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A Nonna Mirella… 

  



 

Abstract 
 

The present study focuses on the design and characterization of 

electrospun membranes embedding silver sulfadiazine (AgSD), 

intended to be used as advanced wound dressings.  

The polymers used for the preparation of the membranes were 

poly(ester amide)s based on L-phenylalanine (PEA-Phe), that were 

obtained from the solution polycondensation between a bis--(L-amino 

acid)-, -alkylene diesters (BAAD) and an activated ester of a 

dicarboxylic acid. After, the PEA-Phe were subjected to 

electrospinning for the obtainment of the membranes. For the 

embedding of AgSD, this was dissolved in the PEA-Phe solution that 

was subjected to electrospinning.  

The membranes were then subjected to a thorough characterization in 

terms of their morphology, surface hydrophilicity, mechanical 

properties, in vitro cytotoxicity and antibacterial activity against 

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The 

membranes showed to have individualized fibers, but some with few 

defects. The membranes showed a hydrophobic surface, with contact 

angles higher than 90 º. In what respects the mechanical properties, the 

membranes showed properties, especially in terms of capacity of being 

stretched. The in vitro cytotoxicity tests showed that the membranes are 

non-cytotoxic to fibroblasts. In what concerns the antibacterial tests, 

unfortunately, the results showed that the membranes embedding AgSD 

did not present any antibacterial activity. 

This study lays the foundation for further exploration to refine and 

optimize wound care materials, with particular attention to the 



 

challenges encountered and opportunities for improvement in 

antimicrobial efficacy. The multidisciplinary approach adopted 

provides a detailed overview of the design and characterization of 

electrospun membranes, paving the way for future developments in the 

field of advanced wound dressings. 
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1 Introduction 

 

1.1 Contextualization of the problem 

Effective wound management is a major challenge in medicine and 

requires advanced solutions to promote rapid healing and avoid 

complications such as infection. Most wound dressings (WD) that are 

used are the traditional ones that only act as a physical barrier between 

the wound and the surroundings. Especially in non-healing wounds, the 

development of a WD that can eliminate bacteria in the wound and at 

the same time promote tissue regeneration is of utmost importance. 

Thus, ideally, the WD should present antibacterial activity and should 

degrade as the new tissue is formed. 

Electrospun membranes made from polymers, both natural and 

synthetic, are highly desirable because they have: (i) the ability to 

mimic the structural features of extracellular matrix (ECM), (ii) high 

surface to volume ratio, (iii) highly interconnected porous structure and 

(iv) the ability to incorporate active agents. Some of the polymers used 

in the electrospinning process do not allow to have the membranes with 

good mechanical properties to be used as WD, others do not have 

moieties in their structure that allow the enhancement of cell-materials 

interaction, and others release acid by-products during degradation, 

contributing to the inflammation of the surrounding tissues. To 

overcome some of the disadvantages presented by the currently used 

polymers in the development of WD by electrospinning, in this work, 

α-amino acid based poly(ester amide)s (AAA-PEAs) were used. These 

polymers gather in the same entity the best properties of polyesters and 

polyamides, with additional advantages being brought by the presence 
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of the α-amino acid. Also, they offer the possibility of being synthesized 

with a variety of structures, allowing the easy tailoring of properties.  

1.2 Research Objectives 

The main objective of this research was the design and development of 

AAA-PEA-based electrospun membranes embedding an antibacterial 

agent, that could be potentially used in the creation of advanced WD 

with antibacterial properties. To achieve this main objective, specific 

objectives were considered:  

 Synthesis of AAA-PEAs by solution polycondensation, and 

optimization of the reaction conditions to obtain AAA-PEAs 

with the suitable molecular weight to be subjected to the 

electrospinning process; 

 Optimization of the electrospinning process of AAA-PEAs in 

order to obtain membranes with individualized fibers and, 

ideally, free of defects; 

 Characterization of the membranes in terms of their physical 

characteristics, along with their in vitro cytotoxicity and 

antibacterial activity. 

 

1.3 Relevance of the Thesis Work 

This work aims to explore new perspectives for the design of AAA-

PEA-based membranes with antibacterial properties. The objective is 

to investigate the potential for the development of membranes that can 

make a significant contribution to the biomedical field by utilizing the 

intrinsic properties of AAA-PEAs. This study intends to evaluate the 

feasibility of developing more advanced WD in the hope that they will 
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offer significant improvements over currently available options. The 

work contributes to a possible innovation in the field of biomedical 

materials and contributes to the growing understanding of the 

applications of AAA-PEAs in the context of WD.  
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2 Literature Review 

 

Adults and the elderly who suffer skin damage face significant 

challenges, as the ability of the dermis to regenerate spontaneously is 

limited and often results in permanent scarring. The conventional 

approach to treating such lesions, which relies on the use of traditional 

medications such as sterile dressings, gauze and antimicrobial creams, 

has proven inadequate when it comes to managing significant skin 

tissue loss. 

To address this problem, it is essential to integrate the use of polymeric 

materials for dressings into the therapeutic approach. These particular 

materials represent innovative solutions that contribute significantly to 

the repair and healing of skin tissue over time and provide fundamental 

support, particularly in cases of severe injury [1]. 

 

2.1 Wound Healing 

Wounds, especially chronic or complex wounds, require a 

multidisciplinary approach using innovative materials. Chronic wounds 

occur when wound healing is delayed, unlike acute wounds. The main 

difference between the two lies in the chemical environment of the 

wound: while acute wounds follow a controlled healing sequence, 

chronic wounds are often associated with bacterial infections that 

prevent the formation of new blood vessels. This represents a serious 

obstacle to the healing process and leads to imbalances in its phases. 

Chronic wounds also have a high level of inflammatory substances and 

a lack of growth factors. They also differ from acute wounds in terms 
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of the local pH value: acute wounds are slightly acidic, while chronic 

wounds have an alkaline environment [2]. 

 

Figure 1 Schematic comparison of chronic and acute wound microenvironment 

[3]. 

 

The need for advanced materials is further enhanced by the increasing 

prevalence of bacterial infections associated with chronic wounds, 

which can impair healing and lead to serious clinical consequences. 

 

2.2 History of Wound Dressings 

Wound treatment has evolved over the millennia from traditional, 

ancient practices to advanced, scientifically-based therapies. For 

thousands of years, wound care has included practices ranging from 

magical spells to lotions and ointments [3]. The use of dressing 

materials such as feathers, gauze and compresses of various types were 
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primarily used to protect, absorb and create a foundation for healing. 

However, these methods were often based on beliefs rather than 

scientific evidence and resulted in adherence that caused wound trauma, 

often accompanied by bleeding when the dressing was removed [4]. 

2.2.1 Wet revolution of the 60s and 70s & Moisture Healing from 80s 

The real breakthrough in the field of wound care came in the 1960s, 

with Dr. Winter's ground breaking discoveries in the field of moist 

healing. This revolution was further consolidated in the 1970s when 

research showed that semi-occlusive wound coverage accelerated 

healing. These findings paved the way to understanding the importance 

of the moist environment in promoting cell migration and the healing 

process [3]. 

Since the 1980s, the development of WD has accelerated significantly 

growth, with a growing awareness of the importance of moist healing 

[5]. The dressing industry has undergone an evolutionary and 

innovative process, that has resulted in a wide range of interactive 

products that create a moist environment to promote healing [6]. These 

advances contributed to a true revolution in wound care in the early 

1990s, with a variety of products and extensive scientific research on 

moist healing [7]. 

2.2.2 Dressings in the 90s and 21st century 

The 1990s were a time of explosive innovation in wound care. The 

development of advanced dressing materials, such as soft silicones, 

silver dressings and collagens, represented a major breakthrough. New 

therapies such as negative pressure and the use of antimicrobial agents, 

have expanded the treatment options for highly draining wounds [3][8].  
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In the 21st century, despite the remarkable advances of the 1980s and 

1990s, there has been continued technological progress in wound care. 

