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Annotation
This habilitation thesis comprises a collection of published scientific and research works, 
accompanied by commentary in accordance with §72 paragraph 3 of Act on universities No. 
111/1998 Coll. The thesis comprises commentary on 15 peer-reviewed journal articles, 5 
conference papers, 2 national patents, 1 international patent, and 1 book chapter, with the 9 
most significant publications included in the appendices. The scientific works focus on the 
development, electrospinning, modification, and biomedical potential of various fibrous 
materials. The first chapter discusses electrospinning of copolymers and polymer blends into 
fibrous materials, aiming to optimize their water resistance, biodegradability, mechanical 
properties, and absorption capacity. The scalability of needle-less electrospinning is particularly 
highlighted as it allows  bridging laboratory research with industrial production. The second 
chapter explores advanced modification strategies of electrospun fibrous materials to meet 
specific biomedical requirements, including improving antibacterial properties, enhancing cell-
material interactions, and optimizing drug release dynamics. Additionally, a novel predictive 
numerical model is introduced to optimize fiber morphology based on solvent system 
properties. The final chapter highlights the biomedical potential of electrospun materials, 
demonstrating their applicability in bacterial filtration, customised wound care, sublingual drug 
delivery using mucoadhesive patches, and targeted cancer therapy. This habilitation thesis 
introduces innovative approaches to scalable production and functional modification of 
electrospun fibrous materials, underscoring their significance as promising solutions to critical 
challenges in modern biomedicine.

Keywords: needle-less electrospinning, electrospun fibrous materials, modification strategies, 
biomedical applications
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Introduction
Traditional textiles have long played a role in biomedical applications, particularly in wound 
dressings, prosthetics, and implantable materials. While these materials are widely available 
and mechanically resilient, they often fail to replicate the intricate structural and functional 
properties of biological tissues. For instance, conventional wound dressings, such as cotton 
gauze, provide a protective barrier but lack the fine porosity and bioactivity necessary for 
optimal healing. Similarly, woven or knitted prosthetic textiles offer mechanical support but do 
not facilitate cell attachment or tissue integration. These limitations stem from their relatively 
large fiber diameters, restricted surface area, and limited capacity for biofunctionalization. 
Moreover, their structural features are not easily tunable to meet specific biological 
requirements, which constrains their efficacy in regenerative medicine, controlled drug delivery, 
and antimicrobial applications. This growing gap in performance has highlighted the need for 
innovative materials that can better mimic the properties of biological tissues, providing a 
compelling rationale for the development of advanced alternatives such as electrospun fibrous 
materials.
Electrospun fibrous materials have emerged as a highly promising alternative, offering unique 
advantages such as high porosity for gas exchange and fluid absorption, tunable degradation 
profiles, and the ability to incorporate bioactive agents. These properties make them 
particularly suitable for applications in wound healing, tissue engineering, drug delivery, and 
antimicrobial barriers. Compared to conventional textiles, electrospun fibers exhibit a 
significantly higher surface-area-to-volume ratio, enhancing their capacity for bioactive agent 
incorporation and controlled therapeutic release. Additionally, modification strategies—such as 
antibiotic incorporation, or surface drug immobilization—allow for further optimization of their 
biomedical functionality. For example, electrospun materials can be engineered for sustained 
drug release, functionalized with antimicrobial coatings to prevent infections, or integrated with 
growth factors to promote cellular differentiation and tissue regeneration. By offering a 
lightweight, flexible, and highly customizable alternative, electrospun fibrous materials address 
key challenges in biomedical material development, particularly in mimicking the extracellular 
matrix.
The properties of electrospun fibrous materials are influenced by several factors, including 
polymer composition, solvent selection, electrospinning parameters, and post-processing 
modifications. Polymer choice and solvent system are particularly critical in determining fiber 
morphology, mechanical properties, degradation behavior, and bioactivity. Despite significant 
advancements, many challenges remain in scaling up electrospinning processes while ensuring 
consistency, cost-effectiveness, and reproducibility. Key obstacles include optimizing solvent 
systems, controlling fiber morphology, and advancing biofunctionalization techniques to 
improve the versatility of electrospun fibrous materials for clinical applications.
This habilitation thesis builds on these advancements by exploring how needle-less electrospun 
fibrous materials can be tailored through novel design strategies and modifications to meet the 
unique demands of biomedical applications. The subsequent chapters explore:

1. Development of electrospun fibrous materials from copolymers and polymer blends 
with the desired properties.

2. Modification strategies to introduce specific functionalities into electrospun materials.
3. Biomedical potential of newly designed electrospun fibrous materials.

