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ABSTRACT 

Over the last two decades, electro-fluid dynamic techniques (EFDT), including 

electrospinning and electrospraying, have been established as general methods for the 

synthesis and processing of micro- and nano-structured materials. These methods allow 

working with certain polymers of both natural and synthetic origin giving a novel 

possibility of engineering new generation materials for medical needs. Due to the ability 

to customize such material features as fiber shape, available area, and tensile strength, 

EFDT is regarded as a crucial means for a wide range of new applications in tissue 

engineering, drug delivery, and biosensing. 

This thesis investigates the potential of EFDT for the fabrication of advanced polymeric 

composite platforms and their use in biomedical areas. The research primarily focuses on 

the use of electrospinning and electrospraying for creating nanofibers and microgels with 

specific properties for tissue engineering, drug delivery, and biosensing applications. The 

study displays the enhancements of properties of Polyvinyl Alcohol (PVA) as a material 

starting point and by modifying of its compositions e.g. by blending it with natural 

polymers such as gelatin and by complexation with MXenes. PVA was selected due to its 

excellent biocompatibility, water solubility, and film-forming properties, which make it an 

ideal candidate for biomedical applications.  Structural, mechanical and functional 

properties of the fabricated nano fibrous scaffolds were able to enhance cell adhesion, 

proliferation and bioactivity. Moreover, electro-sprayed core-shell alginate microspheres 

exhibited sustained release characteristics and targeted drug delivery with adjustable 

release kinetics depending on shell thickness and macromolecular structure. 

The thesis proposes creating biomedical materials in a more sustainable way by utilizing 

aqueous-based electrospinning and green crosslinking. These environmentally friendly 

approaches tackle problems like reproducibility, scalability and biocompatibility within 

the context of biomedical material fabrication. The results support the development of 
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advanced biomaterials targeted for the era of personalized medicine, precision drug 

delivery systems and regenerative therapies. 
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INTRODUCTION 

Nowadays, it is common to see numerous biomaterials – from many synthetic or natural 

sources – being continually fabricated with an intensified precision in their structural 

features. This enables them to be able to be made into three-dimensional (3D) architectures 

that are suitable for tissue engineering and other therapeutic interventions. While the 

constituent materials inclusive of their physical/chemical characteristics remain of interest, 

it is well known that peculiar structural features at different scales of these products can 

have a significant impact on the eventual properties of these products. For example, a 

number of research papers have shown that the use of nano- or microparticles in injection 

applications is ideal than using particles which are hundreds of microns or millimeters 

large [1]. Similarly, in the case of fibrous scaffolds used in vitro, nano-textured surfaces, 

i.e., fiber diameters at the nanoscale, better mimic the architecture of basement lamina 

membranes found in natural tissues, thereby enhancing biomechanical and biological 

interactions such as cell adhesion, proliferation, and fluid/molecular transport properties 

[2]. In some medical solutions that involve bio-filtration processes, nanofibrous 

membranes help to eliminate medical bio-contaminants and thus enhance the separation 

efficiency of the membranes through improved flux and reduced energy consumption [3]. 

Therefore, it is necessary to apply such advanced processing technologies that are capable 

of maintaining desired micro- and nano-scale structural characteristics. Such level of 

precision makes it possible to fabricate materials that possess specific morphological and 

topographical features for targeted biomedical applications[4]. EFDT including 

electrospinning and electrospraying have gained wide spread application among micro 

and nanostructured materials for being simple and low cost approaches. This enables the 

creation of fibers or particles with specified dimensions and properties by utilizing high-

voltage electric fields to guide polymeric solutions or melts. The broad use of polymers 

and composites with EFDT has revolutionized tissue engineering, drug delivery, 

biosensing and other medical fields [5], [6].  
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This thesis investigates the potential of EFDT for the fabrication of polymeric composite 

platforms designed for biomedical applications. By integrating suitable synthetic polymers 

like Polyvinyl Alcohol (PVA) with natural polymers such as gelatin and advanced 

materials like MXenes, the work presented here addresses key challenges such as 

biocompatibility, mechanical stability, and scalability. Additionally, the incorporation of 

environmentally friendly fabrication methods, such as aqueous-based electrospinning and 

green crosslinking, reflects the growing demand for sustainable approaches in biomaterials 

development. 

The structure of the thesis is as follows: 

• Chapter 1 introduces the major concepts of EFDT, namely the electrospinning and 

electrospraying processes, and provides an overview of their applications in the 

biomedical field. It further deals with the problems and prospects in the development of 

polymeric materials for certain uses. Related to this chapter, the author's publication [7] 

can be found, which further elaborate on the subject . 

• Chapter 2 focuses on multicomponent polymeric platforms reaching to a depth of 

the commonly used materials, their characteristics and the designs needed for particular 

biomedical applications. Related to this chapter, the author's publication [8] can be found, 

which further elaborate on the subject. 

• Chapter 3 describes the preparation and optimization of PVA-based nanofibers, 

and further highlights solution parameters, process conditions and post-processing 

treatments as the factors that affect the final properties of the material. Related to this 

chapter, the author's publication [9]can be found, which further elaborate on the subject. 

• Chapter 4 explores the preparation of bioactive nanofibers scaffolds where PVA 

was blended with gelatin to fabricate scaffolds that improve cell responses and tissue 

regeneration. 

• Chapter 5 investigates the creation of electroactive nanofibers by MXenes and 

other conductive materials. These materials are being investigated for the potential of 

nerve and muscle tissue engineering as well as biosensor applications. Related to this 

chapter, the author's publication can be found [10], which further elaborate on the subject. 
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• Chapter 6 examines to the use of EFDT in drug delivery systems where both the 

nanofibers and the microgels are shown as the devices for making available the therapeutic 

agents at the desirable site and at regulated rates. Related to part of this chapter, the author's 

involved publication  can be found [11], which further elaborate on the subject. 

• Chapter 7 concludes the thesis by summarizing the findings, discussing their 

implications for biomedical engineering, and proposing future research directions. 

This thesis proposes an integrated framework in the engineering and development of 

polymeric systems using EFDT, addressing the pressing issues of scale up, bio-integration and 

functionality. By sequentially merging newer materials and greener processes, The goal is to 

foster the development of next generation biomaterials for application in regenerative 

medicine and personalized therapies.  
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Chapter 1  

1. ELECTRO-FLUID DYNAMIC TECHNOLOGIES 

Electro-fluid dynamics refers to the interaction of electrical forces with fluids, whether 

liquids or gases. EFDT has established itself as an energy-efficient, highly versatile, and 

effective tool to influence fluids [12]. They include two different working modes, 

electrospinning and electrospraying, that allow producing, respectively, non-woven fibers 

or particles of different sizes and shapes. They are highly tunable in their characteristic size 

and shape by accurately selecting the materials/solvents/additives and finely controlling 

the process parameters [13]. Moreover, many materials, such as synthetic and natural 

polymers, metals, ceramics, composites, and blend systems can be sagely combined for the 

fabrication of multicomponent devices suitable in many fields such as tissue engineering 

and regenerative medicine [14], drug delivery [15], wound dressing [16], bioelectronics 

[17], and biofiltration systems [18]. 

Despite the recent goals in terms of research outcomes in the biomedical field, upscaling 

EFDT for clinical translation and large-scale production is still so far due to several 

problems concerning the current biomanufacturing processes, mainly related to the use of 

volatile solvents and all the risk factors connected to health and safety standards during 

fabrication and product implementation [19]. 

It is well known that the solvent evaporation mechanism drives conventional 

electrospinning. Environmental damage associated with using organic solvents with low 

boiling points—namely Trifluoroethanol (TFE) and dichloromethane (DCM)—may not be 

thoroughly recommended by the U.S. Food and Drug Administration for the fabrication of 

electrospun fibers for pharmaceutical applications. Moreover, solvent traces may be 
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entrapped into the fiber body after resting treatments, thus restricting their use for 

biological use that requires direct contact with the cells [20]. 

In this chapter, an overview of the different EFDTs was proposed. In the first part, working 

principles were introduced, highlighting some recently explored insights to minimize the 

manufacturing impact on the environment (i.e., melt electrospinning, green 

electrospinning). In the second part, a wide range of blends or composite devices based on 

fibers or particles with different size scales were systematically discussed according to their 

application in the biomedical and environmental fields. 

1.1. CLASSIFICATION AND BASIC PRINCIPLES OF EFDTS 

EFDTs can be considered a class of “bottom-up” technologies that use high-voltage electric 

forces on viscoelastic polymers at the melt state or in solution form. It includes two main 

processing modes: electrically assisted spinning and spraying—suitable to synthesize 

micro- and nanostructures in the form of particles or fibers [5]. Their popularity is mainly 

due to the high reliability and versatility of these processes that allow fabricating a plethora 

of smart devices with controlled sizes from micro- to submicrometric scale and multiple 

functionalities as a function of the specific experimental configuration used. 

The most elementary configuration is straightforward and includes three components: a 

high-voltage power supply, a pump system where a syringe/cartridge is arranged, and a 

ground collector. Polymer comes out of the needle tip at a constant rate with the support 

of pumping forces until a droplet is formed [21]. Two opposite forces contribute to forming 

the droplet: the electrostatic force acting on this droplet shape and the opposite force, the 

surface tension force, that tends to preserve the droplet’s spherical shape. At the point that 

the two forces have equilibrium, it is expressed by the following equation: 

1

8𝜌𝜀𝜊
.
𝑄2

𝑅2
= 8𝜌𝜎𝑠𝑅 

where Q is the charge located on the droplet surface, R is the droplet radius, εo is the 

vacuum permeability, and σs is the surface tension coefficient. The charge increases by 
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increasing the strength of the electric field, and the value of this electrostatic field force can 

be controlled by varying the voltage at a fixed distance between the two electrodes [22]. 

Up to a critical point where the electrostatic force overcomes the surface tension, the 

droplet is then disrupted into smaller droplets in electrospraying [23]. The solution will 

become a conical droplet, a Taylor cone, when using a higher molecular weight polymer. 

Due to sufficient chain entanglement structure, hydrophobic interactions, and hydrogen 

bonds of the polymer lead to a stable, continuous fiber formation instead of droplets. When 

the electrostatic force overcomes the surface tension, it stretches the jet stream causing it to 

elongate as a filament. This filament solidifies and is eventually deposited on a grounded 

collector, these ultrafine fibers will form, and this process is then called electrospinning 

[24].  

1.1.1.ELECTROSPINNING 

Electrospinning is a technique that transforms polymer solutions into micro- or sub micro 

dimensioned fibers under the effect of a high-voltage electric field, making it as a versatile 

method for fabricating nanofiber materials comprised of various polymers and ceramics 

[25]. Electrospinning is known for its simplicity, flexibility, and multipurpose nature in 

fabricating submicron-scale fibers [26]. The basic setup of electrospinning comprises the 

key components of a high-voltage power supply, a needle spinneret, and a grounded 

collector, alongside key parameters contributing to the successful fabrication of nanofibers 

(Figure 1.1). Electrospinning utilizes either a melted polymer or a solution, but its viscosity 

and conductivity must be appropriate to ensure effectiveness during the process. The 

solution forms into a droplet due to surface tension at the needle tip. Surface tension was 

countered upon the application of a high voltage electric field which caused the droplet to 

turn into a cone shaped structure known as a Taylor cone. These forces when applied 

caused the surface tension to be completely overpowered producing a charged jet that was 

ejected towards the collector. The jet became very thin and long due to electrostatic forces 

causing it to be stretched as it travelling. There was the evaporation of solvent particles 

thus leading to the solidification of the polymer. Fibers that had solidified were then 

deposited into the opposite charged or grounded collector forming mesh or mat which 
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didn’t have a weave pattern  [27], [28]. Fiber morphology, structures and functions can be 

significantly influenced by the process, solution, and the environmental parameters [29]. 

 

Figure 1.1: Scheme of electrospinning process and the parameters that affect the process [7]. 

One of the advantages of this method is its ability to combine a variety of natural and 

synthetic polymers, along with inorganic materials, to effectively produce 

micro/nanocomposite fibers with the multifunctionality that they bring. Moreover, the 

high-surface area, porosity, and the capability of loading drugs or other biomolecules into 

the fibers make them useful for different applications [30], [31].  

In tissue engineering and biomedical applications, the fabrication of electrospun 

nanofibers using both synthetic and natural polymers have gained significant attention. 

The use of synthetic polymers in electrospinning is advantageous due to their mechanical 

stability, biocompatibility, biodegradability, and non-toxicity, making them suitable for 

biomedical applications. However, many synthetic polymers usually processed by 

electrospinning often require the use of chemically aggressive organic solvents, with 

relevant limitations in the manufacturing of cell-friendly substrates. Accordingly, the main 

constraints associated with the use of toxic solvents in electrospinning are paving the way 

to the use of less or non-toxic solvents (e.g., water, ionic liquids), so limiting the use to a 
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restricted group of green polymers with more sustainable properties (e.g., PVA, PEO). 

Alternatively, they are increasingly used in combination with natural polymers, such as 

proteins of polysaccharides with native function biological recognition [32], [33]. 

Additionally, by a large customization of the electrospinning setup (i.e., needles, 

collectors), it is possible to fabricate scaffolds with a controlled spatial distribution of fibers, 

in order to meet the structural organization of different tissue types (e.g., muscle, bone, 

skin, nerve) [8]. 

1.1.2.ELECTROSPRAYING 

Electrospraying is an EFDT that involves the liquid atomization of a polymeric solution 

influenced by a high voltage, as in the case of the electrospinning technique. The 

electrospraying technique has been used for the fabrication of micro- or nanoparticles 

employed in several biomedical applications, particularly for drug delivery system (DDS)   

[34], [35], [36]. The main difference between both EFDTs is related to the polymer 

concentration (Figure 1.2). For electrospraying, low concentrations are preferred to allow 

the jet to break into small liquid droplets. The formed droplets are highly and identically 

charged, which prevents their agglomeration and allows their dispersion in the space [37].  
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FIGURE 1.2: Schematic representation of the morphological properties of products via electrospinning 

and electrospraying techniques  [7], [8]. 

The basic setup is similar to the electrospinning technology and consists of a high voltage 

power supply, a syringe with a metallic needle connected to a syringe pump and the 

grounded collector. During the electrospraying process, electrical forces overcome the 

surface tension of the droplet under the influence of an external electric field. Moreover, 

solvent evaporation allows the collection of solid particles. The size, morphology, and 

surface of particles can be modified and controlled by process parameters such as flow rate, 

applied voltage, and polymer concentration  [38], [39]. For instance, different morphologies 

of particles, such as spheres, donut-like, and corrugated shapes with sizes ranging from 

several tens of microns to hundreds of nanometers, were observed to be influenced by 

polymer molecular weight and concentration, solution flow rate, voltage, and solvent [40]. 

In particular, micro- or nanoparticles via electrospraying have been fabricated for drug 

delivery applications, due to their high loading efficiency and narrow size distribution. 

Electrospraying is a one-step process, compatible with different biomaterials (e.g., natural 

and synthetic polymers) that can act as carriers of a wide variety of molecules and drugs 

(e.g., water or poorly water-soluble drugs)  [41], [42]. Congruently with electrospinning, 

the use of organic solvents in electrospraying poses some limitations, as it can potentially 
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harm the bioactivity of biomolecules (i.e., proteins, genes, enzymes), also compromising 

the transmembrane interaction with cells. However, the electrospray is a process mainly 

driven by the solvent evaporation, so that the use of harmless or aqueous solvents impose 

to adopt further solutions, such as the use of additives or other compounds, to promote 

efficient interactions of polymer solution with electrical forces in the face of some effects in 

terms of particle size—only micrometric and shape not spherical/eccentric [43]. 

