 
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nanofibrous meshes showed a suitable release for wound healing, as well as good mechanical 

properties for handling (Young’s modulus between 0.40-20.00 MPa).  

Among the fabricated double-layered membranes, the bilayered electrospun membrane composed by 

a PCL’s top layer, and a PVA_CS-TPP_CA’s lower layer was able to avoid bacterial invasion and 

exhibited a higher inhibitory effect against S. aureus (99.96 ± 6.04%) and P. aeruginosa (99.94 ± 

0.67%), reaching a 3 Log reduction. According to what was described above, the obtained results 

demonstrated that the PCL’s top layer presented a lower porosity and a more hydrophobic character, 

which is essential to protect the wound against external threats. In turn, the highly porous and 

hydrophilic PVA_CS-TPP_CA’s lower layer endows this wound dressing material with the ability to 

absorb a high amount of exudate (~600%). However, the ideal water vapor transmission rate (WVTR) 

and mechanical properties were not yet achieved. Concerning that, these features could be improved 

by adjusting the structural properties of this membrane, namely the nanofibers' orientation and/or 

the thickness of both layers, in order to perfectly mimic the structure of epidermis and dermis of the 

human skin. 

Altogether, this work highlights the benefits of using simple, cost-effective, versatile, easy scale-up 

techniques to produce biocompatible and biodegradable materials with unique properties to attend 

to the demands of an ideal wound dressing. Moreover, it has been reinforced that the incorporation 

of crude plant extracts in these materials, which are eco-friendly, non-expensive, non-toxic, and 

efficient alternatives against drug-resistant bacteria is an effective approach to further improve their 

performance as antimicrobial wound dressings. Regarding this, the blending of synthetic and natural 

polymers and the medicinal plant extracts applied should be carefully chosen based on the capability 

to promote both the healing process and prevent wound infection, which remains one of the most 

frequent causes of wound healing failure. 
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Table 1 – Summary of the main results obtained with the different strategies applied. 
 

Wound 
dressings 
Features 

PCL/PVA/CS PLLA/PVA/CS PCL/PVA/PEC PLLA/PEO_CS 
PCL/PVA_CS-

TPP 
Cotton/PVA_CS 

Production 
Method 

Electrospinning 
using O/W 
emulsion 

Electrospinning 
using W/O 
emulsion 

Electrospinning 
using W/O 
emulsion 

Double-layered Double-layered Double-layered 

Medicinal 
plants and 

their 
derivatives 

EUG HP CM HP CA AG 

5% owf 2.5% owf 2.5% owf 2.5% owf 3 mg/mL 5.0 wt.% 

Morphologic 
Features / 

Fibers 
diameters 

(nm) 

Uniform fibers 
with fewer beads / 

199.90 ± 48.86 

Thinner and 
uniform fibers / 
119.96 ± 29.90 

Thinner and 
uniform fibers / 
190.53 ± 56.07 

Uniform fibers / 
PLLA’s upper layer: 

1860 ± 680 and 
PEO_HP_CS’ lower 
layer: 88.33 ± 29.45 

Uniform fibers / 
PCL’s top layer: 

277.63 ± 85.19 and 
PVA_CS-TPP_CA’s 
bottom layer 284.34 

± 75.79 

208.11 ± 57.92 

Wettability (°) 59.37 ± 5.11 52.22 ± 8.17 60.30 ± 14.99 

PLLA’s upper layer: 
105.23 ± 2.89 and 

PEO_HP_CS’ lower 
layer: 50.97 ± 11.60 

PCL’s top layer: 
105.93 ± 18.85 and 
PVA_CS-TPP_CA’s 
bottom layer: 42.50 

± 16.93 

TEMPO-oxidized 
cotton: 27.53 ± 6.84 
and PVA_AG_CS: 

42.37 ± 7.52 

Porosity (%) 88.52 ± 4.09 93.30 ± 1.24 94.38 ± 4.08 

PLLA’s upper layer: 
74.25 ± 13.77 and 

PEO_HP_CS’ lower 
layer: 93.71 ± 1.00 

PCL’s top layer: 
64.01 ± 10.61 and 

PVA_CS-TPP_CA’s 
bottom layer: 96.88 

± 1.14 

TEMPO-oxidized 
cotton: 76.09 ± 5.64 
and PVA_AG_CS: 

92.77 ± 6.01 

WVTR 
(g/m2/day) 

- 2230.58 ± 39.49 2019.82 ± 151.01 1916.51 ± 143.02 1757.12 ± 67.69 1304.09 ± 123.13 