This thesis highlights the versatility of electrospinning as a technique for producing fibrous 
materials with properties required by biomedical applications. A detailed analysis is provided 
on optimization of polymer solutions and solvent selection, which are critical for successful 
needle-less electrospinning and large-scale production. By utilizing copolymers and polymer 
blends, this thesis demonstrates significant advancements in electrospun fibrous material 
properties, including controlled water resistance, biodegradability, tailored mechanical strength, 
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and enhanced water absorption. Modification strategies are also explored to improve 
antibacterial efficacy, drug release dynamics, and cell-material interactions. Potential 
applications of electrospun fibrous materials discussed in this thesis include bacterial filtration, 
customizable wound healing, mucoadhesive drug delivery systems, and localized cancer 
therapies, underscoring their extensive impact in the biomedical field. Anchored in commentary 
on peer-reviewed scientific publications, this thesis provides a detailed framework on the 
fabrication, modification, and application of electrospun fibrous materials.

1. Development of electrospun fibrous materials
The designing electrospun fibrous materials for biomedical applications requires careful 
optimization of their structural, mechanical, and biochemical properties. Unlike conventional 
textiles, which are typically woven or knitted and offer limited biofunctionality, electrospun 
fibrous materials can be engineered at the nanoscale to mimic the extracellular matrix, 
enhancing cell adhesion, moisture retention, and controlled drug release. By tailoring fibrous 
material characteristics like chemical composition, and biofunctionalization, specialized 
materials can be developed for advanced biomedical applications such as wound care 
dressings, tissue engineering scaffolds, antibacterial membranes and drug delivery systems [1]. 
Electrospinning has revolutionized fabrication of biomedical material by enabling the 
fabrication of nano- and microfibrous structures from a wide range of polymers. The process 
involves applying a high voltage to a polymer solution or melt, which generates fine fibers that 
deposit onto a collector. Depending on the method, electrospinning can be needle-based or 
needle-less, each offering distinct advantages and limitations. Needle-based electrospinning 
provides precise control over fiber properties but faces several issues such as clogging, low 
throughput, and scalability constraints. Needle-less electrospinning has revolutionized the 
industrial scalability of electrospun materials, enabling high-throughput production while 
preserving the desired fiber properties. The theoretical foundations and technological 
advancements of electrospinning are extensively examined in Physical Principles of 
Electrospinning: Electrospinning as a Nanoscale Technology of the 21st Century [2]. This work 
outlines the evolution of the technique, explores various modifications, and highlights its 
remarkable potential as a nanoscale fabrication method. As part of this publication [2], the 
author of this thesis contributed to the chapter Polymeric Solutions for Electrospinning, offering 
key insights into polymer-solvent interactions essential for successful fiber formation.
The choice of polymer-solvent system is a determining factor in electrospinning efficiency. In 
needle-based electrospinning, the controlled polymer jet formation allows for a broader range of 
polymers to be processed. Although solvent selection remains crucial, the needle's precision 
offers greater flexibility in polymer solution concentration and solvent properties. However, in 
needle-less electrospinning, the absence of a needle requires meticulous polymer-solvent 
optimization to achieve consistent fiber morphology. Lubasová’s dissertation thesis [3] highlights 
the crucial role of solvent selection, emphasizing parameters such as solubility parameters 
(ensuring proper polymer dissolution), dielectric constant (affecting charge stability), and vapor 
pressure (influencing fiber solidification). These factors directly impact electrospinnability of a 
polymer but also play a crucial role in determining fiber diameter, porosity, and surface 
smoothness, all of which are critical for biomedical applications [4]. Achieving an optimal 
balance between polymer solution properties and electrospinning parameters is especially 
challenging when working with polymer blends and copolymers. These materials offer unique 
advantages, such as adjustable degradation rates, improved mechanical properties, and 
enhanced bioactivity, but their successful electrospinning—especially in needle-less system—
requires careful optimization of polymer-solvent interactions. Overcoming these challenges is 
essential for translating electrospun fibrous materials from research to commercial biomedical 
products. Building on these foundational principles, the following sub-chapters explore how 
copolymer and polymer blend electrospinning can address existing limitations, with a focus on 
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the author of this habilitation thesis contributions, to further enhance the functionality and 
clinical applicability of electrospun fibrous materials in biomedical applications.