Nevertheless, wet-dry gauze has remained the common choice, 

emphasizing the need to educate clinicians about the available treatment 

options. The future will focus on exploring new parameters and 

chemicals in chronic wound fluids and tissues, emphasizing the 

importance of understanding their balance. The increasing use of 

antimicrobials in WD requires further research to fully understand the 

change in bacteria levels. Substances such as nitric oxide and 'smart' 

skin grafts promise new prospects in advanced wound management, 

while pain management is crucial, with dressings designed to reduce 

trauma on application and removal [3]. 

Today, clinical practice continues to benefit from this evolution, with 

modern dressings designed to meet specific healing needs and address 

a broader range of factors, including those related to the patient. 

However, despite the clear consensus among experts on the efficacy of 

wet healing, challenges such as financial constraints and lack of 

knowledge still limit the use of these advanced techniques in wound 

care [7]. 

 

2.3 Characteristics of Optimal Wound Dressings 

The characteristics of the ideal WD, as shown in Figure 2, include the 

ability to maintain a moist environment around the wound, good gas 

permeability and removal of excess fluid. They must protect the wound 

from microorganisms, prevent dissection, reduce surface necrosis, 

stimulate cell growth and provide mechanical protection. These 
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materials must be easy to remove, biocompatible, biodegradable and 

elastic, and help to reduce the pain caused by the wound [1]. 

 

 

Figure 2 The features of the ideal WD [1]. 

 

2.4 Biomaterials in Wound Dressings 

Polymers represent a versatile class of materials used in WD, and they 

can be processed in several forms, each one with unique characteristics. 

The most common WD based on polymers are: 

 Films stand out for their thinness, flexibility, and transparency. 

They are indicated for uncontaminated, laser and superficial 

wounds. They offer advantages such as good gas permeability, 

impermeability to bacteria and fluids, easy monitoring thanks to 

transparency and less maceration and pain. However, they also 
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have disadvantages such adherence to the wound bed and 

impermeability to protein and drugs, which makes wound 

healing more complicated[1]. 

 Foams, consist of bilaminated layers of polyurethane, 

poly(ethylene glycol) (PEG) and silicone and are ideal for burns, 

chronic wounds, cavities and deep ulcers. Their advantages 

include high absorption capacity, maintenance of a moist 

environment, resistance to bacterial invasion and ease of 

application at low cost. However, they have disadvantages such 

as adhesion and the formation of an opaque layer, which makes 

wound monitoring more difficult [1]. 

 Hydrogels, composed of natural or synthetic polymers, are 

characterized by their high absorption capacity and their 

refreshing effect on skin wounds. They are suitable for various 

wounds and burns, and offer advantages such as high absorption 

capacity, easy of removal, reduction of pain and inflammation, 

low cost and easy administration. However, they also have 

disadvantages such as semi-transparency, gas and water 

permeability, poor bacterial barrier and sometimes limited 

mechanical stability [1]. 

 Alginates, made of alginate in the form of woven fibers, are 

suitable for surgical wounds and severe burns. Their advantages 

are their high absorbency, non-adherence, high mechanical 

stability, durability and easy removal with saline solution, which 

makes them a good bacterial barrier. However, they also have 

disadvantages such as high cost, unpleasant odor, complex 

handling and limited availability [1]. 
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 Hydrocolloids, two-phase systems with iodine-immobilized 

starch, or dextran-PEG are indicated for chronic ulcers and burns. 

Their advantages are their high absorbency, easy removal with 

saline solution or sterilized water, lack of adhesion, and high 

density. However, they also have disadvantages such as variable 

antimicrobial activity, volumetric instability, excessive exudate 

loss, delayed healing with dextran hydrocolloids, as well as 

cloudiness, unpleasant odor and color changes [1]. 

 

2.4.1 Materials for Wound Dressings with Antimicrobial Properties 

Polymers with antimicrobial properties were first developed in 1965 by 

Cornell [9] using derivatives of 2-methacryloxytrope. Since the 1980s, 

endogenous defense peptides and synthetic disinfectants have inspired 

the development of antimicrobial polymers. In 1984, the first cationic 

antibacterial polymers based on poly(vinylbenzylammonium chloride) 

were obtained and proved to be effective [10]. Some polymers have 

inherent antibacterial properties, while others can be designed to be 

activated during use [11]. The various methods used to incorporate 

antibacterial properties into polymers will be presented below.  

2.4.1.1 Natural Polymers 

Some natural polymers, such as chitosan and chitin, have inherent 

antibacterial properties [12]. Chitosan, which is obtained from the 

deacetylation of chitin, is biocompatible but only dissolves in acidic 

solutions, so its antibacterial activity is limited to acidic environments. 

[13][14]. Its limited solubility at pH above 6.5 reduces its antibacterial 

efficacy in neutral or alkaline environments. Although chitosan is 

widely used in biomedical applications, it is crucial to consider the 
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characteristics of the site of application to maximize its antibacterial 

benefits. Other biomacromolecules such as cellulose or starch need to 

be chemically modified to achieve antibacterial activity [10]. 

2.4.1.2 Synthetic Polymers 

Synthetic polymers with antibacterial properties are a promising area of 

research in the fight against bacterial infections. Despite initial concerns 

about unwanted biological reactions, significant advances in synthesis 

techniques have paved the way for new materials with specific 

biological applications. One of the examples is a copolymer of maleic 

anhydride (MA) and divinyl ether (DVE) (DIVEMA), which is 

obtained by a cyclopolymerization reaction with in-chain pyran [10]. 

DIVEMA shows antibacterial activity against Gram-positive and 

Gram-negative bacteria, and fungi [15]. These polymers offer a wide 

range of applications, ranging from medicine to industry, and present 

innovative potential in the field of antibacterial agents. 

In another study, copolymers comprising cationic monomers and alkyl-

substituted polynorbornes were synthesized. These copolymers 

exhibited mild antibacterial activity against Staphylococcus aureus (S. 

aureus) and Escherichia coli (E. coli), with the efficacy being 

dependent on the hydrophobicity of the polymer. The study concluded 

that achieving a balance between hydrophobic and hydrophilic regions 

is more crucial than the overall charge density or global amphiphilicity 

for the polymer present antibacterial activity [16]. 

As with natural polymers, synthetic polymers can also be modified to 

introduce bacterial properties [10]. 



 21 

2.4.1.3 Modification of Synthetic and Natural Polymers with 
Antibacterial Effective Metals & Organic Compounds 

The functionalization of polymer surfaces with metal ions or metal 

oxides, especially zinc, is an area of growing interest to impart 

antibacterial properties to polymers [10][17]. Zinc ions, which are 

known to inhibit amino acid metabolism and active transport in 

bacterial cells, are released from zinc oxide nanoparticles. These 

nanoparticles exhibit photocatalytic activity in the presence of light and 

generate reactive oxygen species (ROS), which contribute to the 

peroxidation of bacterial lipids, damage to nucleic acids, and oxidation 

of proteins [18]. In addition, the chemical and physical stability of zinc 

nanoparticles makes them popular modulators of the polymer matrix. 

The synthesis of zinc oxide modified nanostructures is carried out by 

various techniques, such as precipitation [19] and atom transfer radical 

polymerization (ATRP) [20], which allows fine control of the 

interactions between molecular fillers and the polymer matrix by 

simultaneously growing all polymer chains at the same rate. Such 

polymer modifications have shown excellent antibacterial properties, 

and open promising perspectives for applications in the development of 

wound care materials [10]. 