1.2. SETTING OF PARAMETERS 

In the electrospinning process, many parameters determine spinnability and the final 

product’s morphology and uniformity of nanofibers. Different nanofibers with different 

morphologies can be fabricated by sagely dosing and combining these parameters in 

uncountable ways. Solution-dependent parameters (i.e., viscosity, polymer concentration, 

solvent type, surface tension, electrical conductivity, and molecular weight) and 

environmental conditions, such as humidity and temperature, directly affect spinnability 

[7]. 

All these variables have a direct impact on the manufacture of smooth, bead-free 

electrospun fibers, therefore a thorough understanding of these parameters is essential to 

getting insight into the electrospinning process and the production of polymeric 

nanofibers. This is because the properties of nanofibers may govern their applications [44]. 

1.2.1.SOLUTION PARAMETERS 

1.2.1.1. POLYMER CONCENTRATION AND VISCOSITY 

The characteristics of the resulting nanofibers are greatly influenced by the molecular 

weight and viscosity as well as the polymer concentration during the electrospinning 

process. Higher molecular weight polymers enhance the viscosity of the spinning solution, 

which is crucial for fiber formation. Specifically, studies indicate that only solutions above 

a certain entanglement concentration yield uniform fibers, particularly with high-

molecular-weight [45]. The concentration of the polymeric solution plays a critical role in 

determining the morphology of electrospun fibers by directly influencing the jet's 
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stretching behavior. Increasing polymer concentration generally leads to thicker fibers due 

to enhanced mass flow during the electrospinning process [46]. It was found that bead 

formation was reduced with increasing the polymer concentration and/or molecular 

weight. More particularly, studies indicate that low polymer concentration can hinder the 

entanglement necessary for stable fiber formation, causing the jet to break up into beads 

due to the chaotic oscillation of the charged jet [47]. Fiber diameter increased 

correspondingly to increasing concentrations for all molecular weights. Furthermore, 

increasing the concentration beyond a critical value (the concentration at which beadles 

uniform nanofibers are formed) hampers the flow of the solution through the needle tip 

(the polymer solution dries at the tip of the metallic needle and blocks it), which ultimately 

results in defective or beaded nanofibers [48]. When the chain entanglement in a polymer 

solution is inadequate as seen in the viscosity index, it results in the formation of droplet 

jets which are neutral with respect to the electric field due to their low surface tension 

value. This gives rise to what is known as the Rayleigh Instability, which is the tendency 

of the liquid jet to break up into several smaller droplets . This is caused by the forces acting 

on the fluid and the surface tension that is present in the fluid [44]. The morphologies of 

the beads depict an interesting shape change from a round droplet-like shape (with low-

viscosity solutions) to a stretched droplet or ellipse to smooth fibers (with sufficient 

viscosity) as the solution viscosity changes [49]. 

1.2.1.2. SOLUTION CONDUCTIVITY 

Increased solution conductivity promotes charge build up, leading to a more distinct 

formation of the Taylor cone and improved stability of the jet. This therefore reduces 

Rayleigh instabilities and improves the whipping which results in smaller and uniform 

fibers. Conversely, reduced conductivity can result in irregular jet formation and unstable 

Taylor cones, ultimately affecting the uniformity and consistency of nanofiber production. 

For instance, the conductivity of the polymer solution modifies the stretching / elongation 

of the jet as well as the size and morphology of the fibers. The conductivity of the solution 

can be increased by adding conductive additives like, for instance, salts or metal 

nanoparticles. Also, changes in solvent composition or use of solvent systems can change 
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the conductivity of a solution. However, the increase of conductivity has to be controlled, 

since it can interfere with the viscosity of the solution and the interactions with the solvent 

[44]. 

1.2.1.3. SOLVENT EFFECTS 

Appropriate attention must be paid to solvent characteristics in order to get the best fiber 

formation, morphology and quality. Among these parameters, a desirable solvent is one 

that can adequately dissolve the polymer, has a moderate degree of volatility to allow for 

evaporation during the process, and also has flow and surface tension properties that allow 

for the formation and stretching of the jet. The compatibility of the solvent with the 

polymer also enhances the uniformity of the nanofibers and inhibits bead formation. In 

addition, the selection of solvents in electrospinning is critical due to several factors, 

including toxicity, environmental impact, and ease of removal post-processing. Toxic 

solvents, such as dimethylformamide (DMF), pose health risks and can lead to the release 

of volatile organic compounds (VOCs) during electrospinning, which adversely affects 

indoor air quality and cellular viability when used in biomedical applications [50]. Recent 

studies advocate for the use of benign solvents, like dimethyl sulfoxide (DMSO) and acetic 

acid, which mitigate these risks while still achieving desirable fiber properties [51]. 

Moreover, the environmental implications of solvent use necessitate a careful evaluation 

of solvent selection, as the choice can significantly influence the sustainability of the 

electrospinning process [52]. Thus, solvent selection must be approached as a multifaceted 

process, considering not only the immediate effects on fiber formation but also long-term 

environmental and health consequences [53]. 

The preferred solvents for electrospinning process have polymers that are completely 

soluble. Second, the solvent should have a moderate boiling point. Its boiling point gives 

an idea about the volatility of a solvent. Volatile solvents are generally preferred as their 

high evaporation rates encourage the easy evaporation of the solvent from the nanofibers 

during their flight from the needle tip to the collector. However, highly volatile solvents 

are mostly avoided because their low boiling points and high evaporation rates cause the 
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drying of the jet at the needle tip. This drying will block the needle tip, and hence will 

hinder the electrospinning process. Similarly, less volatile solvents are also avoided 

because their high boiling points prevent their drying during the nanofiber jet flight. The 

deposition of solvent-containing nanofibers on the collector will cause the formation of 

beaded nanofibers [49]. 

 

1.2.2.PROCESS PARAMETERS 

1.2.2.1. APPLIED VOLTAGE 

The voltage that is applied is essential in electrospinning as it is the main force of making 

fibers. As mentioned before, the voltage that is applied causes the droplet of polymer 

solution at the needle tip to be stretched and deformed, hence causing the Taylor cone to 

form. Once the voltage reaches a critical threshold jet formation is triggered, and the jet 

proceeds along a linear trajectory [54]. The critical voltage varies among different polymer 

systems, and optimizing this value is essential to achieve optimal morphology in the 

resulting fibers. At large scales, it has been demonstrated that an applied voltage results in 

the amplification of repulsive forces which leads to reduction of fiber diameter owing to 

stretching [44]. 

This polymer solution stretching upon elongation of the electrospinning voltage reduces 

its diameter and result in reduced fiber diameter in the nanofibers. An increase in the 

applied voltage beyond the critical value will result in the formation of beads or beaded 

nanofibers. The increases in the diameter and formation of beads or beaded nanofibers 

with an increase in the applied voltage are attributed to the decrease in the size of the 

Taylor cone and increase in the jet velocity for the same flow rate [49]. 

1.2.2.2. FLOW RATE 

The flow rate, also referred to as the feed rate, is defined as the velocity at which the 

polymer solution is delivered to the needle, ensuring a consistent supply of the charged 

jet. The interaction of the feed rate with the spinneret diameter and applied voltage 
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determines the rate of polymer solution ejection from the spinneret. In order to maintain a 

constant Taylor cone and have enough time for the solvent to evaporate, controlling the 

flow rate is very important. Otherwise, the morphology of the nanofibers obtained may be 

affected, for example fiber diameter, beading and uniformity. Flow rates below the critical 

threshold lead to the development of an asymmetrical Taylor cone, consequently resulting 

in broader distributions of fiber diameter, charged jet instability, marked by frequent 

receding and reformation of the Taylor cone [55]. This instability leads to intermittent flow 

and strand breakages. Higher flow rate result in a multi-jet pattern, which correlates with 

larger bead diameters and an increase in defects and ribbon-like structures due to 

incomplete drying of the porous fibers [56]. The formation of beads and with an increased 

flow rate was mainly attributed to the non-evaporation of the solvent and low stretching 

of the solution in the flight between the needle and metallic collector [49]. Minimum flow 

rate is preferred to maintain a balance between the leaving polymeric solution and 

replacement of that solution with a new one during jet formation. This will also allow the 

formation of a stable jet cone.  In electrospinning, the average flow rate can vary greatly as 

a function of the polymer solution however this characteristic takes different values 

according to the literature. Thus, it is necessary to optimize the flow rate in order to 

establish the best working environment for the particular electrospinning process 

experimentally [44]. 

1.2.2.3. NEEDLE TO COLLECTOR DISTANCE 

The distance from the needle to the collector in electrospinning, which is also called 

working distance provides a route for the charged polymer jet as it travels. Like many other 

parameters, the needle-to-collector distance also has a range of limits for different polymer 

systems. As a rule, when the working distance is less, travel time is also short, hence the 

time for solvent evaporation is also short. On the other hand, increasing the distance 

between the needle and the collector increases the time taken for the jet to stretch which 

means longer and thinner fibers would be formed [57]. But over doing this, past a 

reasonable threshold, it is likely to decrease the strength of the electric field which of course 

raises Rayleigh instability. Such a situation will cause the fiber diameter to widen and 
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become less uniform with many defects [58]. For these reasons, it is important to strike a 

balance and set the optimal working distance enabling evaporation while able to maintain 

the potential developed [44]. 

1.2.2.4. NEEDLE DIAMETER 

Dimensional parameters of the needle in electrospinning determine the volumetric flow 

rate of the polymer solution as well as the degree of stretching of the ejected jet. An increase 

in the needle opening diameter serves to increase the flow of the polymer solution, so that 

thicker fibers can be obtained due to insufficient stretching. On the other hand, a smaller 

needle diameter enables flow rate to be lower allowing for greater stretching of the jet 

hence finer fibers can be obtained [59]. 

1.2.3.AMBIENT PARAMETERS 

Humidity cause changes in the nanofibers diameter by controlling the solidification 

process of the charged jet. Temperature causes two opposing effects to change the average 

diameter of the nanofibers: (i) it increases the rate of evaporation of solvent and (ii) it 

decreases the viscosity of the solution. On the one hand, an increase in the evaporation of 

the solvent and decrease in the viscosity of the solution work by two closely related 

mechanisms, both lead to decrease in the mean fiber diameter [49]. 

1.3. APPLICATIONS OF EFDTS IN BIOMEDICAL FIELD 

1.3.1.TISSUE ENGINEERING 

The emergence of EFDTs is revolutionizing biomedical applications due to the versatility 

that these techniques offer, particularly in the fabrication of micro and nano structures of 

specific dimensions, shapes, and functional capabilities. The many uses of these techniques 

cut across different spheres, thus showcasing versatility and the potential for advancement 

in healthcare. 

Production of 3D porous scaffolds comprising of large amounts of fibrous structure with 

high porosity and a large surface area can be achieved through electrospinning. Fabricating 
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porous 3D fibrous scaffolds that mimic the natural properties of the extracellular matrix 

(ECM) makes electrospun fibers attractive for tissue engineering. Whenever scaffolds are 

designed for tissue engineering, it is imperative that they allow for cell attachment, 

proliferation, and further differentiation in tissues. A key feature of a material to be used 

in tissue engineering is its ability to be integrated with the tissue. It should possess the 

ability to degrade over time in a non-destructive manner. Moreover, factors such as the 

degree of fiber orientation and porosity provided in the design do enhance the subsequent 

integration. For instance, aligned fibers tend to dictate the organization and functionality 

of cells populated in the engineered neural tissue. Indeed, astrocytes and other glia are 

more aligned and change in shape more readily when placed on aligned nanofibers, thus 

aiding the neural repair and regeneration process [43]. 

1.3.2.DRUG DELIVERY 

The pharmaceutical field has experienced a rise in the development of new promising and 

innovative drug delivery approaches including the field of nanotechnology such as 

nanoparticles and nanofibers [60]. Nanofibers made from biodegradable and 

biocompatible polymers have gained interest due to their exceptional versatility, 

effectiveness, and distinctive physicochemical properties such as significant surface area, 

small diameter, and high aspect ratio. EFDTs further develop fabrication involving drug 

delivery applications using nanofibers and drug delivery microparticles. Nanofibers 

optimize the delivery of the drug through their rigid structure that has the ability to contain 

and safeguard active ingredients [61]. On the other hand, electrospraying technology 

produces a wide range of uniform microparticles which are effective in targeting specific 

receptors thus improving the efficacy of treatment by avoiding relevant side effects [62]. 

Engineering of the drug release profiles can be achieved through the modification of the 

polymer composition, solvent systems, and drug containing fiber/microgel structure. 

1.3.3.WOUND HEALING 

These scaffolds mimic the ECM, promoting cell adhesion and proliferation, which is crucial 

for wound healing [63]. The incorporation of bioactive molecules, such as antibiotics and 
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growth factors, into these scaffolds significantly enhances their functionality. For instance, 

scaffolds loaded with mupirocin and keratin have demonstrated antibacterial properties, 

reducing infection risks. Additionally, scaffolds designed for sustained drug release can 

improve tissue regeneration by delivering therapeutic agents directly to the wound site, 

thereby enhancing tissue development and minimizing systemic side effects [64]. The 

versatility of electrospun materials allows for the customization of scaffold properties, 

optimizing them for specific therapeutic applications [65]. 

1.3.4.BIOELECTRONICS AND SENSORS 

EFDTs can also be used for bioelectronics where sensors and other implant covers possess 

conductive fibers in them. For instance, nanofibers containing conductive fillers like 

MXene or graphene enhanced electrical properties and thus can be used for biosensors and 

neural interfaces [66], [67], [68]. 

1.3.5.BIOFILTRATION  

The nanofibrous membranes that are manufactured via EFDTs method are applicable in 

biofiltration and hemodialysis due to their cause high porosity and selective mass transfer. 

This allows for effective removal of contaminants from biological fluids, blood purifying 

and even water treatment [69], [70]. 

1.4. CONCLUSION 

EFDTs have exhibited incredible possibilities in fabrication micro and nanoscale materials 

in a versatile and cost effective manner. This chapter has described the concepts, processing 

parameters and areas of use of EFDTs, stressing their capability of adoption for various 

biomedical and environmental uses. The EFDTs have however been successful in targeting 

the biomedical industry though scalability, biocompatibility as well as getting the legal 

approval is still an issue. The use of certain organic solvents in some EFDT processes 

creates concerns about on the residual toxicity and environmental pollution. Research is 

underway to formulate more environmentally friendly solutions like water based 
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electrospinning to deal with these concerns. The prospects of EFDTs in the field of medicine 

is thanks to the enhancement of materials science, better process techniques and 

combination of many fields towards the production of new generation tools for therapy 

and diagnostics.  
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Chapter 2  

2. MULTICOMPONENT POLYMERIC PLATFORMS 

FOR BIOMEDICAL APPLICATIONS 

In the manufacturing of nanofibers, which involve the use of various polymer blends and 

different operational conditions, electrospinning is widely used. However, it is important 

to choose the right polymers for the task, especially when it comes to medicinal 

preparations because they must be bio-degradable, bio-compatible, and biologically 

hydrophilic. This is because hydrophobic polymers create a gradual release profile for the 

drug, as they limit the binding angle with aqueous solutions. In contrast, hydrophilic 

polymers are beneficial when fast release of drugs is required, as they facilitate release by 

swelling and dissolution. Moreover, even the crystallinity of the polymer affects the release 

of the drug, remembering that the amorphous region promotes interaction with water 

thereby quickening the release. 

2.1. MATERIALS USED IN EFD TECHNIQUES 

The efficiency of using the process for any useful tissue engineering application will be 

further decided by bioactive groups incorporated into artificial ECM structures [43]. 