1.1 Electrospinning of copolymers
In recent years, electrospun fibrous materials composed of copolymers have gained significant 
attention due to their ability to combine the advantageous properties of different monomers 
into a single fibrous structure. These materials allow for the fine-tuning of key characteristics 
such as degradation rate, and biocompatibility, which are essential for biomedical applications. 
By carefully selecting monomers, the degradation behavior of electrospun fibrous material can 
be tailored to specific needs [5]. Despite these advantages, the electrospinning of copolymers 
presents several challenges that must be addressed to achieve optimal fiber properties and 
reproducibility. One of the critical challenges is solvent compatibility, as identifying a solvent 
system that effectively dissolves both copolymer components without degradation can be a 
complex task. Additionally, optimizing spinning parameters is necessary due to the intricate 
rheological behavior of copolymer solutions. Finally, industrial scalability remains a challenge, 
as adapting copolymer systems to needle-less electrospinning requires optimizing processing 
conditions—such as solution viscosity, voltage, humidity, and temperature—to achieve 
consistent fiber formation at large scales. 
To harness the potential of copolymers for biomedical applications, the electrospinability of a 
novel copolyester composed of polyethylene terephthalate (PET) and lactic acid (LA), derived 
from recycled PET bottles was explored, as described in  patent [6]. Prior to this work, no 
studies had successfully electrospun PET/LA copolyester or established a viable method for 
converting PET bottle waste into a biodegradable copolymer. Initial attempts were hindered by 
the low molecular weight of the synthetized copolymer, compromising its mechanical 
properties and limiting its practical applicability. However, the work described in patent [6] 
successfully overcame these limitations, leading to the development of a fibrous material with 
adjustable degradation properties. By transforming PET—traditionally a non-degradable 
polymer—into electrospun fibrous materials with controlled biodegradability, a sustainable 
approach to repurposing PET waste for biomedical applications was introduced. The copolymer 
synthesis was carried out at the University of Chemistry and Technology in Prague, whereas the 
author of this thesis developed innovative solvent systems for the newly synthesized 
copolymer, optimized needle-less electrospinning and melt-blown techniques, and successfully 
electrospun and characterized the resulting fibrous materials. A set of biodegradable aromatic-
aliphatic co-polyesters based on PET was synthesized from disposed beverage PET bottles and 
LA with various molar ratio of aromatic and aliphatic ester units (from 45 - 55 mol%). Washed 
PET flakes from disposed colourless bottles were acidolyzed with aqueous solution of LA under 
inert atmosphere (argon) and catalyzed by zinc acetate. The product of acidolysis–a mixture of 
low molecular weight aromatic-aliphatic esters–was subsequently polycondensed at 250°C. To 
utilize the potential of industrial manufacturing, two PET/LA fibrous materials production 
techniques were employed: (i) needle-less electrospinning and (ii) the melt-blown processing. 
Given the challenges associated with PET/LA electrospinning and melt-blowing—such as 
limited solubility in common solvents and a high melting temperature—optimizing the 
polymer blend composition and electrospinning parameters was essential to achieving 
successful fiber formation. The PET/LA copolyester was successfully electrospun using a 
solvent mixture of chloroform/isopropanol/1,1,2,2-tetrachloroethane (4/1/3 vol.). This solvent 
system was designed based on solvent-polymer solubility parameters, replacing the previously 
used highly toxic phenol with a less hazardous alternative. The approach leveraged the 
principle that solvents with similar solubility characteristics and optimal properties, such as 
permittivity and vapor pressure, can be effectively interchanged in electrospinning, as described 
in Lubasová’s dissertation thesis [3]. This solvent system (i) adjusted the copolymer’s 
macromolecular conformation and (ii) enhanced copolymer solution conductivity, enhancing 
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electrospinning efficiency. Melt-blown fibers were produced using a spinneret temperature of 
215°C and an air pressure of 2.5 bar. The resulting fiber diameters were 280 ± 47 nm for 
electrospun fibers and 4318 ± 317 nm for melt-blown fibers (Figure 1).

BET isotherm analysis confirmed that electrospun fibers exhibited a significantly higher surface 
area (9.5 m²/g) compared to melt-blown fibers (1.95 m²/g). Furthermore, enzymatic 
degradation using Thermonospora fusca revealed distinct biodegradation behaviors: PET/LA 
melt-blown fibers degraded primarily within their volume while retaining smooth surfaces, 
whereas electrospun fibers exhibited surface and volume degradation (Figure 2. (A-B)). Further 
research aimed to determine why the copolymer PET/LA is biodegradable but becomes less-
degradable after melt-blown processing, as described in Lubasová et al. [7]. Fourier transform 
infrared spectroscopy (FTIR) revealed structural differences between the original copolymer 
and melt-blown fibrous material, particularly around absorbance 1200 cm-1, indicating chemical 
modifications. Additionally, differential scanning calorimetry (DSC) analysis showed new 
thermal transitions at 130 and 190 °C in melt-blown fibrous material, absent in the original 
copolymer and extruded melt, suggesting structural changes during fiber elongation, as shown 
in Figure 2. (C). These findings suggest that the limitation of degradability is more likely due to 
chain orientation rather than crosslinking. Further solubility testing in cresol showed that all 
melt-blown fibrous materials (spun at 9, 25, and 40 cm) remained insoluble after 4 days, unlike 
the original copolymer and extruded melt. 