Water uptake 
ability (%) 

- ~500 ~400 ~500 ~600 
~320 at pH=8.0 and 

~400 at pH=5.5 

Mechanical 
properties: 

Young’s 
modulus 

(MPa) 

- - 15.75 ± 6.46 15.86 ± 0.50 36.36 ± 7.29 0.46×103 ± 0.11×103 
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In vitro 
release profile 

Burst effect during 
first 8 hours 
followed by a 

sustained release 
during 120 hours 

Sustained release 
during 72 hours 

Faster sustained 
release rates over 
the first 10 days 

Controlled burst 
release during 5 days 

Initial burst release 
within the first 6 

hours, followed by a 
gradual release up 

to  
9 days 

Initial burst release was 
observed within the 

first 6 hours, followed 
by a gradual release up 

to 8 days 

Antibacterial 
activity (%) 

Against S. aureus 
(83.08%) and P. 

aeruginosa 
(87.85%) 

Against S. aureus 
(93.11 ± 3.53%) 

Against S. aureus 
(99.98 ± 4.43%) 

and P. aeruginosa 
(95.26 ± 5.52%) 

Against S. aureus 
(99.75 ± 1.30%) and 
P. aeruginosa (90.61 

± 1.63%) 

Against S. aureus 
(99.96 ± 6.04%) and 

P. aeruginosa) 
(99.94 ± 0.67%) 

Against S. aureus 
(99.17 ± 4.05%) and P. 

aeruginosa (98.13 ± 
0.88%) 

In vitro 
cytotoxicity 

No cytotoxic effect 
on NHDF cells 

No cytotoxic 
effect on NHDF 

cells 

No cytotoxic effect 
on NHDF cells 

No cytotoxic effect 
on NHDF cells 

No cytotoxic effect 
on NHDF cells 

No cytotoxic effect on 
NHDF cells 
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Future Trends 

 
Taking into account all the work performed until now, it could be of interest to optimize nanofibers' 

orientation and the layer thickness of the double-layered nanofibrous membranes in order to improve 

the mechanical properties for handling and better control the vapor and gas permeation. This is also 

intended to precisely mimic the epidermal and dermal morphology of the native human skin. 

Likewise, it is mandatory to perform some additional studies regarding the in vivo inflammatory and 

wound-healing responses of the produced electrospun wound dressing materials to further 

characterize their suitability for wound management. In addition, resistance assays against 

multidrug-resistant bacteria should be performed for testing the efficiency of these plant extracts, 

although the literature does not report a direct cause-and-effect relation between the resistance of 

bacteria to the studied medicinal plants and essential oil. 

Nonetheless, despite the promising results obtained with the different strategies applied, these wound 

dressing materials are not able to perfectly reproduce the native structure and all functions of the 

skin, although can be of benefit in chronic wound management. To improve the knowledge acquired 

until now and reach the ideal wound dressing, several research lines could be further explored due to 

their promising preliminary results, namely the combination of electrospinning with 3D-printing to 

charge different polymers with a variety of cells (fibroblasts, keratinocytes, endothelial, and stem 

cells). In fact, these new 3D nanostructures are engineered to further enhance the healing process as 

well as the regeneration of skin appendages, like hair follicles, sweat ducts, and sebaceous glands, 

after skin injury. Also, the incorporation of sensors into electrospun membranes has been studied in 

order to successfully monitor the healing progress of a wound, namely by controlling the pH, 

temperature, oxygen, wound moisture, drug delivery capability, and by detecting bacteria at the 

wound site. 

Finally, considering the implementation and commercialization of the wound dressing materials on 

the market, careful and exhaustive work needs to be performed to make sure the quality, safety, and 

functional performance of the produced materials. Therefore, in addition to the work presented in 

this thesis in advanced materials science and processing that aims to develop the materials 

themselves, other assays, namely several validation processes, are mandatory to confirm the safety 

and performance of the final product. Thus, if the fabricated materials demonstrate compliance with 

the procedures established in national and international standards, they can be placed on the market. 

In Portugal, Infarmed is the competent health authority, which ensures that medical devices like 

wound dressing materials respect the legal requirements for introduction in the market and whose 

guidelines should be followed. 

Overall, it is crucial that a multidisciplinary team, involving engineers, chemists, pharmacists, and 

clinicians continue to work together to achieve further improvements on the production methods, 

properties, and performance of wound dressings containing natural products, which are essential to 

fighting infections and display a low propensity to develop resistance to bacteria. 