2.1.1.NATURAL POLYMERS 

Natural polymers are extracted from various sources, including plants and animals. These 

include cellulose, starch, chitosan, and silk. With the advancement of biotechnology, 

polysaccharides, proteins and biopolymer derivatives constituting each natural polymer 

category are widely employed in drug delivery systems owing to their good features such 

as biocompatibility, biodegradability, low toxicity, ready availability and even possible 



 
20 

inherent antibacterial activity and even greater therapeutic usefulness like collagen and 

hyaluronic acid [71]. Natural polymer-based nanofibrous scaffolds hold significant 

promise for diverse skin tissue applications, encompassing wound dressings and 

controlled drug delivery. Their structural is similar to the extracellular matrix with high 

water retention capacity which make them excellent candidates for therapeutic 

interventions [44]. 

The electrospinning method has been utilized to generate non-woven mats for tissue 

engineering using different natural biopolymers including proteins (gelatin, collagen and 

silk fibrinogen) and polysaccharides (chitosan, hyaluronic acid and cellulose). These 

natural polymers provide many of the instructive cues required by the cells attachment 

and proliferation and on the other side have the problem of batch-to-batch property 

variation [72]. 

There is a growing use of natural polymers in EFDTs such as electrospinning and 

electrospraying for the production of nanofibers and nanoparticles for biomedical 

applications. For example, gelatin and collagen can be utilized to replicate the architecture 

and at the same time the function of the extracellular matrix optimizing the 

microenvironment for the cells and their functions. Chitosan and hyaluronic acid also 

possess excellent biocompatibility and antimicrobial properties thus they are frequently 

used in the manufacture of scaffolds for wound healing and drug delivery systems. On the 

other hand, the hydrophilic tendencies of these polymers can compromise the structural 

integrity of the nanostructures thereby limiting their use, which makes necessary post-

treatment or blending with synthetic polymers. 

2.1.2 SYNTHETIC POLYMERS 

Exciting advances in these fields have resulted in the invention of materials that naturally 

combine with the human body, such as synthetic polymers. Chemical processes allow for 

the manufacture of synthetic polymers, which in turn permits human control over 

reproducibility in a multitude of factors such as mechanical strength, thermal resistance 

and decomposition rate. One aspect at which synthetic polymers surpass natural ones is 
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their true reproducibility, resulting from the ability to redefine their chemical composition 

and hence altering what is expected. Among those used are polylactic acid (PLA), 

polycaprolactone (PCL), and poly(vinyl alcohol) (PVA) [9], [73], [74]. 

To design scaffolds with optimal mechanical and biological characteristics, tissue 

engineering often utilizes synthetic polymers alone or in combination with natural 

polymers. Moreover, these materials have been electrospun, electro-sprayed, and 3D 

printed to suit applications like tissue regeneration, drug delivery, and wound healing. 

The issue, however, is that unlike natural polymers, synthetic polymers tend to not have 

bioactive cues which can diminish their biocompatibility. In order to fix this issue, synthetic 

polymers are often functionalized or mixed with other bioactive substances [75], [76]. 

PVA is one of the most commonly used synthetic polymers in biomedical applications, 

particularly in EFDTs. It consists of [CH2CH(OH)]n repeating units. This polymer 

composed of vinyl monomers is not prepared directly from vinyl alcohol because of its 

instability, which induces a tautomerization mechanism to acetaldehyde [77]. PVA is a 

synthetic and semicrystalline polymer with multi-hydroxyl groups, with an excellent 

oxygen barrier, dyeing properties, and mechanical strength. The physicochemical 

properties of PVA are closely related to its preparation method and, in particular, to the 

state of hydrolysis, which can be either complete or partial. The synthesis conditions allow 

for different molar masses, solubility, and adhesion or mechanical characteristics. These 

two parameters are known to have a significant influence on the processability and 

performance of this polymer. Thus, as the degree of hydrolysis increases, so do the 

crystallinity, melting temperature, and mechanical strength due to the high level of 

hydrogen bonding between the chains. It has good mechanical performance, high tensile 

strength and flexibility, and oxygen and aroma barrier properties. In addition, it is odorless 

and non-toxic and has excellent film-forming, emulsifying, and adhesive properties. 

However, as a water-soluble polymer, water molecules act as a plasticizer, decreasing 

tensile strength while increasing its elongation at break. It is a semi-crystalline and 

biodegradable polyhydroxy polymer and has been studied intensively due to its good 
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thermal stability, biocompatibility, chemical resistance, hydrophilicity, biocompatibility, 

and biodegradability, and inexpensiveness [9], [78]. 

PVA is hydrophilic in nature and thus helps to form homogenous fibers or particles in 

EFDTs. The mechanical characteristics and the handling of PVA can be improved by 

blending the polymer with natural polymers like gelatin or chitosan and creating 

nanostructures that replicate the extracellular matrix’s structure [79]. Besides, PVA has a 

great advantage in drug delivery systems and wound healing as it can serve as a carrier 

for bioactive drugs. On the contrary, its water solubility and high moisture sensitivity may 

require remedial processing treatments or chemical crosslinking to improve stability [80]. 

2.1.3. COMBINATION OF NATURAL AND SYNTHETIC POLYMERS 

Synthetic polymers offer superior mechanical strength, processability, and stability, but 

they are lacking in bioactivity, which restricts their applications in tissue engineering.  On 

the other hand, natural based polymers are active and help with cell attachment, 

proliferation, and differentiation but their structure and mechanical properties are not 

always strong enough for some advanced biomedical applications. 

In order to tackle these issues, the incorporation of natural and synthetic polymers has 

proven to be an effective technique in the development of EFDTs. With this synergistic 

combination, it is possible to fabricate scaffolds with natural polymers that are active and 

biocompatible while synthetic ones have sought strength, stability and customizable 

degradation rates. For instance, blending PVA with gelatin or chitosan not only improves 

the bioactivity of the resulting scaffold but also ensures better processability and stability 

[81], [82]. 

As components with two materials are successfully used in controlled drug delivery, 

wound dressings, and tissue engineering scaffolds, more advanced performance is 

obtained in comparison to a single component system. The two classes of materials 

integrated into a single system emphasize the need for cross discipline who’s who for the 

design and development of next generation biomaterials for specialized biomedical 

applications. 
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2.2. DEFINITION AND CLASSIFICATION OF MULTICOMPONENT 

POLYMERS  

Especially in recent years, interest in polymers obtained from renewable resources has 

increased; thus, natural polymers, synthetic polymers from natural monomers, and 

polymers from microbial fermentation are frequently investigated. Similar to other 

petroleum-based polymers, polymers from renewable resources are rarely used alone, and 

many of their properties can be enhanced through blending and composite formation [7], 

[83]. 

2.2.1. POLYMERIC BLENDS 

Polymer blend is a single-phase substance obtained by mixing two or more polymers, 

generally without strong chemical bonds. Researchers can produce materials with 

specialized and synergistic qualities by manufacturing nanofibers with multiple 

components, which makes them ideal for a wide range of applications. In the realm of 

tissue engineering, fibers hold great significance and composite electrospun fibers can be 

used in a variety of biomedical applications, such as the engineering of neural tissue. 

Research has shown that neural cells have the ability to find and use the cues provided by 

the fibers for migratory purposes while incorporating them into hybrid matrices, 

suggesting the possibility of using custom-fabricated fibers to influence cellular constructs 

[84]. 

The specific components used rely on several variables, including mechanical qualities, 

biocompatibility, chemical properties, conductivity, and the intended use of the neural 

tissue engineering scaffold [85]. By altering the mechanical properties of the final product, 

blend materials can be created to incorporate a variety of capabilities for uses like 

controlled drug delivery. It is possible to introduce extra characteristics like conductivity 

to affect biological activity by modifying fiber chemical features. Moreover, other 

components enable the delivery of topographic signals to central nervous system (CNS) 

cells, hence broadening the scope of possible uses. Moreover, multicomponent integration 
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can improve the overall stability and strength of nanofibers and by applying it with 

different collector assemblies, alignment as well as fiber morphology can be controlled [8]. 

Every component of a composite nanofiber can be functionalized in blend systems to fulfill 

a particular role. For instance, one component may provide structural support, and another 

may contain bioactive chemicals, thereby granting the material-controlled release 

capability. Multiple capabilities may be included into a single nanofiber system thanks to 

this functionalization. 

2.2.2. COMPOSITES 

Polymeric composites are multi-phase composite systems made from a polymeric and/or 

non-polymeric material or a combination thereof for the purpose of improving their 

inherent properties through physical or chemical bonding. As a result, these systems are 

particularly useful for biomedical applications since they are able to integrate different 

material properties into one system/panel [86]. 

Such enhancing elements target certain properties like mechanical strength, thermal 

resistance, or electrical conductivity. Carbon nanotubes (CNTs), graphene oxide (GO), 

hydroxyapatite (HA), and various metallic or oxide nanoparticles are some of their 

representatives. Depending on the application, these reinforcements can confer bioactivity, 

differentiation or enhance electric conductivity [87], [88], [89], [90]. 

2.3. MECHANICAL AND CHEMICAL PROPERTIES OF POLYMERIC 

COMPOSITES AND BLENDS 

The performance of polymeric composites and blends can be influenced by their 

mechanical properties such as tensile strength, elasticity and toughness. These properties 

can be achieved by integrating polymers with reinforcing agents or through the synthesis 

of natural and synthetic materials. For example, natural polymers like gelatin, chitosan or 

silk fibroin are bioactive and compatible with biological systems while synthetic polymers 

like PVA and PCL enhance mechanical properties and reduce degradation rates. This 



 
25 

combination improves the material’s performance in mimicking tissue engineering 

extracellular matrices [91], [92]. Furthermore, the chemical properties of blends such as 

solubility, stability, and resistance to environmental effects can also be enhanced by 

blending. For instance, moisture absorption and the durability of composites can be 

improved by incorporating hydrophobic materials with hydrophilic ones [74]. 

As applied in EFDTs, these advancements are of great significance. According to recent 

studies, the use of natural and synthetic polymers simultaneously aids in the 

manufacturing of either defect free nanofibers or particles who have the desired 

mechanical and biological properties. Not only does blending assist in improving the 

spinnability and uniformity of the solution during electrospinning but it also increases the 

drug delivery system’s efficiency and cell-biomaterial interaction [93], [94]. These hybrids 

clearly illustrate how the combination of natural and synthetic polymers can help in 

elimination of the shortcomings of individual materials so as to fabricate scaffolds and 

materials suitable for biomedical purposes. 

Finally, the combination of natural and synthetic polymers in composites facilitates the 

fabrication of structures which have bioactive properties of natural polymers and synthetic 

polymers, the strength and processability [9]. This strategy emphasizes the meaning of 

materials design for improvement of the wide range of applications from tissue 

engineering to drug delivery. 

2.4. CONCLUSION AND FUTURE REMARKS 

Multicomponent polymeric systems have established themselves as enabling technologies 

in biomedical applications in the areas of tissue engineering, drug delivery, wound healing 

and other. It is worth to mention that the development of such materials involves blending 

natural and synthetic polymers, whereby the bioactivity of natural constituents is coupled 

with mechanical strength and tunable properties of synthetic polymers. The use of EFDTs, 

in this respect, has increased their potential by enabling the fabrication of customized 

multi-functional scaffolds. 
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Nonetheless, concerns like the need for effective dispersion of fillers, consistency in 

production and the scarcity of source materials in natural polymers still remain major 

challenges. Research efforts should direct the use of environmentally friendly production 

techniques such as electrospinning in solvents such as water, and new bioactive fillers that 

will increase biological performance. The ability to modify the design of the scaffolds by 

using advanced manufacturing technologies such as 3D bioprinting also opens new 

avenues for patient-specific applications. 

These challenges will require closer interdisciplinary cooperation in order to allow the 

clinical development of these materials. As long as progress in the design of new materials 

or improvement in their processing approaches continues, it can be expected that 

multicomponent polymeric systems will become major constructs in the biomedical field. 
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Chapter 3  

3. PREPARATION AND OPTIMIZATION OF PVA 

BASED NANOFIBERS 

PVA is one of the most attractive polymers with a wide range of uses because of its water 

solubility, biocompatibility, low toxicity, good mechanical properties, and relatively low 

cost [78]. Different molecular weights—from 20,000 to 400,000 g/mol—and hydrolysis 

degrees—ranging from 86 to 98%—concur to significantly influence its physical/chemical 

properties (i.e., mechanical properties, melting point, light transparency) and sensitivity to 

external stimuli (i.e., pH, temperature) [95], [96]. PVA is water-soluble, slightly soluble in 

ethyl alcohol, and insoluble in other organic solvents. Its main benefit is that PVA 

preferentially dissolves in water near the boiling point, thus making it challenging to form 

stable substrates at room and body temperatures. Moreover, its highly tunable viscoelastic 

properties make PVA suitable for a large variety of manufacturing processes for fabricating 

devices in different forms, such as hydrogels, sponges, films, membranes, and fiber [97]. It 

can be easily combined with other polymers or additives to form multicomponent systems 

(i.e., blends, composites, hybrids) with improved functions to support cell interactions and 

related biological events [98] [99]. 

The electrospinning of the PVA solution has been extensively studied for the preparation 

of ultrafine separation filters, biodegradable mats and inorganic fibers. the ionotropic 

behavior of PVA well supports interaction with high-voltage electric fields, promoting the 

fabrication of sub-micrometric fibers with peculiar topographic signals which play a 

relevant role in influencing in vitro interactions with cells [100]. In the last decade, PVA 

has been extensively studied to prepare micro-/submicron-structured membranes via 

electrospinning for different applications [101]. Although there is a high reproducibility of 
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the electrospinning process that can be variously adapted to a wide range of polymers and 

polymeric solutions, increasing attention is being devoted to the fabrication of PVA 

nanofibers for tissue engineering applications, owing to some of its superior properties, 

such as good fiber-forming ability, thermal stability, good mechanical properties, and low 

cost [102], [103]. Moreover, the preparation of PVA electrospun fibers does not require the 

use of aggressive organic solvents, drastically limiting the risks associated with toxicity 

and carcinogenicity, but only aqueous solutions currently offer the most green and 

sustainable pathway for biomedical applications [104], [105]. 

However, inert bioactivity, poor stability and fibers in this form tend to be rapidly 

dissolved in any aqueous solution due to the high surface-to-volume ratio of PVA which 

can compromise the efficiency of electrospun membranes for in vitro use. In this case, the 

molecular release and in vitro stability of the membranes can be also modulated by 

different chemical or physical strategies involving different functional groups (i.e., –OH) 

along its backbone chain to generate inter-chain links to improve its water stability and 

structural integrity [106]. Also, they can be combined with other polymers to increase the 

solution’s spinnability. The assembly of multicomponent systems (i.e., blends, composites, 

hybrids) also offers the opportunity to cover the lack of individual component properties 

through the benefit of synergistic interactions among them which allow for improvement 

in their average specific properties and functions [107]. In this view, different approaches 

based on the blending with other polymers or additives, chemical backbones (i.e., 

copolymer compositions), or surface (i.e., grafting) modifications can be used to modify a 

wide range of polymer features [108], [109] 

Herein, polyethylene oxide (PEO)—a water-soluble polymer with eco-friendly and benign 

properties [110], [111]—was proposed as a surfactant to stabilize fiber morphology. 

Moreover, gelatin—a protein obtained by the hydrolysis of native collagen fibers [112]—

was offered as a bioactive agent to improve biocompatibility, promote cell interaction, and 

mimic the composition of fibrous components of the ECM. Previous studies have 

demonstrated that structural proteins, like gelatin alone, exhibit poor workability to form 

electrospun nanofibers due to strong hydrogen bonding. At the same time, when in 
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combination with other biopolymers, they can efficiently work firstly, by minimizing the 

jet instability phenomena able to promote the formation of beads along the fibers, and 

secondly, by improving polymer chain packing, with effects on the ultimate chemical and 

mechanical stability of the fibers [113], [114]. 