Among organic compounds, the modification of synthetic and natural 

polymers with fatty acids is an important field of research [10]. Fatty 

acids, which are produced by algae and plants to defend against 

pathogens, show antibacterial activity against various bacterial strains. 

The modification of polymers with oleic, linoleic and palmitic acids 

allows them to show activity against E. coli and S. aureus [21]. 

Furthermore, fatty acids such as decanoic and oleic can be used for the 

post-polymerization modification of polyurethanes, improving their 
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antibacterial activity against Gram-positive strains [22]. These 

modifications represent an interesting prospective for the development 

of polymeric materials with new functionalities and practical 

applications. 

2.4.1.4 Silver Sulfadiazine & Curcumin 

Silver sulfadiazine (AgSD) is considered an ideal antibacterial agent for 

burn wounds due to its bifunctional action [23]. The antibacterial 

properties of AgSD derive from the ability of the sulfonamide fraction 

to inhibit bacterial folate absorption and subsequent DNA synthesis 

[24]. In addition, the silver released from the AgSD binds to and 

disrupts the structure of bacterial DNA, preventing replication [25]. 

However, the performance of AgSD is limited by its poor water 

solubility. Consequently, current research focuses on nanotechnology 

methodologies to improve the effectiveness of AgSD. An example of 

this is the synthesis of AgSD particles modified with poly(N-vinyl-2-

pyrolidone) (PVP), which demonstrated notable antibacterial effects 

against several bacterial strains [26]. 

Curcumin, extracted from turmeric, demonstrates positive effects in 

WD through regulation of inflammation through inhibition of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-(κ)B) and 

modulation of ROS [27]. In the proliferation phase, it promotes the 

migration of fibroblasts, the formation of granulation tissue and the 

deposition of collagen. During remodeling, curcumin enhances wound 

contraction by increasing the amounts of transforming growth factor 

beta (TGF-β) and stimulating fibroblast proliferation. These findings 

suggest the potential use of curcumin in WD, with the need to carefully 
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optimize doses to maximize benefits without compromising cellular 

safety [27]. 

In the context of the discussion on synthetic polymers with 

antimicrobial properties, there is the need to take a closer look at the 

panorama of advanced materials designed to improve wound healing. 

Poly(ester amide)s (PEAs) represent an interesting category in this area 

as they offer a unique combination of biodegradability and other 

tailored properties. Moving from the discussion of conventional 

synthetic polymers to PEAs, we are exploring a class of materials that 

provide a versatile platform for WD applications. 

 

2.4.2 Materials for Wound Dressings: Poly(Ester Amide)s 

In recent years, PEAs have gained considerable importance as an 

important family of biodegradable synthetic polymers.  

2.4.2.1 PEAs Characteristics 

PEAs incorporate both ester and amide bonds in their structure, 

combining the favorable biodegradability and solubility of polyesters 

with the excellent thermo-mechanical properties and biocompatibility 

of polyamides. Indeed, polyesters degrade under physiological 

conditions through the cleavage of the ester linkages, have better 

solubility in many organic solvents, and have better flexibility than 

polyamides. In turn, polyamides are known to have superior thermal 

and mechanical properties due to the formation of strong hydrogen 

bonds between the amide linkages of individual chains [28]. On the 

other hand, polyamides often require a prolonged period of time to 

degrade in the human organism, making them virtually non-degradable. 
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The combination of ester and amide bonds in the same polymer opens 

up new perspectives for the development of materials with different 

properties, such as thermomechanical characteristics and degradability, 

which are particularly relevant in biomedical applications [29]. 

PEAs based on -amino acids combine the attractive properties of 

conventional PEAs with those resulting from the presence of the -

amino acid, such as enzymatic degradability, the improvement of cell-

material interactions and the introduction of functional groups for the 

binding of drugs or peptides [30][31]. This improves the overall 

biodegradability of these polymers [32].  

2.4.2.2 Synthesis of amino acids-based PEAs 

The methods currently used to synthesize this type of PEAs are melt 

polycondensation, interfacial polycondensation, and active solution 

polycondensation.  

Melt polycondensation 

The synthesis of PEAs through melt polycondensation involves the 

reaction of a diol with a diamide-diester, previously obtained by the 

condensation of a diacyl chloride with a -amino acid methyl ester [28]. 

The process occurs in two stages, as shown in Figure 3. In the first, the 

diamide-diester is formed at low temperatures with the use of a base, 

usually triethylamine (Et3N). Then, in the second stage, the purified 

diamide-diester is heated and subjected to a vacuum to aid condensation 

[33][34]. This method is industrially advantageous because it does not 

require post-synthesis treatments, but has disadvantages such as the 

need to purify the diamide-diester and high temperatures which can 

cause unwanted reactions [28]. Studies show that this approach has 
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resulted in PEAs with good yields and various properties, such as the 

ability to form films and fibers [33].  

 

Figure 3 Synthesis of PEAs containing a-amino acids from a thermal 

polycondensation of a diol and a diamide–diester. R and R2, alkyl chain of variable 

length; R1, -amino acid side chain [32]. 

 

Solution Polycondensation 

The synthesis of PEAs via solution polycondensation is a method 

developed to overcome the disadvantages of melt polycondensation 

reactions, such as unwanted side reactions due to high temperatures. 

This approach features moderate reaction conditions (T < 80 °C and 

atmospheric pressure), high polymerization rates and minimal side 

reactions, resulting in polymers with high molecular weights [28]. 

Polycondensation in solution involves the use of condensing agents or 

the activation of carboxyl groups, known as active solution 

polycondensation [31][35]. 
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Figure 4 Solution polycondensation method for the preparation of -amino acid-

based PEAs. R and R2 are aromatic or aliphatic chains of variable length and R1 

is the amino acid side chain [32]. 

 

The synthesis of PEAs via solution polycondensation comprises three 

main steps, as shown in Figure 4. Initially, bis-α-(L-amino acid)-α, ω-

alkylene diesters (BAADs) are prepared through Fischer esterification 

between α-amino acids and diols, using p-toluenesulphonic 

monohydrate (p-TSA) as a catalyst and amino group protector. BAADs 

are obtained as salts to avoid unwanted reactions in free form. 

Subsequently, the carboxylic acid is activated via a good leaving group, 

such as N-hydroxysuccinimide (NHS), forming activated esters. 

Finally, the condensation reaction of the activated dicarboxylic acid 

with the BAAD occurs, to yield the PEA. This method is advantageous 

for obtaining PEAs with high molecular weight [31]. However, it also 

has some disadvantages; it requires high purity monomers to maintain 

a correct stoichiometric balance and obtain high molecular weight 

polymers [36]. Furthermore, thorough purification of the polymer is 

required to remove solvents and toxic byproducts [30]. 
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Interfacial Polycondensation 

Interfacial polycondensation is a rapid method that occurs at the 

interface between two immiscible phases, usually organic 

solvent/water. This occurs through the Schotten-Baumann reaction 

between a diacyl chloride reagent with compounds containing hydrogen 

atoms (OH, NH and SH) [31]. The selection of the organic solvent is 

critical, impacting multiple facets of the reaction and the characteristics 

of the resulting polymer. A base in the aqueous phase is vital to 

neutralize the produced hydrochloric acid. This is imperative to prevent 

the protonation of the amino group, making it non-reactive [37]. 

Effective stirring is indispensable to guarantee the dispersion of the two 

phases and the renewal of interfaces, augmenting the available surface 

area for the reaction [38]. 

 

Figure 5 Synthesis of amino acid PEAs by interfacial polycondensation. 

 

Figure 5 shows the two main steps of interfacial polycondensation. The 

first step of the synthesis involves the preparation of di-p-

toluenesulfonic acid salts of BAADs by Fischer esterification between 

-amino acids and diols, in presence of pTSA. Subsequently, the 

BAADs salts react with diacyl chlorides in the presence of a proton 
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acceptor [39]. Interfacial polycondensation is considered the most 

practical method for the synthesis of this type of PEAs since it is a fast 

reaction carried out at room temperature, avoiding unwanted reactions 

related to the use of high temperatures. However, hydrolysis of diacyl 

chloride may occur, causing chain termination and unit heterogeneity 

[40]. 

 

2.5 Fabrication Techniques for WD 

The production of WD is a constantly evolving field in which various 

methods are used. Among the various techniques, electrospinning, 

solvent casting and 3D printing stand out.  

2.5.1 Solvent Casting 

Solvent casting is a widely used method for producing polymer films, 

known for its reliability and low costs. This is a very simple process 

that involves the solubilization of polymers and some additives (e.g. 

plasticizers), followed by film formation through solvent removal [41] 

[42]. In the context of wound healing, solvent casting offers 

transparency, porosity, cost-effectiveness and flexibility. However, 

some disadvantages should be noted such as the excessive use of 

solvent, the long drying phase and the limited adjustment of the film 

thickness [43]. 
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Figure 6 The solvent-casting process [41]. 

 

In the solvent-casting process (Figure 6), polymers, additives and active 

compounds are dissolved in a suitable solvent. This solution is then 

poured into a desired geometric shape. The choice of solvent, the 

formation of homogeneous solutions and the optimization of 

dissolution conditions are fundamental [41]. Then all the ingredients 
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that are dissolved in the solvent are poured onto a support. 

Subsequently, the material is dried, cut and packaged. 

 

2.5.2 3D Printing 

3D printing sets itself apart from WD production processing by 

enabling the customization of porosity by changing the degree of infill 

and creating tailored geometries. 3D printing enables precise control 

over the porosity and geometric configuration of the bandages, helping 

to improve the healing process. In addition, 3D-printed dressings enable 

the incorporation of layers of biomaterials and therapeutic agents, 

overcoming challenges that conventional dressings cannot [44]. 

 

2.5.3 Electrospinning (ES) 

Electrospinning is a process by which very thin fibers are produced 

from a drop of liquid. The process uses a simple apparatus that includes 

a high-voltage power supply, a syringe pump, a small tube called a 

"nozzle" and a conductive surface to collect the fibers (Figure 7). 

The working principle of electrospinning is as follows: the syringe 

pump pushes the liquid in a thin stream through the nozzle/spinneret. 

An electrical voltage is applied between the spinneret and the collector. 

This voltage creates a potential difference between the spinneret and 

the collector. The drop of liquid coming out of the spinneret is 

electrified by the electrical voltage. This leads to an electrostatic 

repulsion between electric charges of the same sign, causing the droplet 

to deform into a conical shape, the so-called "Taylor cone". An 

electrically charged jet projects from this Taylor cone. Initially, the jet 
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extends in a straight line, later it begins to undulate due to instabilities 

in its shape. As the jet lengthens and thins, it quickly cools and 

solidifies. This process leads to the formation of solid fibers which are 

collected on a collector [45]. 

 

Figure 7 Schematic exemplification of the conventional ES process [45] 

 

The Taylor’s cone formation phenomenon can be best understood 

through an example involving the formation of Rayleigh jets from small 

drops of ethylene glycol suspended in an electric field. 



 32 

 

Figure 8 High-speed photographs showing the disintegration of a levitated droplet 

of ethylene glycol charged to the Rayleigh limit for the ejection of two jets [46]. 

 

In this experiment, a small drop of ethylene glycol is first injected into 

an environment in which an electric field is present. The drop has a 

spherical shape with a certain electrically charged radius. Over time, 

the droplet shrinks due to the evaporation of neutral molecules from the 

surface and its radius gradually decreases. When the radius of the 

droplet reaches a certain critical limit, known as the "Rayleigh stability 

limit", the droplet can no longer maintain its spherical shape and 

deforms into an ellipsoidal shape. During this deformation process, two 

sharp points form at the poles of the ellipsoid. Almost immediately after 

the formation of these points, two thin jets of liquid emerge from 

opposite points and move away from the original droplet, as shown in 

Figure 8. These jets break up into small droplets that are repelled away 

from the original droplet due to electrostatic repulsion. Over time, the 

jets and tips disappear, and the droplet returns to a spherical shape. This 

process of deformation, jet formation and return to spherical shape is a 

manifestation of the Taylor’s cone and illustrates how a charged droplet 

can transform in an electric field and generate jets of liquid [47].  
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2.5.4 ES Parameters 

The ES process is influenced by various parameters that determine the 

quality of the fibers obtained. These include the type and properties of 

the polymer, the properties of the solvent, the processing parameters 

(applied electric field, distance between needle and collector, and the 

flow rate), and the ambient conditions (temperature and humidity). By 

adjusting these parameters, it is possible to obtain fibers with different 

diameters, morphologies and electrospun mats with different pore sizes 

[45].  

The influence of the applied electrical field on the fiber diameter is 

significant. Studies show that increasing the voltage above the critical 

threshold reduces the dimensions of the Taylor’s cone and at the same 

time increases the velocity of the jet [48]. Flow rate is another crucial 

parameter that affects fiber diameter, pore size and bead formation. 

Maintaining a minimum flow rate is important to establish a balance 

between the discharged polymer solution and its replenishment. 

However, an excessive increase in flow rate can lead to the formation 

of beads or ribbon-like structures. The distance between the needle tip 

and the collector plays a crucial role in achieving high quality mats, as 

it influences the evaporation of the solvent and solution stretching [49]. 

Important solution parameters such as polymer concentration, solvent, 

viscosity, and conductivity, play a pivotal role in the ES process. 

Insufficient polymer concentration can lead to the formation of 

fragmented and beaded fibers, while increasing the concentration 

increases the viscosity, resulting in uniform, bead-free fibers. However, 

exceeding a critical viscosity level impedes the flow of the solution 

through the needle tip, and thus poses a challenge for production [49]. 
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Optimal conductivity is crucial for the formation of the Taylor’s cone 

and affects the fiber diameter, with higher conductivity values 

associated with smaller fiber diameters. Careful consideration of these 

solution parameters is essential for the success of ES process. Room 

conditions, such as temperature and humidity, affect fiber diameter and 

must be carefully controlled [50]. 

The choice of solvent is also critical. The boiling point is of 

fundamental importance as it must not be too low so that the solvent 

does not evaporate too abruptly, but also not too high so that it does not 

evaporate sufficiently before reaching the collector. The toxicity of the 

solvent must also be carefully checked [51]. 

 

2.5.4.1 ES Types 

Electrospinning can be performed in different ways (Figure 9), each 

method having its own advantages and disadvantages. The simplest 

method consists of a single syringe, a pump, and a flat collector. This 

method allows the production of filled or unfilled fibers obtained from 

a single polymer or from mixtures of polymers soluble in the same 

solvent. As already mentioned, the adjustment of ES parameters allows 

the production of mats with specific properties and the incorporation of 

active compounds with control over their release. 
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Figure 9 Types of ES [52]. 

 

In a study, the change in morphology of particles to nanofibers using 

low molecular weight amphiphilic copolymers was investigated by 

using the side-by-side ES technique. Compared to conventional 

electrospinning with single-component nozzles, side-by-side ES 

allowed both particles and reversibly cross-linkable fibers to be 

obtained from the same polymer material [53]. The morphological 

variation is achieved by selecting suitable process conditions and using 

specific spinnerets. The side-by-side method offers greater flexibility in 

the production of particles and fibers from the same polymer, and 

represents an innovative approach to control the morphology of 

materials obtained by electrospinning [53]. 