3.1. MATERIALS AND METHODS 

PVA (Mw 130,000 Da, 99+% hydrolyzed), PEO (Mv 300,000 Da), citric acid (ACS reagent, 

≥99.5%) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). 

3.1.1. PVA SOLUTION PREPARATION 

Different PVA solutions with different concentrations—i.e., 8, 10 or 12% (w/v)—were 

prepared to optimize the electrospinning process. The PVA solution was heated to about 

80°C and stirred (120 rpm) for 3 h. PEO (1% w/w with respect to the PVA) was added to 

the polymer solution, and the mixture was stirred (120 rpm) for 1 h at room temperature. 

Citric acid was added (10% w/w) to the solution 30 min before electrospinning as a green 

crosslinking agent. 

3.1.2. PROCESS OPTIMIZATION AND POST PROCESSING 

5 mL plastic syringe with a 27G metallic needle was connected to a high-voltage power 

supply, used as the source of the electric field, into a grounded chamber containing an 

aluminum foil covered collector (NANON01; MECC, Fukuoka, Japan)(Figure 3.1). It was 

placed into an additive syringe pump (KD Scientific, Holliston, MA, USA), vertically 

arranged with respect to the collector, to allow a controlled solution feed. An optimal set 

of process parameters was established in terms of voltage, flow rate, and electrode gap. 

The distance between the needle tip and the target was held constant at 25 cm. The 

difference in voltage between the needle and target varied from 19 kV to 21 kV. The flow 

rate of the polymer solution supplied to the syringe was fixed at 0.3 mL/h. All solutions 

were electrospun at room temperature under identical conditions for around 4 h, and 

relative humidity was kept at around 25%. 



 
30 

After the nanofiber production, samples were treated in the oven at different temperatures 

(90°C, 110°C, 130°C) for 15 min.  

3.1.3. CHARACTERIZATION 

3.1.3.1. MORPHOLOGY  

Optical microscopy (Leica DM750) and field-emission scanning electron microscope 

(Quanta FEG 200 FEI; Eindhoven, The Netherlands) with an accelerating voltage of 10 kV 

was used to evaluate the electrospun fibers’ morphological features. Small pieces of 

rounded membranes were placed into the sputtering machine and coated with a Pd–Au 

FIGURE 3.1: The electrospinning device used during the thesis work. This vertically aligned system 

facilitates the production of nanofiber matrices by transforming polymer solutions into fine fibers under 

high voltage. 
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nanolayer to improve surface electroconductivity. Open-source image analysis software 

was used to measure average fiber diameters on selected SEM images (ImageJ 1.8; Fiji). 

3.1.3.2. PHYSICAL AND CHEMICAL CHARACTERIZATION 

Differential scanning calorimetry (DSC) (Q2000; TA Instruments) was conducted on PVA 

samples by single scanning and heating to 250°C at 10°C/min. Meanwhile, isothermal 

analyses at different temperatures (i.e., 90°C, 110°C, and 130°C) were performed on PVA 

samples to investigate the optimal conditions for fiber crosslinking. Thermogravimetric 

analysis (TGA) (Q500; TA Instruments) was carried out under an airflow, within a 

temperature range from 25 to 600°C and at a 10°C/min scanning rate. Fourier-transform 

infrared spectroscopy (ATR-FTIR Spectrum; PerkinElmer; Waltham, MA, USA) was 

performed from 650 to 4000 cm-1. 

3.2. RESULTS AND DISCUSSION  

In the first stage, polymer concentration and molecular weight were properly selected in 

order to control the breakdown of the viscoelastic jet during the electrospinning process 

with effects on the final fiber structure. In particular, a morphological transition from beads 

to beaded fibers at lower concentrations (until to 8% w/v) was observed, then fibers were 

obtained as the PVA concentration increased (10–12% w/v), due to the progressive 

increase in the molecular entanglement concentration [115]. Morphological analyses via 

SEM were conducted in the case of fibers from a higher solution concentration (Figure 3.2). 

The PVA nanofibers showed an increase of their fiber diameter from 0.883±0.17 µm (10% 

w/v) to 1320 ± 0.24 µm (12% w/v), ascribable to the increase in viscosity and surface 

tension of the polymer solution. After 10% concentration selected, different electrospinning 

parameters also evaluated. 
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FIGURE 3.2: SEM images of electrospun fibers from different concentration solutions of PVA a) PVA 

at 8% presented beaded fiber, while fibers with 10% PVA b) a beadless fibres were obtained from 

and c) 12% (1500x magnification, scale bar: 50 μm). Comparison of optical images of electrospun PVA 

fibers produced with different electrospinning parameters d) optimal parameters (0,3ml/h, 20kv, 

25cm), e) different flow rate (0.1ml/h, 20kv, 25cm), f) different voltage (0,3 ml/h, 18kv, 25 cm), g) (0,3 

ml/h, 22kv, 25 cm) and h) different distance (0,3ml/h, 20kv, 15cm) (scale bar: 50μm) arrows show 

the defects. 

TGA and DSC analyses (Figure 3.3) were also performed to investigate the physical and 

chemical properties of the PVA fibers. TGA highlighted a weight loss along an extended 

temperature range—from 230 to 420C—which can be ascribable to the high 

polydispersion of molecular chains of used PVA. Moreover, the derivative graph shows 

three maximum points around 80°C, 261°C, and 419°C that indicate mass loss rates 
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associated with three distinct processes: adsorbed water loss, –OH functionalities, and 

pyrolysis [116]. Accordingly, the DSC analysis showed a melting temperature of PVA 

around 220°C in agreement with the literature [117]. 

 

FIGURE 3.3: PVA electrospun fibers: comparative investigation of physical/chemical properties via 

TGA (left) and DSC (right) analyses. 

In order to remove some defects caused by co-spraying/dropping phenomena during the 

electrospinning, small amounts of PEO were added to the polymer solution in order to 

stabilize the polymer jet during the formation of fibers, in accordance with previous 

experimental evidence [118], [119]. It was verified that PEO plays the role of a viscosifier 

agent, improving the spinnability of PVA solution without the use of further surfactants 

[120] and minimizing the formation of droplets along the fibers, not inducing unexpected 

problems in terms of cytotoxicity [121]. Previous studies have confirmed the good affinity 

of PEO with PVA in solution due to its water solubility at high concentrations and the 

ability of its long chains to form physical entanglement [122]. For instance, PEO was mixed 

into alginate solutions to improve the mechanical strength and stiffness of sodium alginate 

fibers [123]. This is due to the formation of additional hydrogen bonds between the 

hydroxyl groups and water molecules that reduce repulsive forces deputed to the 

formation of defects along the fibers. 

In this work, it was proposed to use less than 3% of PEO to reach the right compromise 

between process stability and the morphological properties of fibers. Indeed, PVA is a 

polymer soluble in water, and electrospun fibers need to be crosslinked. In this view, a 
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green crosslinking method based on the use of citric acid was optimized. Citric acid is 

known as a non-toxic and inexpensive compound that was usually used to trigger the 

crosslinking reaction at elevated temperature—i.e., 120–190°C so that, it can be used only 

for a restricted number of biopolymers with appropriate melting point [124].  

In order to optimize the crosslinking reaction, DSC analyses were performed by the 

isothermal route to evaluate the variation in heat flow versus time of membranes at 

different temperatures (90, 110, 130°C). Figure 3.4 shows a comparison of the crosslinking 

kinetic curves that indicate different thermal behaviors, mainly ascribable to the different 

exothermic heat released during the thermal reaction. At 130°C, a higher reaction was 

detected as remarked by the curve plateau. It was reached after 15 min, which is considered 

the required time to complete the crosslinking treatment. Fiber morphology was not 

affected after the crosslinking treatment, as confirmed by optical image analysis (Figure 3.4 

b-d). Moreover, once immersed in water, non-crosslinked fibers completely dissolved, 

while crosslinked fibers maintained their shape, thus confirming the ability of crosslinking 

treatment to improve the stability of fibers. Additionally, it was recently reported that the 

use of CA—in place other toxic crosslinkers—improves the mechanical properties of fibers, 

compared to uncrosslinked ones [125], thus influencing their biological interface. 
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FIGURE 3.4: Thermal crosslinking of PVA/PEO nanofibers: a) isothermal analysis at 90°c (green), 

110°c (blue), 130°c (red) and optical images of PVA non-crosslinked fibers b) before  and c) after 

immersion in water and d) PVA crosslinked fibers after immersion in water. 

Figure 3.5 summarizes the morphological studies—qualitative (i.e., SEM analysis) and 

quantitative (i.e., image analysis)—performed on crosslinked PVA (–PEO) and PVA/PEO 

(+PEO) nanofibers. It was possible to observe beadles fibers without relevant defects, with 

a decrease in the diameter of the fibers with PEO, mainly ascribable to the effect of the high 

molecular weight of PEO, able to improve the packing of PVA chains, with effects in terms 

of mobility and chain stretching  [126], [127]. Moreover, it was verified that after thermal 

crosslinking, PEO is prone to volatize over 100°C which influences the diameter reduction 

in fibers [128], in agreement with the image analysis results. 

FTIR analysis was also conducted to obtain further indications regarding the chemical 

composition of the fibers and interactions among the different phases (Figure 3.5 b). A 

broad peak around 3550–3200 cm-1 is attributable to the OH stretching vibration from the 

hydrogen bonds; 2980 and 2800 cm-1 refer to the stretching C–H group. After crosslinking 

with citric acid (+CL), a higher intensity absorption from 1710 cm-1 due to the C=O 
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stretching from aliphatic ester groups was detected. This is due to the chemical interaction 

between hydroxyl groups of PVA and carboxyl groups of citric acid [129]. 

 

FIGURE 3.5: Crosslinked PVA(-PEO) and PVA/PEO (+PEO) electrospun fibers: a) SEM images 

(3000X magnification, scale bar: 40 μm) and b) FTIR analysis of samples with (red, +CL) or without 

(black, -CL) crosslinking. 

3.3. CONCLUSION AND FUTURE REMARKS 

This research shows the potential of PVA as a suitable base material for electrospun 

nanofibers intended for biomedical purposes. The addition of PEO as a blending agent 

decreased the fiber diameter and imperfections, thereby improving the quality of the 

nanostructures better. These results point out that PVA/PEO based nanofibers can be used 

for tissue engineering applications with better structural properties suitable for 

scaffolding. In conclusion, the research underlines the significance of multi-component 

approaches in improving the mechanical, morphological, and functional characteristics of 
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electrospun fibers. The results create the opportunities for the development of future 

studies on composite systems based on PVA, indicating their application focus on tissue 

engineering and regenerative medicine. 
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Chapter 4  

4. DESIGN OF BIOACTIVE NANOFIBERS FOR 

TISSUE ENGINEERING  

An important criticism of PVA fibers still concerns their poor cell adhesion properties, 

basically due to their lack of cell binding cues needed to promote more efficient cell 

recognition [130]. In the recent literature, several studies currently focused on using PVA 

blended with other biopolymers to improve biological and biomechanical properties    

[131], [132], [133], [134], [135]. Among them, gelatin—previously used as a gelling agent in 

some areas [136]— was offered as a bioactive agent to improve biocompatibility, promote 

cell interaction, and mimic the composition of fibrous components of the ECM. 

Furthermore, because gelatin has the RGD cell adhesive pattern, it influences the biological 

affinity and overcomes bioactivity limits [137]. Previous studies have demonstrated that 

structural proteins, like gelatin alone, exhibit poor workability to form electrospun 

nanofibers due to strong hydrogen bonding. At the same time, when in combination with 

other biopolymers, they can efficiently work firstly, by minimizing the jet instability 

phenomena able to promote the formation of beads along the fibers, and secondly, by 

improving polymer chain packing, with effects on the ultimate chemical and mechanical 

stability of the fibers  [114], [138], [139]. Being a flexible material, gelatin can also be 

modified and processed with other materials for scaffolds used in nerve tissue engineering 

and other applications, thus broadening the scope of its use in the scaffolds [140]. 

Accordingly, structural proteins such as collagen, gelatin, or keratin have been combined 

with other synthetic polymers to fabricate electrospun scaffolds as ECM analogs [140], 

[141], [142], [143], [144]. 
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The PVA/gelatin combination is an ideal material for electrospun nanofibers and is widely 

used in cell biology studies. Besides material properties, the morphology (i.e. fiber size, 

alignment) of electrospun nanofibers has an important influence on the morphology, 

adhesion and migration of cells. aligned electrospun nanofibers have been shown to be an 

important factor affecting the morphology and behaviour of cells. Astrocytes are cells 

sensitive to the orientation of fibers, and it is known that such oriented structures enable 

cells to organize in a certain direction and increase the functionality of the cells [145]. 

Astrocytes are the most abundant glial cells in the CNS and play a vital role in regulating 

a variety of critical neurological functions such as regulation of synaptic function, reuptake 

of neurotransmitters and neuroprotection. Furthermore, astrocytes contribute to the 

formation and maintenance of the blood-brain barrier, ensuring proper nutrient delivery 

and ion balance, which are vital for neuronal function [146]. In brain injuries and 

neurodegenerative diseases, astrocytes promote neural repair and regeneration. 

Understanding the dual roles of astrocytes in health and disease is crucial for developing 

therapeutic strategies targeting astrocytic functions in various neurological disorders [147]. 

Therefore, studying the behaviour of astrocytes is of great importance in neural tissue 

engineering. 

Studies on biomaterials that affect the behaviour of astrocyte cells are critical for neural 

tissue engineering. However, there are no detailed studies investigating the effects of 

PVA/gelatin nanofibers and fiber orientation on the viability, adhesion and proliferation 

of astrocyte cells. The aim of this study was to investigate the effect of PVA/gelatin 

nanofiber scaffolds produced by electrospinning on the viability, proliferation and 

morphology of mouse astrocyte cells. Furthermore, how fiber orientation and gelatin 

content shape the cell behaviour of astrocytes will be investigated. This study aims to 

provide insights into the design of materials used in neural tissue engineering and better 

support of astrocyte cells. 

4.1. MATERIALS AND METHODS 
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PVA (Mw 130,000 Da, 99+% hydrolyzed), gelatin (type B from bovine skin), citric acid 

(ACS reagent, ≥99.5%), acetic acid (ACS reagent, ≥99.5%), ethanol, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy succinimide (NHS), were all 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 

For the in vitro experiments, Trypsin-EDTA 1x, Dulbecco’s Modified Eagle Medium 

(DMEM) High-Glucose, Fetal Bovine Serum (FBS) South America and Dulbecco’s 

Phosphate-Buffer Saline (PBS) with and without Ca+2/Mg+2 were all purchased from 

Euroclone (Pero, MI, Italy). DNase I, Alexa Fluor 488 Phalloidin, Alexa Fluor 594 donkey 

anti-rabbit IgG (H+L) and Alexa Fluor 647 donkey anti-mouse IgG (H+L) were all 

purchased from ThermoFisher Scientific (Waltham, MA, USA). Trypsin from porcine 

pancreas, Bovine Serum Albumin (BSA), Poly-D-Lysine (PdL) hydrobromide Mw 30-

70kDa, and Mowiol 4-88, Anti-AQP4 antibody produced in rabbit (A5971), and Anti-GFAP 

antibody produced in mouse (G3898) were all purchased from Sigma-Aldrich (St. Louis, 

MO, USA). 

4.1.1. PVA/GELATIN SOLUTION PREPARATION 

For the production of nanofibrous mats, PVA and gelatin were dissolved in acetic acid: 

water solution (1:2) as described before [148] with some modifications. Gelatin was 

preliminary dissolved in acetic acid at 50 °C (120 rpm for 1 h) and then mixed in PVA 

aqueous solution after cooling at room temperature. The final polymer concentration was 

kept of 10% (w/v) and the mass ratio between PVA and gelatin was varied as 50/50 and 

70/30. For the control group, PVA solution was prepared with the 10% (w/v) 

concentration in water and heated to about 80 °C and stirred (120 rpm) for 3 h. Citric acid 

was also added to all the solutions before treatment to cross-link the PVA to maintain its 

structural integrity in aqueous media (10% w/w). Acetic acid was utilized with the gelatin 

solution to prevent gelation at room temperature [149]. 