Another study investigated the application of coaxial electrospinning as 

a robust technique for the encapsulation of sensitive, water-soluble 
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biological agents within core-shell nanofibers. This method enables the 

encapsulation of substances such as growth factors, DNA, and even 

living organisms in a single step. The technique avoids damage caused 

by direct contact of the sensitive substances with the organic solvents 

or harsh emulsification conditions [54]. The outer layer of the 

nanofibers acts as a barrier and prevents the premature release of the 

water-soluble molecules present in the core. The study highlighted that 

the release of the encapsulated active ingredients can be precisely 

controlled by varying the structure and composition of the nanofibers 

[54].  
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3 Materials and Methods 

 

3.1 Synthesis of the PEAs 

3.1.1 Synthesis of the bis--(L-amino acid)-, -alkylene diesters 
(BAADs) 

Synthesis of bis--(L-amino acid)-, -alkylene diesters (BAADs) 

from 1,6-hexanediol (Hex) (CAS nº 629-11-8, Tokyo Chemical 

Industry Co., Ltd) and L-phenylalanine (Phe) (CAS nº 63-91-2, Tokyo 

Chemical Industry Co., Ltd) through Fisher esterification, in toluene 

(300 mL), at 135ºC, during 24h, in presence of p-TSA (CAS nº 6192-

52-5, Tokyo Chemical Industry Co., Ltd), as shown in Figure 10. The 

stoichiometry of the reaction was 2 moles of Phe for 1 mol of Hex, in 

presence of 2.1 moles of p-TSA. The quantities of each reactant used in 

the synthesis of the BAAD is presented in Table 1, and the specific 

machinery used is shown in Figure 11. For purification, the BAAD was 

submitted to several recrystallizations (Figure 12), using distilled water, 

and then was dried at 50ºC.  

 

 

 

Figure 10 BAAD Synthesis. 
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Figure 11 Machinery used for the BAAD formation: 500mL round bottomed flask, 

agitation rod, dean stark, condenser, mineral wool. 

 

 

Figure 12 BAADs Crystallization. 
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Table 1 Amount of reactants used in the synthesis of the BAADs. 

 Real Quantity   

Reagents V(mL) m(g) n(mol) 

Phenylalanine   39.430 0.239 

1,6-hexanediol   14.180 0.120 

p-TSA 
 

 50.050 0.263 

Toluene 300    

 

 

3.1.2 Synthesis of the PEAs  

PEAs derived from Phe were obtained through the reaction of BAAD-

Phe with the activated diester of sebacoyl chloride, through a solution 

polycondensation in dimethylsulfoxide (DMSO), at 70ºC, for 24 hours 

in the presence of triethylamine (Cas nº 121-44-8, Tokyo Chemical 

Industry Co., Ltd). Figure 13 shows the reaction. 

 

 

 

 

 

 

 

 

 

 

 Figure 13 PEAs Synthesis. 
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Table 2 presents the amount of each reactant used in the synthesis of 

the PEAs. 

Table 2 Amounts of reactants used in the synthesis of PEAs. 

PEA mBAAD (g) VDMSO (ml) 
VEt3N 
(ml) 

mactivated 

diester (g) 

ADS_P01 PN_Phe03 – 4.56 10 1.8 2.4 

ADS_P02 PN_Phe03 – 4.54 10 1.8 2.37 

ADS_P03 ADS_Phe01 – 4.55 10 1.8 2.39 

ADS_P04 PN_Phe04 – 4.51 10 1.8 2.38 

ADS_P05 ADS_Phe01 – 9.1 20 3.46 4.77 

ADS_P06 ADS_Phe01 – 9.09 20 3.46 4.75 

ADS_P07 ADS_Phe01 – 9.09 20 3.46 4.78 

ADS_P08 ADS_Phe01 – 9.08 20 3.46 4.76 

ADS_P09 ADS_Phe01 – 11.27 20 3.16 5.93 

ADS_P10 PN_Phe04 – 24.65 20 9.15 13.1 

 

For purification several steps have been implemented. First of all, the 

reaction product was dissolved in 50 ml of chloroform inside a 1 L cup, 

followed by the gradual addition of water until the total volume of 1 L 

was reached. A magnet was inserted into the container, which was 

subsequently subjected to slow stirring (150 rpm) for 2 days. During 

this period, the water was replaced three times. Subsequently, after 

eliminating the water, the PEA dissolved in chloroform was dried by 

solvent casting. 

Then, a further step of purification was carried out, in which the dried 

PEA was placed in a 100 mL single-throated flask, together with 50 mL 

of ethyl acetate. The content on the flask was submitted to a temperature 

of 100ºC and a magnetic agitation of 500 rpm. A condenser was 

connected to the flask to avoid the evaporation of the solvent. After 24 
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hours, the ethyl acetate was changed, and the waste product was 

retained for comparison purposes. This procedure was further repeated 

2 more times. The PEA was then dried at the end of the process. 

 

3.2 Mats Preparation by Electrospinning- 

The solutions needed for the ES process, were prepared by dissolving 

the PEAs in a mixture of solvents, chloroform and DMSO, with a ratio 

90:10 (v/v), respectively. The concentration of PEAs solutions was set 

at 10% (w/v). To impart specific antimicrobial properties to the 

membranes, AgSD was introduced into the PEA polymer solution at 

0.25% (w/w).  

The applied voltage was between 19 and 22kV, distance between the 

needle tip and collector was established in 20 cm, and solution flow was 

2 ml/h. For electrospinning, each solution was loaded into 10 mL 

syringes with 17G stainless steel flat needles. 

The needle was connected to the positive electrode of the high voltage 

power supply, while the collector, covered with vegetable paper on a 

surface of 100 cm², was grounded. PEAs nanofibers, generated through 

electrospinning, were collected on these vegetable paper-based 

collectors. 

The machinery used is shown in Figure 14. 
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Figure 14 Representation of the ES apparatus used. 

 

 

3.3 Characterization Techniques 

 

3.3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

H1 NMR spectroscopy analysis was performed using a Bruker Avance 

400 MHz spectrometer at a temperature of 25 °C. Deuterated DMSO 

was used as solvent. The peak of DMSO-d6 (2.50 ppm) was used as 

reference. 
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3.3.2 SEC Analysis 

Molecular weight distribution was determined using a Size Exclusion 

Chromatography (SEC) set-up (Viscotek TDAmax) equipped with a 

differential viscometer (DV) and right-angle laser-light scattering 

(RALLS, Viscotek) and refractive index (RI) detectors. The column set 

consists of a 5 μm PLgel pre-column followed by a Viscotek T5000 

column and a Viscotek T4000 column. A dual-piston pump was set with 

a flow rate of 1 mL/min. The eluent (DMF with 0.03% (w/v) LiBr) was 

previously filtered through a 0.2 μm filter. The system was also 

equipped with an online degasser. The tests were performed at 60 °C 

using an Elder CH-150 heater. Before injection (100 μL), the samples 

were filtered through a polytetrafluoroethylene (PTFE) membrane with 

a pore size of 0.2 μm. The system was calibrated with narrow 

poly(methyl methacrylate) (PMMA) standards. Molecular weight 

(Mw,SEC) and dispersity (Ð = Mw/Mn) of the synthesized polymers were 

determined by conventional calibration. 

 

 

 

3.3.3 Thermal Analysis 

The thermal behavior of the BAADs, PEAs and mats was studied 

through differential scanning calorimetry (DSC) using a DSC 214 

Polyma instrument equipped with an Intracooler 40 cooling unit. The 

samples were heated at a rate of 5 °C/min from -95 to 200 °C, after 

having performed a run in which they were heated from 25ºC to 200 °C 

and subsequently cooled to -95 °C. 