4.1.2. PROCESS OPTIMIZATION AND POST PROCESSING 
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The plastic syringe with a 27G metallic needle was connected to a high-voltage power 

supply, used as the source of the electric field, into a grounded chamber containing an 

aluminium foil covered collector (NANON01; MECC, Fukuoka, Japan). It was placed into 

an additive syringe pump (KD Scientific, Holliston, MA, USA), vertically arranged with 

respect to the collector, to allow a controlled solution feed. An optimal set of process 

parameters was established in terms of voltage, flow rate, and electrode gap. The distance 

between the needle tip and the target was held constant at 25 cm. The voltage between the 

needle and target set as 19 kV. The flow rate of the polymer solution supplied to the syringe 

was fixed at 0.3 mL/h. A rotary drum collector system was used for aligned fiber 

production (700 rpm). All solutions were electrospun at room temperature under identical 

conditions for around 4 h, and relative humidity was kept at around 25%. 

After the nanofiber production, samples were treated in the oven at 150°C for 15 min. In 

the case of the gelatin-filled samples, nanofibers were treated also with the EDC/NHS 

solution in order to prevent protein solubilization in water [150]. EDC/NHS/ethanol 

solutions (7.5 wt.%) were prepared with a ratio of EDC/NHS of 2/1 (w/w), added into 

ethanol (VEthanol/VH2O = 95/5) solution at room temperature, and stirred until complete 

dissolution was ensured. Nanofiber mats were placed into the crosslinking solution for 24 

h, then rinsed with deionized water to remove the residual crosslinking solution and left 

to dry at room temperature for a further 24 h. 

4.1.3. CHARACTERIZATION 

4.1.3.1. MORPHOLOGY  

A field-emission scanning electron microscope (Quanta FEG 200 FEI; Eindhoven, The 

Netherlands) with an accelerating voltage of 10 kV was used to evaluate the electrospun 

fibers’ morphological features. Small pieces of membranes—rounded samples, 6 mm in 

diameter—were placed into the sputtering machine and coated with a Pd–Au nanolayer to 

improve surface electroconductivity—open-source image analysis software was used to 

measure average fiber diameters on selected SEM images (ImageJ 1.8; Fiji) and reported as 

mean value ± standard deviation (SD). 
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4.1.3.2. PHYSICAL AND CHEMICAL CHARACTERIZATION 

FTIR Spectrum (PerkinElmer; Waltham, MA, USA) was performed from 650 to 4000 cm-1. 

4.1.3.3. IN VITRO STUDIES 

ANIMALS 

Wild-type (wt) pups with a CD1 genetic background were used for primary astrocyte 

cultures prepared as described below. Procedures involving animals were carried out in 

compliance with the European directive on animal use for research and Italian law on 

animal care. This project has been approved by the Italian Health Department (Approved 

Project no. n°710/2017-PR). The mice used here were bred in an approved facility at the 

University of Bari. Mice were kept under a 12h dark-to-light cycle, at constant temperature 

and humidity (22°C ± 2°C, 75%), with food and water ad libitum, and supplied with 

environmental enrichment materials such as toys and shelters. The experiments were 

designed to minimize the number of animals used and animal suffering.  

MOUSE PRIMARY ASTROCYTES  

Primary mouse astrocytes were prepared from neocortical tissues of 3-day-old mice pups 

as previously described [151]. Briefly, brains were extracted and cleaned of meninges and 

blood vessels, and the dissected neocortical tissues were incubated with 0.25% trypsin and 

0.01% DNase in DMEM for 10 minutes at 37 °C. After addition of FBS to stop the trypsin, 

cells were washed with PB), passed through a 100 mesh and cultured in 25 ml cell culture 

flasks in DMEM High Glucose medium supplemented 10% FBS, 1% 

Penicillin/Streptomycin and maintained at 37°C in a 5% CO2 incubator. After 7 days in 

culture, flasks were shaken with PBS without Ca2+/Mg2+ to remove microglia and 

oligodendrocytes. Astrocytes were considered pure after two additional steps of 

trypsinization with Trypsin-EDTA 1x and replating. 

CELL CULTURES 
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Nanofibrous materials were placed in non-adherent 24-multiwell culture plates and 

sterilized by incubation with 70% Ethanol in distilled water. Materials were then allowed 

to dry and washed with DMEM with 10% FBS and 1% Penicillin/Streptomycin, making 

use of the Phenol Red present in the media to make sure the materials have the proper pH. 

Media was aspirated and materials were allowed to dry at room temperature, after which 

cells were plated directly onto the materials using a minimum volume to keep the cells in 

the fibres. After 3 hours at 37 °C, the wells were filled with the appropriate amount of cell 

culture media. Controls were performed by plating cells onto glass coverslips treated with 

10 µg/ml PdL for 20 minutes. 

IMMUNOFLUORESCENCE  

Nanofibrous materials and PdL treated coverslips were fixed in 4% paraformaldehyde, 

washed in PBS with Ca2+/Mg2+, and permeabilized with 0.3% Triton X-100 in PBS. After 

blocking with 2% BSA in PBS (PBS-BSA), cells were incubated with primary antibodies 

(rabbit anti-AQP4 and mouse anti-GFAP diluted 1:500 in PBS-BSA) for 1 h at room 

temperature. Cells were then washed three times with PBS with Ca2+/Mg2+ and incubated 

with secondary antibodies and Phalloidin diluted 1:1000 in PBS-BSA for 1 hour. Cells were 

washed three times with PBS with Ca2+/Mg2+, after which coverslips were mounted 

directly on microscope slides and nanofibrous materials sandwiched in between a 

microscope slide and a coverslip, taking care to keep the seeded side facing the coverslip, 

using Mowiol 4-88, and examined by confocal microscopy (Leica TCS SP8).  

4.1.3.4. STATISTICAL DATA 

Experimental data were presented as the mean and standard deviation of each treatment. 

For in vitro assays, statistically significant differences, one-way analysis of variance 

(ANOVA), followed by Tukey’s post hoc test (p < 0.05) were used. 

4.2. RESULTS AND DISCUSSION 

In tissue engineering, an effective regeneration needs a scaffold with appropriate biological 

and physical properties. As a result, several engineering and processing technologies have 
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been used to give the scaffolds the desired characteristics. Scaffolds made of synthetic 

polymers may have good mechanical and structural qualities, but they might not be the 

ideal for tissue ingrowth or cellular adhesion. Natural polymers have better biological 

qualities, but they lack physically strength and unstable in the physiological environment. 

As a result, using composite scaffolds made of both natural and synthetic materials blend 

is growing more popular [74]. Here, it was suggested to use gelatin to stimulate cell 

adhesion and development on nanofibrous scaffolds where PVA, a synthetic component, 

satisfies the necessary physical conditions. 

Electrospun fibers were produced by electrospinning technique by a vertical deposition by 

using a flat collector for random fibers and rotating drum for aligned fibers. SEM 

micrographs of Figure 4.1 shows nonwoven nanofibrous mat structure produced from 

equal amounts of PVA/Gel solution via electrospinning process. The collected electrospun 

PVA/Gel mats were characterized by the absence of beads and exhibited a bimodal fiber 

distribution which is typical for bicomponent electrospun scaffolds. Mean diameters of 

neat PVA, PVA/Gel 7:3 and PVA/Gel 5:5 fibers were determined to be 0.924 ± 0.178 μm, 

0.955 ± 0.146 µm and 0.599 ± 0.1 µm respectively. For the aligned samples, fiber size 

measured as 0.662 ± 0.204 µm. In the case of PVA/Gelatin blends, the 7:3 composition 

resulted in fibers larger and more uniform compared to the 5:5 composition. The molecular 

weight of dissolved material is an important parameter that reflects the solution viscosity. 

Higher solution viscosity is known to result in more uniform fibers with larger diameters 

[152]. The increased gelatin content in the 5:5 blend likely reduced the solution viscosity 

and introduced more variability in fiber formation, as evidenced by the higher standard 

deviation. This variability may be due to the structural and rheological differences between 

gelatin and PVA, leading to less stable jet formation during electrospinning. Thus, 

blending PVA with Gel, which consists of protein with a molecular weight lower than 

PVA, decreased the viscosity of solution though the total concentration was kept the same. 

Therefore, electrospinning of PVA/Gel solution formed nanofibers with a lower mean 

diameter than that of neat PVA.  
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For aligned fibers, the mean diameter was 0.662 ± 0.204 µm, comparable to the 

PVA/Gelatin 5:5 blend. However, the lower standard deviation in the aligned fibers 

indicates a more consistent fiber morphology. This homogeneity can be attributed to the 

alignment process, which may reduce variability in fiber formation by applying controlled 

electrostatic forces during electrospinning. Overall, the results indicate that higher gelatin 

content in PVA/Gelatin blends tends to produce thinner fibers but with increased 

heterogeneity. In contrast, alignment processes improve the consistency of fiber diameters, 

regardless of composition. From an application perspective, aligned fibers, with their 

thinner and more uniform diameters, may be advantageous for biomedical applications 

like cell growth or controlled drug release, where consistency in fiber size is critical. On the 

other hand, the PVA/Gelatin 5:5 blend, despite producing thinner fibers, exhibits greater 

variability in fiber diameters, as evidenced by the higher standard deviation, which might 

limit its utility in applications requiring precise structural uniformity. However, the 

smaller fiber diameters of the 5:5 blend may still offer potential benefits in applications 

where average size plays a more significant role than uniformity. 

 

FIGURE 4.1: Morphological analysis of random fibers of  a) PVA, b) PVA/GEL (7:3), c) PVA/GEL 

(5:5) and aligned fibers of d) PVA/GEL (7:3) e) PVA/GEL (5:5) and fiber size distribution graphs 

(scale bar: 50𝛍m). This section is under embargo. The image has been removed and will be made 

available after the related article is published. 

Crosslinking is performed to maintain the structural integrity of PVA and gelatin in 

aqueous media. Citric acid is a non-toxic substance that has been successfully used in PVA 
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crosslinking. For gelatin, EDC NHS is preferred over toxic aldehyde-based crosslinkers. In 

this study, a combination of the two was used and the samples were subjected to a stability 

test lasting 24 hours. Figure 4.2 shows the SEM imaging of the samples prepared using 

different crosslinking methods after 4 hours and 24 hours in PBS at 37°C.  In the images, it 

was observed that crosslinking using a single method caused problems in fiber 

morphology and disrupted pore structures. Especially in the method using only CA, it is 

seen that gelatin cannot remain stable in the PVA structure and covers the surface and 

closes the pores. Since pore structure and fiber morphology are important factors in tissue 

engineering applications, it was deemed appropriate to continue the study with materials 

created using both methods. 

 

FIGURE 4.2: SEM pictures show the stability test results after different crosslinking methods were 

applied to randomly collected PVA/Gel (7:3) samples. The combination of two methods (Citric acid 

+ EDC/NHS) was used by first heat treating the citric acid added sample and then adding EDC/NHS 

and washing. This section is under embargo. The image has been removed and will be made 

available after the related article is published. 

FTIR analysis was also conducted to obtain further indications regarding the chemical 

composition of the fibers and interactions also to evaluate the presence of gelatin in the 

fibers. Figure 4.3 demonstrate the chemical structure and stabilization of PVA/Gel 

nanofibers before and after different crosslinking methods. These results are particularly 

significant for evaluating gelatin presence and the stability of the fibers for biomedical 

applications. As seen in the upper graph, in the citric acid (CA) crosslinked fibers, the 
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characteristic peaks of gelatin at 1647 cm⁻¹ (Amide I; C=O stretching) and 1539 cm⁻¹ 

(Amide II; N-H bending and C-N stretching) are clearly identifiable. Additionally, the CA 

crosslinking introduces a peak around 1710 cm⁻¹, corresponding to C=O stretching of ester 

groups, indicating a reaction between the carboxyl groups of citric acid and the hydroxyl 

groups of PVA. However, fibers crosslinked with only CA exhibit limited structural 

stability as seen also SEM figures. In the EDC/NHS crosslinked fibers, the gelatin-specific 

Amide I and II peaks are preserved, and this method, targeting the protein amine groups, 

enhances fiber stability. When both crosslinking methods (Citric acid + EDC/NHS) are 

applied, the spectra show both the characteristic gelatin peaks and the ester group peak, 

confirming the dual crosslinking's ability to maintain gelatin's chemical stability and 

improve fiber morphology. In contrast, uncrosslinked fibers exhibit the presence of gelatin, 

but their lack of stabilization leads to rapid degradation in aqueous environments. 

In the lower graph, which depicts the results after a 24-hour stabilization test in PBS, the 

dual crosslinked fibers (Citric acid + EDC/NHS) retain their morphology and porosity, 

with the FTIR spectrum still showing the Amide I and II peaks of gelatin. In comparison, 

fibers crosslinked with a single method show partial gelatin loss or structural alteration 

due to insufficient stabilization. 

 

. 
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FIGURE 4.3: Comparison of crosslinking methods of PVA/Gel; a) non-crosslinked (wo CL), 

EDCNHS crosslinked (ENCL), Citric Acid crosslinked (CACL) and Citric Acid + EDCNHS both 

crosslinked (bothCL). b) PVA/Gelatin crosslinked with citric acid + EDCNHS and after 24h in PBS. 

This section is under embargo. The image has been removed and will be made available after the 

related article is published. 

Primary mouse astrocytes were seeded on PVA and PVA/Gel materials. Cells exhibit 

minimal interactions with their surrounding matrix when cultured in PVA, while those 

cultured in PVA/Gel nanofibers show more isotropic and elongated morphologies (Figure 

4.4). To study how the disposition of nanofibers affected cell-material interactions, we 

seeded cells in both aligned and non-aligned nanofibrous materials. We observed how cells 

cultured in aligned nanofibers exhibit much more elongated morphologies, with a much 

higher confluence after 7 days in vitro when compared with the randomly deposed fibers. 
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FIGURE 4.4: Representative fluorescence microscopy images of primary mouse astrocytes on PVA 

and PVA-GEL nanofibers. PVA(top), not aligned (middle), aligned (bottom), PVA/GEL 50:50 (left) 

PVA/GEL 70:30 (right). F-actin is stained by phalloidin-488 (green). Scale bars are 100 µm. This 

section is under embargo. The image has been removed and will be made available after the 

related article is published. 

To further study these cell’s morphology, we performed high resolution confocal 

microscopy images staining for F-Actin and astrocyte markers Aquaporin 4 (AQP-4), an 

active water channel protein, and glial fibrillary acidic protein (GFAP) (Figure 4.5). In this 

resolution, it becomes clear how the cells in the aligned materials adopt a much more 

elongated morphology, aligning themselves with the material fibers, with respect to the 

ones cultured in the non-aligned fibers. 
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FIGURE 4.5: Confocal microscopy images and 3D reconstruction of primary mouse astrocytes 

cultured in PdL treated coverslips, PVA, and both aligned and not aligned PVA/Gel 50:50 and 70:30. 

Vertical view (top) and horizontal view (bottom) with material side down. F-Actin is stained by Alexa 

Fluor 488 Phalloidin (green), AQP-4 is stained by Alexa Fluor 594 (red) and GFAP is stained by Alexa 

Fluor 647 (blue). Scale bars are 15 µm. This section is under embargo. The image has been removed 

and will be made available after the related article is published. 