The thermal stability of the mats obtained via electrospinning was 

evaluated through thermogravimetric analysis (TGA) using a STA 449 
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F3 Jupiter instrument. The analysis was conducted in the temperature 

range of 25 to 1000 °C, in a nitrogen environment, with a heating rate 

of 10 °C/min. 

 

3.3.4 Scanning Electron Microscopy (SEM) 

To explore the morphology of the membranes at the microscopic level, 

a field emission scanning electron microscopy (FESEM) analysis was 

conducted with a ZEISS MERLIN Compact/VPCompact, Gemini II 

instrument.  

 

3.3.5 Contact Angle Analysis 

An Attension® optical tensiometer from Biolin Scientific was used to 

determine the surface contact angle of the membranes. Water drops of 

3 μL were used as test liquid. The contact angle was measured after 1s 

of contact of the droplet with the surface of the membrane and is 

represented as an average of three measurements. 

 

 

3.3.6 Tensile tests 

The mechanical properties of the PEAs mats mats were tested using a 

tensile testing machine (Inspekt solo 2.5, Hegewald & Peschke, 

Germany). The samples were cut into rectangle shape (10x45 mm). The 

ends of the samples were mounted on the gripping units of the tensile 
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testing machine, and an extension rate of 10 mm/min was applied until 

break. 

 

3.3.7 In vitro Cytotoxicity Tests 

The potential cytotoxic effect of the electrospun mats was evaluated by 

a direct method. The electrospun mats were cut in a circular shape to 

fill the wells of a 96-well cell culture plate (diameter of 0.33 cm) 

(Orange Scientific NV/SA, B-1420 Braine-l’Alleud, Belgium) and 

were sterilized with UV light for 30 min, on each side. NIH3T3 

fibroblast cells were seeded at a cell density of 1×104 cells per well on 

the surface of each sample and maintained at constant temperature (37 

°C) in a humidified air atmosphere containing 5% CO2, for 1, 3 and 7 

days. Cells incubated with a complete medium without a mat were used 

as controls. Cell viability was determined using the AlamarBlue™ HS 

Cell Viability assay (ThermoFisher Scientific). After 24 h of 

incubation, the culture medium was completely removed (to remove 

unattached cells) and replaced with fresh culture medium supplemented 

with 10% AlamarBlue™ HS Cell Viability for 3 h at 37 °C. Then, the 

medium was aspirated and transferred to a new 96-well plate. The 

absorbance at 570 nm and 600 nm was measured for each sample (with 

a total of 32 replicates for each sample) using a microplate reader. 

 

 

 

3.3.8 Antimicrobial test 

Two types of antimicrobial tests were performed. For the Halo-method, 

bacteria Gram-positive S. aureus and Gram-negative E. coli were 
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inoculated into molten agar and covered by the membranes samples 

once agar got solidified. These plates were incubated for 24 hours at 

37ºC to measure the zone of inhibition (halo). 

For bacteria growth test, the same quantity of bacteria Gram-positive S. 

aureus and Gram-negative E. coli were placed to growth, at 37 ºC, on 

medium in which 1 cm2 of mat sample was placed. After 24 h, the 

amount of bacteria was measured through optic density read at 600 nm. 
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4 Results & Discussion 

 

4.1 BAAD Characterization 

The BAAD was characterized in terms of its chemical structure and 

thermal properties.  

4.1.1 1H NMR Spectroscopy Analysis of the BAAD 

The characterization of the BAAD by 1H NMR spectroscopy allowed 

to check if the BAAD was obtained with success. 

By observing the spectral peaks in Figure 15, it was possible to identify 

the different protons associated with the different chemical 

environments of the molecule and to analyze their mutual interaction.  

The spectrum obtained (Figure 15) is in accordance with the anticipated 

chemical structure. Specifically, the peak (b), between 7 and 7.5 ppm, 

and the peak (a) between 2 and 2.5 ppm are related with the protons of 

the aromatic rings and the -CH3 groups of the p-TSA moieties that are 

protecting the amino groups. At 8.5 ppm it is possible to find peak (c), 

ascribed to the protons of the protonated amino groups. Near to 7.3 ppm 

are the peaks related to the aromatic ring of the Phe (f). At 4.3 ppm, it 

is possible to find peak (d), which was used as reference for the 

integration. Between 3.0 and 3.2 ppm are present peak (e) 

corresponding to the protons of the -CH2 group of Phe. The peaks (g), 

(h) and (i) belong to the protons of the Hex aliphatic chain and were 

found at 4.0, 1.4 and 1.0 ppm, respectively. 
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Figure 15 H1-NMR Analysis of BAAD. 

 

The yield of the synthesis was 64 %. This yield is considered to be quite 

good, but could indicate that this synthesis process can be further 

optimized to increase the yield. This means that there is a gap between 

the theoretical and actual amounts, which could be due to several 

factors, including losses during the synthesis process, during the 

purification steps or other factors that may affect the product yield. 

 

 

4.1.2 Thermal analysis for BAAD 

Figure 16 shows the heat flow curve of the Phe BAAD, where only an 

event consistent with a glass transition is observed at ca. 49 ºC. This 

means that until 200 ºC, the highest temperature achieved in the 

analysis, the BAAD does not melt. 
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Figure 16 DSC analysis of Phe BAAD. This graphic represents the second heating 

run of the Phe BAAD since -95ºC until 200ºC at a heating velocity of 5ºC/min. 

 

4.2 Characterization of the PEAs  

The PEAs were characterized in terms of their chemical structure, 

molecular weight distribution and thermal properties.  

4.2.1 1H NMR Spectroscopy Analysis of the PEAs 

Figure 17 presents the 1H NMR spectrum of ADS_P10, which is 

representative of the other PEAs obtained.  
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Figure 17 1H NMR spectrum of a PEA-Phe. 

 

As shown, all the protons in the repeating unit of the PEA are present 

in the spectrum, evidencing that the reaction was successful. The peaks 

(h), between 7 and 7.5 ppm, are associated with the aromatic rings of 

the Phe, while at around 8.5 ppm, the peak (c), are ascribed to the 

protons of the amide linkage. At 4.5 ppm, the peak (f) is found and is 

attributed to the protons of the -CH group. At ca. 3 ppm is found the 

peak (g), associated with the protons of the CH2 groups of Phe. The 

peaks (i), (j) and (k), belonging to the protons of the aliphatic chain of 

Hex moieties, are located at around 4.0, 1.4 and 1.1 ppm. The peaks (a), 

(b), (c) and (d) appearing, respectively, at 2, 1.4, 1.2 and 1.1 ppm, 

correspond to the protons of the aliphatic chain of the activated ester 

moiety.  
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4.2.2 Molecular weight distribution of the PEAs 

Table 3 presents the values of molecular weight and dispersity of the 

synthesized PEAs. 

Table 3 Molecular weight and dispersity of the PEAs synthesized during the work. 

PEA 
Yield (%) 

MW (kDa) 
Ɖ 

ADS_P01 38 35 1.9 

ADS_P02 75 65 1.9 

ADS_P03 3 40 1.8 

ADS_P04 36 28 1.5 

ADS_P05 - 38 2.0 

ADS_P06 - 39 2.0 

ADS_P07 - 9 1.6 

ADS_P08 - 19 1.9 

ADS_P09 - 8 1.5 

ADS_P10 91 80 1.7 

 

From Table 3, it is possible to observe some discrepancies between the 

values of molecular weight obtained. In some cases, the BAADs used 

were from different batches and this could cause some differences in 

the values of molecular weight. If one of the used BAADs was not 

properly purified, then this would translate in PEAs of lower molecular 

weight, due to stoichiometric imbalances. Also, using the exact same 

BAAD did not translate to PEA with the same molecular weight. It was 

hypothesized that this could be due to the presence of some moisture in 

the reactional medium that led to the hydrolysis of the activated diester 

of the sebacoyl chloride. 
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Analyzing the yield of all polymerizations, the difference between 

theoretical and actual mass can be attributed to problems during the 

polymerizations, losses during the handling or purification processes or 

to other variations in experimental conditions, namely the presence of 

moisture in the reaction medium. 