The incorporation of gelatin into PVA nanofibers significantly enhanced cell adhesion and 

morphological changes compared to pure PVA. Due to its unique properties in gelatin, 

including the presence of the RGD sequence, a cell recognition motif found in various ECM 

proteins, it interacts with integrin receptors on the cell surface to promote cell attachment 

and mediate cell adhesion. In addition, it forms a scaffold that supports astrocyte viability 

and growth, complementing the mechanical strength of PVA. The dual crosslinking 

method using citric acid and EDC/NHS was shown by SEM analysis to maintain the 

structural integrity and porosity of PVA/Gelatin scaffolds under physiological conditions. 

The single-method crosslinking led to morphological disruptions, such as pore closure and 

altered fiber morphology. The optimized crosslinking approach maintained the fibrous 

architecture necessary for tissue engineering applications, ensuring that the scaffold 

remains stable during cell culture. Besides, FTIR analysis confirmed the successful 

integration of gelatin within the PVA structure, with amide I and II peaks indicating the 

presence of proteins critical for cell-matrix interactions and still present after crosslinking.  
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The observed elongation and isotropic morphology of astrocytes cultured on PVA/gelatin 

fibers suggest that this composite material provides a more biocompatible environment 

compared to synthetic PVA alone. In particular, the elongated morphology observed on 

aligned nanofibers highlights the role of topographical cues in directing astrocyte 

organization. While this behavior contrasts with the isotropic elongation typically seen on 

PdL-coated substrates, it demonstrates the ability of astrocytes to respond to scaffold 

alignment, which may influence cellular interactions and functionality in neural tissue 

engineering applications. Conversely, random fibers led to less organized cell morphology, 

emphasizing the importance of tailoring scaffold architecture to specific cellular 

requirements. 

4.3. CONCLUSION 

This chapter emphasizes the significance of material functionalization, fiber orientation, 

and crosslinking techniques when fabricating nanofibrous scaffolds for the repair of 

neurological tissue. The PVA/gelatin nanofibrous scaffolds developed in this study 

exhibited promising results towards enhancing both the adhesion and proliferation of 

astrocytes. This merely highlights the prospects of using a hybrid of natural and synthetic 

polymers in preparing bioactive materials in order to bio replicate the extracellular matrix 

while maintaining the necessary structural and mechanical characteristics. 

The application of the dual crosslinking method using citric acid together with EDC/NHS 

appears to be a major factor in the retention of the structural integrity and porosity of the 

scaffolds when placed in water. This optimized strategy was found to be more effective 

than using the single method crosslinking, in that it enhanced the fibrous architecture 

critical to tissue engineering applications. FTIR analysis showed that after crosslinking the 

expected gelatin incorporation into the PVA matrix was observed with Amide I and II 

peaks showing crosslinked gelatin doped with its bioactive elements. The roles and effects 

of dual crosslinking in improving and maintaining fiber morphology and pore structures 

which ensure cellular activity and nutrient interchange were also confirmed through SEM 

imaging. 



 
52 

In conclusion, this study investigated the composition and the process of designing and 

making PVA/gelatin nanofibrous scaffolds for the neural tissue engineering use. The key 

reason for polymer blending of PVA’s strength and gelatin’s biocompatibility composition 

is to provide optimal conditions for growth and functioning of astrocytes. The findings 

presented will provide a basis for the development of more sophisticated techniques for 

neural tissue reconstruction and recovery, which may find application in the treatment of 

neurological diseases, brain trauma, or degeneration processes. In this way, other lines of 

research that may be promising include scaling up production, investigation of 

optimization of the scaffold fabrication process, and examination of bioactive agent or 

growth factor additive effects to scaffolds to enhance their therapeutic effects more.  
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Chapter 5  

5. DESIGN OF ELECTROACTIVE NANOFIBERS 

FOR TISSUE ENGINEERING 

The creation of electroactive nanofibers has stood out as an important area of interest in 

tissue engineering and regenerative medicine, as these fibers are able to replicate the 

electrical characteristics found in biological tissues. These fibers participate in electrical 

signaling within tissues like muscle and nerve as well as in cellular events including 

adhesion, proliferation, and differentiation. Electroactive fibers are able to achieve 

improvement in cell material interactions by offering both nanometer scale roughness and 

electrically conductive properties, which in turn results in improvement in tissue repair 

and regeneration. Recent developments in the incorporation of conductive materials with 

bio-degradable polymers have widened the scope of applications of electroactive fibers 

from tissue engineering scaffolds to advanced biosensors. In this chapter, the MXenes are 

proposed as a new technological solution to improve the electroactive properties of 

nanofibers. 

MXenes have received wide interest owing to their high electrical conductivity, 

hydrophilicity, excellent mechanical properties, and biocompatibility. These characteristics 

make MXenes an appropriate material for a variety of biological applications, ranging from 

tissue engineering to drug delivery and biosensors.  MXenes combined with hydrogels and 

biodegradable polymers gave rise to materials with high chemical activity and flexibility, 

which are critical parameters for several biomedical applications. Research has shown that 

tissue regeneration can be achieved using MXene, specifically supporting rapid bone 

regeneration and providing antibacterial signals necessary for wound healing [153], [154]. 

In the literature, there are various studies on different materials developed using MXene 
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and PVA. The electrical, mechanical and biological properties of MXene and the 

biocompatibility and hydrophilic properties of PVA have enabled the combination of these 

two materials to be used in many different applications. A study has shown that 

MXene/PVA/n-HA composite had significantly enhanced mechanical properties, 

bioactivity, and good osteogenic properties. Specifically, the addition of 2% MXene by 

weight was found to optimize these attributes, making the composite membranes ideal 

candidates for applications like guided bone regeneration [155]. 

Thus, electrospinning technology for the production of nanoscale fibers is distinguished 

by its versatility. The new development of MXene fibers led to the creation of ultra-compact 

high performance fibers characterized by excellent electrical conductivity, strength and 

toughness. With such features, the fibers have potential uses in textiles including EM 

shielding and electrothermal effects [156]. 

Currently, the development of new methods for fabricating freestanding films with 

minimal inactive components has increased the demand for lightweight and flexible 

systems with high conductivity. Ti3C2Tx/PVA and Ti3C2Tx/Cellulose Nanocrystals/PVA 

composite nanofibers with improved mechanical and electrical properties were prepared 

[157]. Hence, the integration of MXenes into nanofibers is valuable for tissue engineering 

and other biomedical applications and has emerged as an emerging research area [158]. In 

recent studies, different uses of MXenes and PVA separately, as well as their combined 

forms, have been investigated [159], [160], [161]. Over the last ten years, PVA with specific 

hydrophilic characteristics and the capacity to create membranes or gels has been fused 

with organic (gelatin) or inorganic components like as metal ions and bioactive glasses in 

numerous ways to improve mechanical properties and bioactivity [162], [163]. From this 

perspective, the incorporation of conductive elements like MXenes can also improve the 

functional properties - mainly the electrical and mechanical properties - possibly 

broadening the scope of their usage in wound healing, medical devices, and tissue 

engineering. 
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In this chapter, the optimization of composite fibers is proposed through the combination 

of Ti3C2Tx inks and nanometric fibers drawn from an aqueous PVA solution, the aim here 

being to obtain electrospun MXene loaded PVA fibers with improved properties through 

the modification of electrospinning parameters. This underscores the applications 

envisaged for them in biomedicine and the fact that there remains a need for more 

investigation in order to improve their performance in different biomedical settings. The 

biocompatibility and bioactivity of the optimized fibers were investigated to evaluate their 

suitability for use in cell adhesion, proliferation, and differentiation which are important 

parameters in tissue engineering. Finally, the knowledge acquired during this research 

would possibly assist in coming up with improved biomedical materials with better 

functionality and enhanced performance. 

5.1. MATERIALS AND METHODS 

5.1.1. PVA/MXENE SOLUTION PREPARATION 

PVA aqueous solution was prepared at 16% (w/v), heated to 80 °C, and stirred (120 rpm) 

for 3 hours. After cooling to room temperature, Ti3C2Tx MXene at a concentration of 5 

mg/ml was mixed into the PVA aqueous solution and stirred at 120 rpm for 1 hour to 

obtain a PVA/MXene composite with final concentrations of 10% and 0.2% (w/v), 

respectively (Figure 5.1). Electrospun nanofibers were fabricated using a vertically 

arranged electrospinning (NANON01; MECC, Fukuoka, Japan).  

5.1.2. PROCESS OPTIMIZATION 

5 mL of the PVA/MXene mixture was loaded into a 5 mL syringe equipped with a 27G 

metallic needle. The syringe was connected to an additive syringe pump (KD Scientific, 

Holliston, MA, USA) to allow controlled solution feeding. The electrospinning process was 

carried out at room temperature with a voltage of 20 kV, a flow rate of 0.3 mL/h, and 25 

cm between the needle tip and the collector. The fibers were collected for 1 hour. 
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FIGURE 5.1: Scheme of MXene preparation and electrospinning process of PVA/MXene [10] 

5.1.3. CHARACTERIZATION 

A field-emission scanning electron microscope (FE-SEM, Quanta FEG 200, FEI; Eindhoven, 

The Netherlands) with an accelerating voltage of 10 kV was used to evaluate the 

morphological features of the electrospun fibers. Small pieces of membranes—rounded 

samples, 6 mm in diameter—were placed into the sputtering machine and coated with a 

Pd–Au nanolayer to improve surface conductivity. Open-source image analysis software 

(ImageJ 1.8; Fiji) was used to measure the average fiber diameters on selected SEM images. 

 To analyse the surface elemental composition of the fibers in terms of weight and atomic 

percentages, Energy Dispersive X-Ray Spectroscopy (EDS) was conducted. FTIR Spectrum 

(PerkinElmer; Waltham, MA, USA) was performed from 650 to 4000 cm-1. 

Wide angle X-ray scattering measurements (WAXS) were collected at room temperature 

with a PANalytical Empyrean diffractometer operating in reflection geometry (θ−θ scans, 

with 2θ the scattering angle) using a Ni-filtered Cu-Kα radiation (λ = 1.5418 Å). 

Electrical properties were assessed by depositing 1 µm thick films made of pure PVA and 

PVA/MXene fibers on multilayer substrates consisting of a 500 μm thick highly doped 

silicon (Si++), a 200 nm thick SiO2 dielectric barrier, and 150 nm thick pre-patterned 

interdigitated gold electrodes. Before film deposition, the SiO2 surface was cleaned in 

ultrasonic baths of acetone and isopropanol, then dried by nitrogen gas. For all samples, 

four active channels were achieved with two different pairs having length (L) of 20 and 40 

um, respectively. The channel width (W) was scaled so that the ratio between W and L was 

invariably 550. This layout has been previously employed to reliably assess the 
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conductivity and mobility performances of a wide range of organic and inorganic 

compounds [164].  For the electrical tests, the samples were contacted using a Signatone 

probe station, equipped with micro-manipulators bearing metallic tips, connected to a 

Keithley 2612A dual channel source-meter. Using this experimental setup, the background 

current noise level was approximately 0.1 nA. 

Mechanical tensile tests were carried out using the Instron dynamometer 5566 (Instron, 

Bucks, UK) equipped with a 10 N loading cell. Dog bone shaped specimens were obtained 

through the Ceast cutting machine equipped with an ASTM D1708 cutting die. The non-

contact laser sensor (Micro-Epsilon optoNCDT 1420-10, MICRO-EPSILON UK & Ireland 

Ltd., Ortenburg, Germany) was used for measuring specimens’ thickness. Each specimen 

was clamped on the dynamometric equipment through titanium chucks, a preload of 0.01 

N was applied before running the tensile test at an elongation speed of 1.0 mm/min up to 

rupture. Force and elongation data were acquired at a speed of 10 pts/s. Stress and strain 

were obtained by dividing the load and the elongation by the specimen’s cross-section area 

and the initial length, respectively. Mechanical properties (i.e. Young’s modulus, 

maximum stress and maximum strain) were detected on stress vs strain diagrams. Analysis 

of variance was performed at a probability level p = 0.05 using the OriginPro 2018 software 

(OriginLab Corporation, Northampton, USA). 

To evaluate the biological influence of MXene on the PVA fibers, L929 cells (fibroblasts 

derived from mouse, Sigma-Aldrich, St. Louis, MO, USA) were used to perform Cell 

Proliferation Kit II (XTT assay, Roche Diagnostics Deutschland GmbH, Mannheim, 

Germany, purchased by Sigma-Aldrich). This assay indicates cell viability based on the 

metabolic activity of living cells. Firstly, L929 cells were cultured in DMEM (Sigma Aldrich, 

Milan, Italy) containing 2 mM of L-glutamine (Sigma-Aldrich, Milan, Italy), 10% FBS 

(Sigma-Aldrich, St. Louis, MO, USA), and 1% antibiotic solution (streptomycin 100 µg/mL 

and penicillin 100 U/mL, Sigma-Aldrich, Milan, Italy). The cells were incubated at 37°C 

with 5% CO2. Before the in vitro assay, samples were cut, placed into a 96-well cell culture 

plate, and sterilized with a solution of 70% ethanol. The samples were then washed with 

PBS, (Sigma Aldrich, Milan, Italy) and dried under a hood. For biocompatibility tests, a 
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density of 1x104 cells per well was seeded onto the PVA and PVA/MXene fibers. The XTT 

assay was conducted according to the manufacture’s protocol after 1, 3, and 7 days in cell 

culture. Briefly, the cell culture media was removed and replaced with fresh culture media 

containing XTT reagent and incubated for 4 hours under standard conditions. After that 

period, the supernatant from each well was collected and placed into a 96-well plate reader 

to measure the absorbance at 450 nm using a spectrophotometer (Wallac Victor 1420, 

PerkinElmer, Boston, MA, USA). 

5.2. RESULTS AND DISCUSSION 

Recent studies have focused on the idea that regenerative processes can be supported and 

accelerated by electrical stimuli which can facilitate the repair of the injured tissues. For 

this purpose, the use of intrinsically electroconductive polymers is rapidly growing for 

different biomedical applications, from medicine to biosensing. In this view, the fabrication 

of PVA fibers by integrating material phases with different electroconductive properties 

was preliminarily investigated.  

A solution of PVA and MXene was employed to fabricate electrospun nanofibers. The 

average diameter of electrospun fibers is a crucial parameter that significantly influences 

various applications relying on size-dependent properties, such as tissue engineering and 

sensor technologies [165]. Scanning Electron Microscopy (SEM) was used to examine the 

impact of MXene addition on fiber diameter distribution. SEM micrographs of the 

composite nanofibers are presented in Figure 5.2. The nanofibers appear smooth without 

beads, with diameters of 696 ± 160 nm for PVA and 587 ± 191 nm for PVA/MXene. The 

reduced fiber diameter could be attributed to the strong polar interactions of MXene into 

the solution that enhanced jet stability during electrospinning. In detail, MXene particles 

tend to interact with water molecules in solution promoting their intercalation into the 

polymer solution with an overall stretching effect on the polymer jet. This effect tends to 

enhance the mechanism of solvent evaporation thus favoring a slight reduction of the 

ultimate diameter of the fibers, preserving a good uniformity of particles dispersion into 

the fiber bulk, in agreement with previous similar studies [166], [167]. However, MXene 
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concentrations above the optimal concentration can negatively affect the jet stability in the 

electrospinning process by increasing the viscosity in the solution. Besides, it can reduce 

the suitability of nanofibers for tissue engineering applications since the lower ratios are 

known to provide an ideal balance. PCL nanofibers loaded with MXene (up to 0.5 wt%) 

are known to show greater biocompatibility compared to structures embedded with higher 

MXene ratios [168]. 

The presence of MXene within the electrospun nanofibers was confirmed by detecting the 

Ti element in the EDS spectra (Figure 5.2 d), consistent with earlier reports [169]. The 

spectrum analysis provided a detailed breakdown of the elemental composition, with 

weight and atomic percentages of titanium recorded at 0.54% and 0.19%, respectively. 

The FTIR spectra of PVA and PVA/MXene are shown in Fig 5.2e, covering the frequency 

range of 4000–650 cm⁻¹. The spectra display almost identical peaks with slight shifts, 

indicating primarily physical interactions between PVA and MXene nanoparticles. The 

main absorption peaks for PVA and PVA/MXene occur around 3277 cm⁻¹ (O-H 

stretching), 2909 cm⁻¹ (C-H stretching), 1420 cm⁻¹ (CH2 bending), 1088 cm⁻¹ (C–O–C 

stretch), and 911 cm⁻¹ [170]. However, shifted stretching of pure PVA at 3274 cm⁻¹ and at 

832 cm⁻¹ likely result from MXene's surface functional groups interacting with PVA and 

altering the vibrational properties of the polymer matrix [171], [172], [173]. The comparison 

of these spectra indicates the successful integration of MXene into the PVA matrix, leading 

to modified vibrational characteristics. 
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Figure 5.2: SEM micrographs of electrospun nanofibers: a) PVA, b) PVA/MXene (Scale bar: 40µm). 

c) Fiber diameter distribution for PVA (black) and PVA/MXene (grey). d) EDS spectrum and weight 

and atomic percentage of elements. e) FTIR analysis of PVA (black) and PVA/MXene (grey) [10]. 

The electrical properties of the investigated films, deposited on Si++/SiO2 substrates 

equipped with gold electrodes (Fig. 5.3 a, b), were assessed in air by performing two-probe 

current-voltage (IV) measurements. The applied voltage was swept from 0 to + 30 V and 

then backward to highlight any possible hysteretic effects. The voltage step was fixed at 

200 mV with an overall scan rate of 1 V/sec. Fig. 5.3 c (left panel) shows two IV traces 

recorded for PVA/MXene active channels. These curves exhibit a clockwise hysteresis, 

indicating that the current values acquired during the forward scan (from 0 to 30V) were 

larger than those recorded during the backward scan (from 30 to 0 V). This behavior is 

typical of many non-crystalline  conducting systems and is mainly associated to charge 

trapping mechanisms, which tend to immobilize carriers during the measurement 

acquisition [174]. Fig. 5.3 c (right panel) presents a direct comparison between a set of IV 

curves measured for devices based on PVA/MXene and pure PVA fibers. This plot makes 

clear that the integration of MXene flakes in the PVA fibers tend to enhance the electrical 

properties in comparison with the pure PVA system. 
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In Fig. 5.3 d we detail the forward scan of an IV curve recorded for a PVA/MXene active 

channel. While the current exhibits a diode-like (sub-linear) behavior in the low voltage 

region, indicating the presence of non-ideal charge injection mechanisms, it follows a linear 

behavior when the applied voltage exceeds 10 V. This latter region was used to extract the 

conductivity (𝜎) values by fitting the measurement linearly based on Ohm’s law. In Fig. 5.3 

e, the average conductivity values estimated for PVA/MXene and pure PVA fibers are 

plotted with error bars representing the standard deviations. The MXene integration in 

PVA fibers resulted in a fourfold increase in conductivity (𝜎 = (1.90 +/- 0.45) · 10-8 S/cm) 

compared to the pure PVA system (𝜎 = (0.46 +/- 0.05) · 10-8 S/cm). 
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FIGURE 5.3: a) Top view and b) schematic side view of the device layout used for the electrical tests. 

c) (left panel) two IV curves acquired for PVA/MXene active channels; (right panel) comparison 

between a set of IV curves recorded for PVA/MXene and pure PVA samples. d) the linear fitting 

curve used to estimate the conductivity values of a PVA/MXene active channel. e) comparison of the 

average conductivity values estimated for pure PVA and PVA/MXene fibers. Error bars represent 

the standard deviations [10]. 

Typical stress vs strain curves for PVA and PVA/MXene were shown in Fig. 5.4 a. Both 

materials presented a maximum point before fracturing located at an elongation of about 

50% and 200% for PVA/MXene and PVA, respectively. Fig. 5.4 b, c showed the stretching 

occurring during the tensile test for PVA and PVA/MXene, respectively. While PVA 
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continuously elongates reducing its cross-section area up to rupture (Fig. 5.4 b), 

PVA/MXene displayed a cross-section reduction up to a lower elongation level as a crack 

started to slowly propagate through the specimen (Fig. 5.4 c) 

Mechanical properties of PVA and PVA/MXene samples were computed through the 

stress vs strain diagrams, and they were reported in Fig. 5.4 d-f. The incorporation of 

MXene nanoparticles into PVA significantly improved both stiffness and strength of PVA 

(Fig. 5 d, e, respectively), however a significant decrease in ductility was observed (Fig. 5.4 

f). 
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FIGURE 5.4: Tensile test. a) Typical stress vs strain curves for PVA and PVA/MXene; stretching 

occurring during the tensile test for b) PVA and for c) PVA/MXene specimens; mechanical properties 

of PVA and PVA/MXene in terms of d) Young’s modulus e) Tensile strength f) Maximum strain 

occurring at the maximum stress. Error bars represented the standard deviation, while significant 

differences were indicated as * (p<0.05) and ** (p<0.01) [10]. 

Young’s modulus (i.e. the stiffness) of PVA (71.42 ± 16.56 MPa) was significantly lower 

(p<0.01) than that of PVA/MXene (136.87 ± 19.63 MPa). Mean Young’s modulus measured 
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for PVA was consistent with values reported in the literature [175], [176], while a similar 

stiffness increases of about 90% was also reported for the storage modulus at room 

temperature as MXene was incorporated into PVA [177]. 

Tensile strength of PVA/MXene (7.35 ± 0.78 MPa) was significantly higher (p < 0.05) than 

that of PVA (5.34 ± 0.67 MPa). Tensile strength mean value measured for PVA was 

consistent with those reported in the literature [178], [179], but higher strength values for 

PVA were also recorded [180]. The above results suggest that the incorporation of MXene 

nanoparticles into PVA effectively increased the strength by acting as a reinforcement 

agent, however the stiffness increase of about 90% suggested that MXene increased cross-

linking density. Maximum strain (i.e. ductility) of PVA/MXene (41.31 ± 9.69 mm/mm %) 

was significantly lower (p < 0.01) that that of PVA (194.87 ± 31.43 mm/mm %). Maximum 

strain recorded for PVA is consistent with maximum strain values reported in the literature 

[181], [182], and similar ductility reduction were observed as chitosan nanoparticles were 

incorporated into PVA [183].  

To evaluate in vitro biocompatibility, L929 fibroblasts were used (Fig. 5.5). The viability of 

cells seeded onto PVA and PVA/MXene fibers were similar at 1 and 3 days for all samples. 

This effect can be attributed to the high hydrophilicity of PVA [184], [185] as previously 

reported in similar studies addressing various biomedical applications such as wound 

dressing, tissue regeneration, and drug delivery [186], [187], [188]. Moreover, the surface 

groups such as hydroxyl, oxygen, or fluorine on MXene enhance its hydrophilic properties  

[189], [190], further supporting protein adsorption onto the fiber surface and ultimately 

promoting cell adhesion. In vitro tests showed an increase in metabolic activity from 3 to 7 

days, consistent with previous experimental studies [191]. Notably, a more gradual 

increase was observed in the case of PVA/MXene fibers, while a significant rise in viability 

was detected at 7 days for PVA fibers. These preliminary findings will be foundational for 

future biological studies aimed at in vitro validation of the electrical properties of 

PVA/MXene fibers and their effects on cell proliferation and differentiation [192]. This 

research is particularly relevant for mimicking the unique microenvironment of 

electroactive tissues such as muscle and neural tissue. 
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FIGURE 5.5: Cell viability of L929 fibroblasts seeded onto PVA and PVA/MXene fibers. An increase 

in absorbance is directly correlated with the number of living cells. Results are presented as mean ± 

standard deviation of the XTT absorbance. Significant differences are indicated as *p < 0.05; **p < 

0.01 [10]. 

5.3. CONCLUSION 

To date, few studies have been conducted on /PVA/MXene-based materials. These studies 

indicate that PVA/MXene materials can be applied in diverse application areas, as a 

function of specific properties exerted by the materials in different forms (e.g., film, gels). 

In this study, MXene-incorporated PVA nanofibers were prepared by electrospinning, and 

their structural, electrical, and biological characteristics have been optimized for the 

development of smart devices for wearable/flexible bioelectronics. The conductivity of the 

nanofibers was increased four times because of MXene doping, and the mechanical 

properties were doubled. Moreover, in vitro tests confirmed that MXene-containing PVA 

nanofibers are not toxic for fibroblasts, also enhancing cell growth. Despite other in vitro 

tests have been performed on MXene-loaded systems, no positive effects had been reported 

in terms of cells/material interaction. Accordingly, peculiar morphological signals of 

PVA/MXene nanofibers with high surface to volume ratios contributed to improve the 
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biological mechanisms at the cell interface, in comparison with other substrates (i.e., film, 

gels). Moreover, their peculiar architecture with homogeneously distributed pores 

embedded into a highly repeatable texture also concur to particularize mechanical and 

electrical properties for different biomedical and engineering applications. In this view, 

further investigation on the ability to tune electrical conductivity by the application of 

different mechanical forces will be required to quantitatively evaluate the actuation 

mechanisms regulating the biosensing properties of the proposed systems for the 

fabrication of electro-actuated patches to be included into high performance, medical 

and/or military wears. 
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Chapter 6  

6. EFDT APPLICATIONS FOR DRUG DELIVERY 

SYSTEMS 

EFDTs, such as electrospinning and electrospraying, are becoming more common and 

popular with variations and possibilities for utilizing them in creating novel drug delivery 

systems. These technologies enable the construction of nanofibers and microgels with the 

desired dimensions, shapes, and structural particulars, thus, optimizing for the 

encapsulation and release of therapeutic agents. Due to the high surface area to volume 

ratio nanofibers have been found to be useful in drug loading and prolonged drug release 

delivery systems whilst electro-spraying microgels with core shell structures can be used 

for the controlled and regional release of drugs [193], [194], [195]. 

Drug-nanofiber composites are known to have the ability to deliver drugs more locally and 

are thus employed in wound healing as well as in the scaffolds used in tissue engineering. 

Drug nanofibers have a fibrous composition which works as a three-dimensional 

framework that allows the growth of cells while ensuring the gradual release of 

biologically active compounds [196]. Conversely drug loaded microgels are envisaged to 

have high possibility of systemically targeted and aimed delivery to such organelles such 

as nuclear materials and to organs or tissues in the body [197]. 

This chapter considers the use of EFDT in the construction of drug-loaded nanofibers and 

microgels with a focus on their design, optimization and evaluation for drug delivery. The 

introduction of such systems in biomedical applications substantiates their ability to 

enhance therapeutic outcome, lower adverse effects, and contribute towards precision 

medicine. 
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6.1. DRUG LOADED NANOFIBERS 

In this work, PCL was used as a replacement for PVA in drug delivery systems. PCL is a 

synthetic polyester that has a good biocompatibility, is capable of biodegradation, and has 

mechanical stability which is beneficial for long-lasting drug release systems. PVA, on the 

other hand, is water soluble and hydrophilic whereas PCL is hydrophobic and hence this 

increases the rate of degradation to be more gradual. This particular property is especially 

advantageous for drug delivering systems that are expected to be active for a long time. In 

addition, PCL has crystalline structure and thermal stability which serves to reinforce the 

scaffold, making it ideal for scenarios where mechanical properties are crucial. The focus 

of this chapter is thus directed at enhancing the encapsulation and release characteristics 

of therapeutic agents in electrospun nanofibers by using PCL with the objective of 

optimizing drug delivery attributes for biomedical devices. 

6.1.1. MATERIALS AND METHODS 

PCL (0.4 g) and gelatin (0.4 g) were dissolved in 4 mL of hexafluoroisopropanol (HFIP). To 

investigate the effect of solvents on drug release behavior, various ratios of acetic acid and 

water were added to HFIP as co-solvents. Diclofenac sodium (0.04 g) was incorporated into 

the PCL/Gel solution as the model drug. The resulting mixture was stirred until a 

homogeneous solution was obtained and then processed using electrospinning to fabricate 

drug-loaded nanofibers. Electrospinning was conducted for 5 hours with the following 

parameters: flow rate of 0.1 mL/h, applied voltage of 13 kV, and a collector-to-needle 

distance of 15 cm. 

Fiber yield was gravimetrically obtained from the entire mass of fiber recovered. 

Encapsulation efficiency and drug release profiles were evaluated for different diclofenac 

sodium (DicNa)-loaded nanofibers. Briefly, samples with a known mass were dissolved in 

1 mL of TFA, and the solution was added dropwise to 20 mL of methanol, in which the 

polymer was precipitated and DicNa was dissolved for 4 h. After centrifugation at 4000 

rpm for 10 min at 4 °C (Eppendorf Centrifuge 5702 R, Hamburg, Germany) of the methanol 

solution, the liquid supernatant was collected, and DicNa was quantified by 
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spectrophotometric assay (UV-1800; Shimadzu Laboratory World, Tokyo, Japan) at λ = 323 

nm. A calibration curve calculated the amount of DicNa in a concentration range of 0.5–50 

mg/mL (y = 0.0184x + 0.0251, R2 > 0.998). The encapsulation efficiency EE% was calculated 

by Equation (1): 

 

𝐸𝐸%=100⋅(𝐶𝑒/𝐶𝑇) 

(1) 

where Ce is the amount of entrapped drug in the nanofibers and CT is the total amount of 

the drug used to prepare the nanofibers. The results were recorded as average ± standard 

deviation for at least three independent batches. 

The release of DicNa from PD and PGD nanofibers was evaluated by initially immersing 

the samples in 30 mL of PBS buffer solution at pH 7.4. They were then placed in a 

thermostatic incubator set to shake at 100 rpm and 37 °C. At designated time intervals, 1 

mL of the release medium was withdrawn and replaced with an equivalent volume of fresh 

medium. The concentration of DicNa in PBS was assessed over a range of 0.2–50 mg/mL. 

For this purpose, a calibration curve was established using a series of DicNa solutions with 

standard concentrations and measured at a wavelength of 280 nm, resulting in the equation 

y = 0.0357x + 0.0175, with an R² value of 0.9969. 

6.1.2. RESULTS AND DISCUSSIONS 

The release rates of DicNa from PCL/gelatin nanofibers formed with different solvents 

were evaluated so as to examine their drug delivery capability. Four formulations being 

A25, A50, W25, and W50 were prepared in which every solution has different amount of 

acetic acid (A) or water (W) that was added together with HFIP. In this case, A25 and A50 

have 25% and 50 % volume of acetic acid with HFIP whereas W25 and W50 have 25 % and 

50 % volume of water with HFIP respectively. 

The SEM and fiber diameter measurements were evaluated and indicated that the solvent 

composition has an impact on fiber morphology (Fig 6.1). Control sample (HFIP) kept the 
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largest average fiber diameter measured at (0.6 ± 0.08 μm) and demonstrated the least 

variance suggesting that there was consistent jet formation and the fiber morphology was 

constant. On the contrary, W50 fibers (0.5 ± 0.14 μm) had smaller diameters but their 

average was more dispersed as a result of high water content that led to greater viscosity 

and higher surface tension. A50 fibers (0.56 ± 0.1 μm) had improved uniformity as 

compared to W50 which was due to the enhanced miscibility of acetic acid and HFIP which 

resulted in a consistently stable jet formation rate enabling quality fiber formation. 