 

4.2.3 Thermal Analysis of the PEAs 

From the heat flow curve presented in Figure 18 it is possible to observe 

that besides the glass transition (at 30.5 ºC), no other transition is 

observed, indicating that the PEA-Phe is amorphous. 

 

Figure 18 DSC analysis of Phe PEA. This graphic represents the second heating 

run of the Phe PEA since -95ºC until 200ºC at a heating rate of 5ºC/min. 
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4.3 ES Membranes Characterization 

The parameters for the ES were selected on the basis of preliminary 

tests and results of an on-going work in the research group where the 

present work was conducted. Table 4 presents the ES parameters used 

in the preparation of the different membranes. 
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Table 4 ES Membranes Parameters. 

ES 

membrane 
PEA 

m 

(mg) 

PEA 

m 

(mg) 

AgSD 

V (ml) 

CHCl3 

V (ml) 

DMSO 

Voltage 

(kV) 

Distance 

tip - 

collector 

(cm) 

Flux 

(ml/h) 

Temperature 

(ºC) 

Humidity 

(%) 

ADS_ES01 ADS_P02 600 - 5.4 0.6 14.5 20 2 31 30 

ADS_ES02 ADS_P02 600 - 5.4 0.6 16.5 20 2 33 20 

ADS_ES03 ADS_P02 600 - 5.4 0.6 15.7 20 2 35 20 

ADS_ES04 ADS_P02 780 - 6.28 0.78 17 17 2 30 20 

ADS_ES05 ADS_P05 600 - 5.4 0.6 - 20 2 - 20 

ADS_ES06 ADS_P05 600 - 5.4 0.6 - 20 2 - 20 

ADS_ES07 ADS_P05 600 - 5.4 0.6 - 20 2 - 20 

ADS_ES08 ADS_P06 600 - 5.4 0.6 17.5 17 2 30 20 

ADS_ES09 ADS_P09 600 - 5.4 0.6 17 20 2 28 20 

ADS_ES10 ADS_P10 600 - 5.4 0.6 21 20 2 27 20 

ADS_ES11 ADS_P10 600 - 5.4 0.6 21.5 20 2 29 20 

ADS_ES12 ADS_P10 600 - 5.4 0.6 20.5 20 2 30 20 

ADS_ES13 ADS_P10 600 - 5.4 0.6 21.5 20 2 30 20 

ADS_ES14 ADS_P10 600 - 5.4 0.6 21.5 20 2 30 20 

ADS_ES15 ADS_P10 600 1.5 5.4 0.6 19.5 20 2 31 20 

ADS_ES16 ADS_P10 600 1.5 5.4 0.6 19.5 20 2 30 20 

ADS_ES17 ADS_P10 600 1.5 5.4 0.6 20.5 20 2 32 20 

ADS_ES18 ADS_P10 600 1.5 5.4 0.6 20.5 20 2 33 20 

ADS_ES19 ADS_P10 600 1.5 5.4 0.6 21 20 2 32 20 

ADS_ES20 ADS_P10 600 1.5 5.4 0.6 20.5 20 2 31 20 

ADS_ES21 ADS_P10 600 - 5.4 0.6 21.5 20 2 31 20 
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The membranes subjected to characterization were those based on the 

PEA ADS_P10. This choice was driven by the fact that this particular 

PEA yielded the highest MW, a crucial factor for producing nanofibrous 

mats with good quality. For the obtainment of high-quality fibers, it is 

necessary to have PEAs with molecular weight higher than 60 kDa. 

In fact, the use of PEAs with a molecular weight lower than 60 kDa 

(attempts ADS_ES05, ADS_ES06, ADS_ES07 and ADS_ES09), did 

not allowed to obtain any kind of membrane. 

 

4.3.1 Morphology of the membranes 

The SEM analysis of the membranes revealed the presence of beads or 

thickenings in the fibers, as shown in Figure 19. Despite the presence 

of these beads, the SEM images show a significant similarity between 

the membranes with and without antibacterial agent, suggesting that the 

presence of this agent did not lead to significant changes in the 

morphological properties of the membranes.  

The defects observed in the membranes might be due to the specific 

parameters used during the ES process. It is hypothesized that these 

thickenings can be reduced or avoided by adjusting some key 

parameters, such as increasing the voltage or reducing the flow. 

Increase in the temperature could be an additional factor to consider to 

solve this problem. 
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Figure 19 (A) SEM image of membrane ADS_ES13 (no antimicrobial agent) with 

amplification of 250x. (B) SEM image of membrane ADS_ES13 with amplification 

of 10.000x. (C) SEM image of membrane ADS_ES15 (with antimicrobial agent) 

with amplification of 250x. (D) SEM image of membrane ADS_ES15 with 

amplification of 10.000x. 

 

 

 

4.3.2 1H NMR spectroscopy analysis to the membrane 

The 1H NMR analyses was also performed to the membranes. As shown 

in Figure 20, the spectrum obtained is almost identical to the one of the 

PEAs, as expected. This result confirms that the chemical structure of 

PEA was not changed during the ES process. In addition, the PEA was 

dissolved in chloroform and DMSO before the ES process, and no 

chloroform and DMSO were detected when the membrane was 

analyzed, confirming that both solvents evaporated during the ES 

process, as was supposed to occur.  
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Figure 20 Exemplificative 1H NMR spectrum of the membrane. 

 

The membrane containing AgSD was also subjected to NMR analysis, 

to try to demonstrate the effective incorporation of the active 

compound. Unfortunately, it was not possible to confirm the presence 

of AgSD using this technique. 

 

4.3.3 Contact Angle 

Contact angle analysis was conducted on membranes both with and 

without AgSD.  

Very similar values were obtained between membranes with and 

without AgSD (Table 5). Both types of membranes show a very 

pronounced hydrophobic behavior, with the contact angles indicating a 

highly hydrophobic surface. The hydrophobicity of the membrane can 

be attributed to the both hydrophobic nature of the Phe and the long 

aliphatic chain of Hex used in PEA synthesis. 
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Typical hydrophilic surfaces have contact angle values that range from 

less than 10º (superhydrophilic) to 90º(hydrophilic), while values above 

150ºindicate a superhydrophobic surface. 

 

Table 5 Contact Angle test results. 

Samples Contact Angle (º) 

Membrane with 
AgSD 

127.2±4.7 

 

Membrane 
without AgSD 

123.1±8.4 

 

 

 

 

4.3.4 Thermal Analysis for ES membranes 

Figure 21 shows the heat flow curves of the electrospun membranes 

with and without AgSD. The heat flow curve shows that both 

membranes exhibit similar thermal behavior, with similar Tg values, and 

an amorphous nature.  
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Figure 21 DSC analyses of ES membranes with and without AgSD. ES14 was used 

as representative of the membranes without AgSD and the ES20 was used as 

representative of the membranes with AgSD. This graphic represents the second 

heating run of each membrane, since -95ºC until 200ºC at a heating velocity of 

5ºC/min. 

 

Regarding the TGA analysis, Figure 22 shows that both membranes 

present similar thermal stability, losing 5% of their initial weight at very 

similar temperatures (341ºC and 345ºC for the membranes without and 

with AgSD, respectively).  

 

Figure 22 TGA analyses of ES membranes with and without AgSD. ES14 was 

used as representative of the membranes without AgSD and the ES20 was used as 

representative of the membranes with AgSD. This graphic represents the heating 

run of each membrane, since 25ºC until 1000ºC at a heating velocity of 10ºC/min. 
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4.3.5 Tensile Tests 

The mechanical properties of the membranes were analyzed using the 

tensile test, that evaluates the resistance and deformability of materials. 

For each membrane, 3 to 5 samples were analyzed, and from the results 

various parameters were extrapolated. The parameters that have been 

analyzed were: 

- E (Young’s Modulus): measures the stiffness of the material and 

its ability to deform under load. 

- σmax (Maximum Stress): represents the maximum stress the 

material can withstand before breaking. 

- Elongation (%): indicates the percentage of maximum elongation 

before breaking. 

- Fmax (Maximum Force): indicates the maximum tensile force that 

the sample can withstand before it breaks. 

These parameters provide information on the mechanical performance 

of the membranes and provide important information for biomedical 

and engineering applications. The variability between samples was 

carefully considered when interpreting the results. For each membrane, 

the average and standard deviation of these parameters were calculated 

for all samples tested; the results are shown in Table 6. The aim is to 

evaluate the variability within each membrane type and to compare the 

differences between membranes with and without the antibacterial 

agent. 
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Table 6 Statistic Analysis of the membranes.  

Samples  E[MPa] σΜax[MPa] Elongation[%] Fmax[N] 

Membrane 
with AgSD 

Average  
 

0.03 

 
 

1.3 

 
 

169.54 

 
 

1.28 

St. Dev.  
 

0.01 

 
 

0.33 

 
 

54.96 

 
 

0.33 

Membrane 
without 

AgSD 

Average  
 

0.02 

 
 

0.89 

 
 

116.15 

 
 

0.88 

St. Dev.  
 

0.01 

 
 

0.23 

 
 

30.38 

 
 

0.23 

 

When analyzing for the presence or absence of AgSD the results 

obtained from the tensile tests show that the membranes containing 

AgSD have higher values for the four parameters analyzed (E, σΜax, 

elongation, Fmax) than the membranes without AgSD (Figure 23). 

However, there are some considerations to be made. The lack of a 

highly accurate measurement of membrane thickness can be a factor 

responsible for the differences observed. 
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Figure 23 Tensile analyses comparation between membranes with or without 

AgSD. A) Young’s modulus analysis; B) Maximum Stress Analysis; C) Elongation 

Analysis; D) Maximum Force Analysis. 

 

 

 

4.3.6 In vitro Cytotoxicity Tests 

To confirm that the membranes are suitable for use as WD, an in vitro 

cytotoxicity analysis was performed on fibroblasts. The cells were 

brought into contact with membranes with and without AgSD to 

whether there were significant differences. The analyzes were carried 

out over a period of seven days to determine whether the membranes 

had any toxic effects within this period. 

Figure 24 shows that all membranes show no cytotoxicity during the 

time for the fibroblasts. On day 1, the viabilities were very similar 

between the membranes and the control. On day 3, the membranes 

without AgSD showed similar viability to day 1. Although the viability 

of the membranes with AgSD decreased slightly on day 3, the 

percentage of living cells were close to 90%, indicating that these 

membranes are still viable for the envisaged application. On day 7, both 
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membranes again showed similar results close to 90% viability. These 

results suggest that the membranes have no toxic effects on the 

fibroblasts in the first seven days, and it is expected that this viability 

could be achieved in further days of incubation. 

 

Figure 24 Cytotoxicity analysis of the membranes with and without AgSD on 

fibroblasts at 1, 3 and 7 days of incubation. 

 

 

 

4.3.7 Antimicrobial Tests 

In addition to the in vitro cytotoxicity tests, in vitro antibacterial tests 

were also carried out. The results of the antimicrobial tests provide 

important information on the effectiveness of the membranes against 

Gram-positive S. aureus and Gram-negative E. coli bacteria.  

In the halo method, the antibacterial activity is evaluated based on the 

"zone of inhibition" around the treated sample. Figure 25, which shows 

the results for the membranes ADS_ES15 (with AgSD) and ADS_ES13 

(without AgSD), shows no activity against either type of bacteria. This 
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indicates that the membranes do not diffuse the AgSD present on them 

under the specific experimental conditions and therefore have no effect 

on inhibiting bacterial growth. 

 

Figure 25 Images of Halo test for the membranes ADS_ES13(without AgSD) and 

ADS_ES15(with AgSD). (A) ES_15 in presence of bacteria Gram-positive S. 

aureus; (B) ES_15 in presence of bacteria Gram-negative E. coli; (C) ES_13 in 

presence of bacteria Gram-positive S. aureus; (D) ES_15 in presence of bacteria 

Gram-negative E. coli. 

 

For the bacterial growth test, where a known number of bacteria were 

grown in the presence of the membrane, data analysis revealed no 

antimicrobial activity. The quantity of bacteria measured by reading the 

optical absorbance at 600 nm does not show statistically significant 

differences between the membranes with and without the antibacterial 

agent. The membranes with AgSD presented a viability near 100% for 

both Gram-positive S. aureus and Gram-negative E. coli bacteria.  

The outcome from the antibacterial tests can be a consequence of the 

strong hydrophobicity of the membranes, highlighted by the water 

contact angle value, could be one of the reasons for the limited diffusion 
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of AgSD. Water resistance may have influenced the release of the active 

ingredient, thus reducing its ability to counteract bacterial growth. 

Therefore, results underline the fact that the membranes do not exhibit 

effective antimicrobial activity against the bacteria considered under 

the specific conditions of the tests performed. 



 66 

5  Conclusions  

 

The synthesis of the BAAD was successfully conducted, as confirmed 

by the 1H NMR analysis which revealed the desired chemical structure. 

The yield of the synthesis process was ca. 64%, indicating reasonable 

success but suggesting room for further optimization to increase the 

yield.  

The PEAs were also obtained with success as revealed by 1H NMR 

spectroscopy and SEC. From the PEA with a molecular weight of ca. 

80 kDa it was possible to prepare membranes by ES process. Despite 

some morphological irregularities in the SEM images, the membranes 

showed well-defined fibers. Tensile tests indicated improved strength 

and deformability in membranes with the AgSD antibacterial agent, 

although more in-depth analysis considering the variation in thickness 

is required. In vitro cytotoxic tests confirmed the safety of the 

membranes for WD applications, but the antimicrobial studies revealed 

no activity against S. aureus and E. coli. 

Unfortunately, the results of the tests with AgSD did not meet the 

original expectations, which underlines the unpredictability and 

complexity of scientific research. Despite the successful synthesis of 

BAAD and the efficient production of PEAs and membranes by 

electrospinning, analysis of the AgSD-containing membranes revealed 

that they did not exhibit significant antimicrobial activity. 
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6 Future Developments 

 

The future developments of this research offer a promising perspective, 

with a on testing of a new antibacterial agent, curcumin, which appears 

to have a greater affinity for membranes. This study phase aims to fully 

explore the potential of curcumin as an antibacterial agent in WD. 

Curcumin, known for its antimicrobial and anti-inflammatory 

properties, approves to be a potential alternative to the previously tested 

antibacterial agent, opening up new research horizons. Evaluation of 

the effectiveness of curcumin will be essential to understand its impact 

on bacterial resistance. In parallel, optimizing the conditions of 

curcumin incorporation into the ES process will be a key point. 

Ensuring uniform distribution of this compound during membrane 

production will be crucial to maximize its antibacterial properties. 

Moreover, future developments will also focus on further refining the 

parameters associated with the ES process to improve the 

morphological and functional characteristics of the membranes, thus 

contributing to the production of more advanced and effective WD. 

In summary, the exploration of curcumin as a new antibacterial agent, 

optimization of PEAs synthesis and the optimization of membrane 

production processes represent interesting perspectives for the 

enhancement of WD, with the aim of offering more effective solutions 

in the treatment of wounds. 
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