 

FIGURE 6.1: SEM images and average fiber diameters of electrospun nanofibers prepared using 

different solvent compositions. a. Control fibers prepared using pure HFIP as the solvent, b. fibers 

prepared with HFIP + 50% water (W50), and c. fibers prepared with HFIP + 50% acetic acid (A50). 

Scale bar: 40 µm. This section is under embargo. The image has been removed and will be made 

available after the related article is published. 

FTIR spectra were recorded for PCL/gelatin/diclofenac nanofibers prepared with 

different solvent compositions (HFIP, A50, and W50) to investigate the chemical 

interactions and structural differences induced by the solvents (Fig 6.2). The spectra 

exhibited characteristic peaks corresponding to the functional groups of PCL, gelatin, and 

diclofenac, allowing comparison across the formulations. The blue spectrum (control) 

represents nanofibers prepared with pure HFIP as the solvent. Sharp and well-defined 

peaks were observed, including the ester carbonyl stretching (~1700 cm⁻¹), amide bands 

(~1600–1500 cm⁻¹), and hydroxyl/amine stretching (~3300 cm⁻¹). These results suggest a 
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uniform distribution of the polymer and drug with minimal secondary interactions, as 

expected with HFIP, a strong solvent for both PCL and gelatin. The black spectrum (A50), 

corresponding to nanofibers prepared with HFIP and 50% acetic acid, showed slight shifts 

and reduced intensity in the carbonyl stretching region (~1700 cm⁻¹). These changes 

suggest increased polymer-solvent and drug-solvent interactions, as acetic acid promotes 

better miscibility with the polymer and drug components. The results indicate a potential 

reduction in polymer crystallinity due to these interactions. The red spectrum (W50), 

prepared with HFIP and 50% water, exhibited broader peaks, particularly in the OH/NH 

stretching region (~3300 cm⁻¹). This broadening reflects enhanced hydrogen bonding 

interactions due to the hydrophilic nature of water, which interacts strongly with gelatin 

and the diclofenac molecules. Additionally, slight variations in the carbonyl region suggest 

changes in the fiber matrix structure caused by water as a co-solvent. 

The role of the solvent system is critical for affecting the chemical and structural 

characteristics of the nanofibers. HFIP by itself is used as a standard in order to obtain the 

formation of homogeneously sized and shaped fibers. The dispersability of the drug within 

the polymer matrix is also reported to have been improved in A50 which should allow for 

reduced drug crystallinity. On the other hand, by adding 50% water (W50) creates a 

hydrogen bonds which may compromise the structural characteristics of the fibers and 

modify the drug loading and its release. This is also consistent with the drug release 

profiles that were obtained. These findings show that, indeed, the nanofiber properties can 

be modulated by the solvent used for their preparation and be tailored for certain medical 

purposes. 
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FIGURE 6.2: FTIR spectra of PCL/gelatin/diclofenac nanofibers prepared using different solvent 

compositions. The blue spectrum represents nanofibers prepared with pure HFIP (ctr), the black 

spectrum corresponds to nanofibers prepared with 50% acetic acid in HFIP (A50), and the red 

spectrum represents nanofibers prepared with 50% water in HFIP (W50). This section is under 

embargo. The image has been removed and will be made available after the related article is 

published. 

The release rates of DicNa from PCL/gelatin nanofibers formed with different solvents 

were evaluated so as to examine their drug delivery capability. Four formulations being 

A25, A50, W25, and W50 were prepared in which every solution has different amount of 

acetic acid (A) or water (W) that was added together with HFIP. In this case, A25 and A50 

have 25% and 50 % volume of acetic acid with HFIP whereas W25 and W50 have 25 % and 

50 % volume of water with HFIP respectively. 
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FIGURE 6.3: Cumulative DicNa release (%) over time for A25, A50, W25, and W50 formulations. 

This section is under embargo. The image has been removed and will be made available after the 

related article is published. 

Based on the study results (Fig 6.3), a biphasic drug release profile was observed in all 

formulations. During the first 25 hours, approximately 50-60% of the total drug release was 

achieved which is associated with a rapid release of the encapsulated diclofenac. This burst 

phase is assigned to the dissolution of “loosely” adsorbed diclofenac molecules on the 

surface of nanofibers. After the burst release, a more prolonged, controlled release phase 

was established, which lasted 175 hours or more. By this time point over 90-100% and 

approximately the same cumulative release had been attained in all formulations. This 

repose is explicated in terms of the diffusion control together with the degradation of 

PCL/gelatin fibers. 

The main variables in this study are the solvent composition of the formulations and their 

release profiles. It has been established that formulations with an addition of acetic acid 

(A25 and A50) self-release more rapidly than their water counterparts. This is the most 

likely due to the better miscibility of acetic acid with HFIP which would provide for even 

dispersion of diclofenac in the fibers matrix making diffusion less restricted. Water-based 
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formulations (W25 and W50) demonstrated slower release kinetics, particularly W50. This 

is most likely due to the water based solutions being more hydrophilic, thus having more 

polymer-drug interactions leading to a lengthy release profile. 

The above results show the importance of the solvent used in the formulation and how it 

can affect the release behaviour of the drug loaded nanofibers. From the above it can be 

deduced that formulations with acetic acid are likely to provide a faster release which is 

what is most requiring immediate therapeutic effects, in contrast to water based 

formulations which offer a slow and controlled release, more for when a sustained delivery 

of medication is ideal. This study showed the versatility of PCL/gelatin nanofibers in 

enabling the modification of drug release mechanisms to fit therapeutic requirements. 

6.1.3. CONCLUSION 

This research showed the adaptability of PCL/gelatin nanofibers drug delivery systems in 

which the composition of the solvent used for electrospinning had a substantial effect on 

the release profiles of DicNa. Ionic compounds containing acetic acid (formulations A25 

and A50) resulted in a better availability of drugs and faster release, thus could be utilized 

where immediate effects are needed. In contrast, formulations prepared with water (W25 

and W50) could achieve a slower and continuous release rate and could be useful for 

longterm treatment. These results reveal the versatility of PCL/gelatin nanofibers for a 

range of biomedical applications such as an immediate dose release or a targeted controlled 

dose release depending on the type of application required. 

6.2. DRUG LOADED MICROGELS 

Until now, the primary emphasis of this thesis has been on the electro-spinning type of the 

EFDTs when creating the nanofibrous drug delivery systems. It is well, however, that 

electro-spinning has the capacity to fabricate fibrous scaffold with high surface area and 

controlled drug release kinetics, another universal method offered by EFDT is 

electrospraying. 



 
76 

In this part, the electrospraying mode of EFDT is investigated for the development of drug 

loaded microgels. Unlike electrospinning, which forms continuous fibers, electrospraying 

enables the creation of micro-scale particles with tailored morphology and structure. Such 

microgels are particularly useful in the encapsulation of bioactive substances due to the 

ease of controlling encapsulation efficiency and release profiles of these substances. 

By electrospraying, it is possible to fabricate microgels with core-shell structure, which can 

provide biphasic or sustained drug release. The technique, moreover, enables the 

incorporation of diverse materials, making it suitable for a wide range of biomedical 

applications. This section will focus on the materials, methods, and outcomes associated 

with electro-sprayed microgels, highlighting their potential as advanced drug delivery 

systems. 

6.2.1. MATERIALS AND METHODS 

6.2.1.1. PREPARATION OF ALGINATE MICROPARTICLES 

Low-viscosity (LV, 250 cPs) and high-viscosity (HV, 20,000–40,000 cPs) sodium alginate 

(SA) solutions were prepared at 0.5% and 2% w/v, respectively, in deionized water. Core-

shell microgels were fabricated using a commercial EFDA system (NF500 MECC, Japan) 

with a coaxial needle (inner: 27 G, outer: 18 G). Solutions were fed at 0.5 and 2.0 mL/h, 

under 25 kV voltage and a 150 mm tip-to-collector distance. Droplets were collected in a 

1.1% CaCl₂ solution to induce ionotropic gelation. 

6.2.1.2. MICROPARTICLE CHARACTERIZATION 

Microparticle morphology was assessed via optical microscopy, and dimensions were 

analyzed using ImageJ software. FITC-albumin was added to the LV-SA solution for 

confocal imaging of core-shell architecture. Circularity (CC) was calculated using the 

equation C=4π(A/P2)C=4π(A/P2), with C=1C=1 indicating a perfect sphere. Alizarin red 

staining further highlighted core-shell differentiation. 

6.2.1.3. RHEOLOGICAL MEASUREMENTS 



 
77 

Rheological properties of HV and LV alginate solutions were measured at 25°C using a 

rheometer (Anton Paar MCR 301). Flow curves, strain sweeps, and frequency sweeps were 

performed to determine shear and viscoelastic behaviors. 

6.2.1.4. MATHEMATICAL MODELING 

A radial diffusion model was developed in MATLAB to simulate drug release from core-

shell microparticles, considering distinct core and shell diffusivities. Simulations were run 

for a 12-hour release period. 

6.2.2. RESULTS AND DISCUSSIONS 

The viscosity (η) and viscoelastic properties of polymer solutions play a pivotal role in 

EFDTs, significantly influencing microparticle morphology. High-viscosity solutions tend 

to produce larger and spherical microparticles, while low-viscosity solutions yield smaller 

particles. Rheological characterization revealed Newtonian flow behavior for both Hv and 

Lv alginate solutions, with average η values of 10⁻¹ and 10⁻² Pa∙s, respectively (Figure 6.4a). 

Normalizing viscosity values using η₀ yielded overlapping master curves (Figure 6.4.b). 

Oscillatory measurements further showed that the loss modulus (G″) dominated the 

storage modulus (G′) across the frequency range (Figure 6.4.c). 

 

FIGURE 6.4: Rheological properties of sodium alginate solutions with Lv (≈250 cPs) and Hv (20,000–

40,000 cPs). a) Viscosity curve versus shear rate. b) Viscosity normalized with respect to the plateau 

value and b) oscillatory measurements for evaluating G′ and G″. 
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The morphological and structural properties of core-shell microparticles (CSMp) were 

analyzed. Utilizing a coaxial needle setup, Lv alginate (≈ 250 cPs) formed the core, while 

Hv alginate (20,000–40,000 cPs) constituted the shell. Optical microscopy showed smooth, 

spherical particles with an average diameter of 865.7 ± 28.13 µm, and no agglomeration 

was observed (Figure 6.5a). The core-shell structure was visualized using Fluorescein 

Isothiocyanate (FTIC)-albumin labeling, though background noise affected data 

reproducibility (Figure 6.5b,c). Image analysis recorded an average core diameter of 457.1 

± 63.07 µm, a shell thickness of 254.7 ± 14.25 µm, and a near-perfect circularity of 0.976 ± 

0.008. However, the core exhibited slight ovalization (circularity: 0.822 ± 0.058) due to 

viscosity differences at the core-shell interface. 

 

FIGURE 6.5: Sodium alginate microgels with core-shell architecture. a) morphological aspect of 

microgels via optical microscopy (scale bar: 500 μm), and fluorescence images of microgels with FTIC-

albumin-labeled (green) inner phase before b) and after c) image elaboration to remove the background 

(scale bar: 200 μm). 

To further distinguish Hv and Lv phases, alizarin red dye—reactive with Ca²⁺ 

crosslinkers—was employed (Figure 6.6a). The shell displayed darker staining, indicating 

a higher concentration of crosslinked calcium ions, while the core exhibited lighter staining 

due to reduced calcium accessibility. Post-washing, these distinctions were maintained but 

mitigated by water diffusion (Figure 6.6b). 
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FIGURE 6.6: Dye adsorption: a) Alginate microgels in contact with alizarin red dye (1% in dH2O) (scale 

bar: 500 μm) and b) Details of core-shell microgels after washing to remove the excess dye (scale bar: 

200 μm). 

These alginate microgels demonstrated potential for biomedical applications, including 

cell interaction support. Previous studies highlight their biocompatibility and ability to 

maintain mesenchymal stem cell viability. Incorporating bioactive signals or drugs within 

alginate microparticles can further enhance biological responses, driven by the interplay 

between chemical composition and structural properties. 

A mathematical model was developed to simulate the release of sodium diclofenac 

through a double-layered alginate hydrogel system. The model assumes isotropic diffusion 

and radial symmetry, dividing the system into three zones: the inner core (radius R1R1), 

the shell (radius R2R2), and the external medium (radius R3=10R2R3=10R2). Each zone is 

characterized by specific diffusivity (DD) and initial concentration values. 

Simulations showed that increasing the shell thickness slows the release, reducing the peak 

height and delaying the maximum flux (R2 value of 1000 μm, there is a tmax ≈ 30 min; for 

R2 of 1500 μm, there is a tmax ≈ 50 min, and for R2 of 2500 μm, there is a tmax ≈ 100 min). 

Adjusting the diffusivity ratio between core and shell influences peak height and diffusion 

rate but not the time of maximum release. These findings highlight the potential to tailor 

drug-release profiles by modifying shell thickness and diffusivity ratios. 
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The proposed approach, while demonstrated for sodium diclofenac, can be adapted to 

other molecules, making alginate a versatile material for designing targeted and sustained 

drug delivery systems. 

 

6.2.3. CONCLUSIONS 

This study highlights the adaptability of electrospraying, an EFDTs, in the production of 

core-shell alginate microgels as advanced drug delivery systems. According to the 

rheological characterization determination, the microparticle morphology depends on a 

solution’s viscosity, whereby spherical, larger particles are formed from solutions that have 

higher viscosity. Core-shell microgels demonstrated a smooth surface, well-defined sizes, 

as well as structural integrity with proper imaging techniques, core-shell distinction was 

clearly without confusion due to staining and confocal imaging. 

A mathematical diffusion model helped demonstrate the possibility of customizing drug-

release kinetics curves by varying shell thickness and diffusivity ratios, thus enabling the 

postponement of release as well as controlling the amount of flux. All these indicate the 

possibility of the sustained targeted drug delivery using alginate microgels with the 

potential for straightforward modification to cater for other bioactive molecules and 

therapeutic purposes. 
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Chapter 7  

7. CONCLUSION 

This thesis describes the novel approach of employing EFDTs in the creating and 

manufacturing of polymeric composites with applications in tissue engineering, drug 

delivery and biosensing among others. The research also shows how these techniques can 

be used to engineer nanofibers and microgels for specific biomedical uses by optimizing-

processes such as electrospinning and electrospraying. Some of the paramount 

achievements include the fabrication of PVA-based nanofibers, scaffolds systems of 

PVA/gelatin composite for engineering neural tissues and nanofibers with an electroactive 

matrix of MXene, all of which have the necessary characteristics of advanced biomaterials 

such as biocompatibility, and the needed mechanical integrity, and also functional 

performance. 

This study establishes a platform for the eco-friendly and reproducible production of 

functionalized biomaterials, including the water electrospinning and green crosslinking 

techniques. These developments respond to the needs for environmentally sound options 

in the biomedical manufacturing sector. The proven capacity to modify the physical 

attributes of the synthetic biomaterials from the fiber structure to even the electrical 

properties presents new possibilities in regenerative medicine, controlled release 

technologies, and bioelectronic devices. 

Future research should aim at broader clinical applications of materials manufactured by 

EFDT. This includes assessing the possibility of scaling up these processes for mass 

production, and dealing with regulatory issues related to biotechnology. Furthermore, the 

incorporation of bioactive fillers, growth factors or polymers with ability to respond to 

external stimuli may increase the functionality of these platforms. Understanding the role 
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of electrical signals in regulating cellular responses may provide additional opportunities 

for neural repair and muscle regeneration. 

This work justifies EFDT technology as a sophisticated and convenient approach in a field 

of interest in biomedical engineering that has the potential to develop next-generation 

biomaterials for applications in personalized medicine, targeted therapy, and many more. 

This thesis establishes EFDT as a versatile and impactful tool in biomedical engineering, 

with the potential to shape next-generation biomaterials for personalized medicine. 
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