These findings highlight the need for optimizing melt-blown processing conditions to prevent 
unwanted structural changes in the fibrous material. The significance of this research—focused 
on needle-less electrospinning and melt-blowing of PET/LA synthesized from PET bottles—
was recognized at the AUTEX International Conference by TenCate, Lubasová et al. [8], 
highlighting its potential to advance sustainable biomedical materials. 
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Figure 1. SEM images of PET/LA fibrous materials: (A) example of unsuccessful PET/LA electrospun material,       
(B) successful needle-less electrospun PET/LA material, and (C) melt-blown PET/LA material [7].
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Figure 2. SEM images of PET/LA fibrous materials after enzymatic degradation fabricated by: (A) needle-less 
electrospinning and (B) melt-blown technology. (C) DSC analysis of melt-blown PET/LA fibrous material [7].
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Another example of harnessing the advantages of electrospun copolymers for biomedical 
applications is the development of polyesteramide (PEA) fibrous materials. While 
electrospinning of polyamide 6 (PA6) [9-11] and poly(ε-caprolactone) (PCL) [12, 13] had been 
widely studied, no prior research was documented the electrospinning of PEAs. These 
copolymers bridge the properties of PA6 and PCL by copolymerization of ε-caprolactam (CLA) 
and ε-caprolactone (CLO) structural units, allowing for tailored mechanical and degradation 
characteristics. Scientific study [14] (Appendix 1) investigated the electrospinning of PEAs with 
varying CLA and CLO ratios, demonstrating the need for precise solvent selection to optimize 
fiber formation. The synthesis of the CLA/CLO copolymers was carried at the University of 
Chemistry and Technology in Prague, whereas the author of this thesis designed, and tested 
various solvent systems, and further optimized needle-less electrospinning conditions to 
successfully produce fibrous materials with the desired properties. In this study, PEAs were 
synthesized through anionic ring-opening copolymerization of CLA and CLO, followed by 
controlled casting in an inert argon environment. Polymerization, catalyzed by ε-caprolactam 
magnesium bromide (1.0 mol%), was performed at 150°C for 1 hour, yielding polymer films 
with precisely defined compositions. Given the role of solvent systems in influencing 
electrospinning outcomes, various solvents were tested, including 2,2,2-trifluoroethanol, formic 
acid, and a chloroform/2,2,2-trifluoroethanol (1:1 v/v) mixture. To enhance biocompatibility 
and reduce environmental concerns associated with fluorinated solvents, an alternative system
—formic acid and acetic acid (1:2 v/v)—was explored. This safer approach yielded promising 
results for the needle-less electrospinning, opening new possibilities for scalable production of 
PEA-based fibrous biomaterials. The impact of the CLA/CLO ratio, PEA’s solution 
concentration, and molar mass of PEAs on fiber morphology is evident from SEM analysis 
(Figure 3). Fibers with high CLO content (60–80 mol%) showed aggregation, likely due to their 
lower polarity, reduced crystallinity, and solvent retention in the amorphous phase. Moreover, 
the molar mass of the copolymer played a crucial role in determining fiber morphology. Higher 
molar mass facilitated the transition from beaded structures to uniform fibers (100–160 nm in 
diameter) due to increased copolymer chain entanglement. This structural change was 
primarily driven by enhanced molecular interactions, which stabilized the electrospinning 
process. In contrast, lower molar masses resulted in insufficient chain entanglement, leading to 
droplet formation—a critical limitation that must be addressed for the successful 
electrospinning of PEAs.
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Figure 3. SEM images of needle-less electrospun PEAs fibrous materials containing the CLA and CLO structural 
units in varying ratio and copolymer concentration 5, 10 and 15 wt% [14].



Table 1 summarizes the composition (¹H NMR) and thermal properties of PEAs before and after 
electrospinning. The composition and melting temperature (Tm) of the fibrous materials 
remained nearly identical to those of the initial PEAs. Differences in melt enthalpy (∆Hm), 
observed from the first DSC heating run, reflected variations in the crystallization of the PEA 
phase between the original copolymer and electrospun fibrous material. These differences arise 
from distinct crystallization processes: polymer melt cooling versus solvent evaporation during 
electrospinning. The rapid solvent evaporation and high stretching forces in electrospinning can 
disrupt or constrain crystallization, resulting in varying degrees of polymer chain alignment 
and organization, which ultimately affect crystallinity. Such variations influence the mechanical 
properties, degradation behavior, and stability of the fibers, ultimately affecting their suitability 
for biomedical applications.

Moreover, degradation studies further revealed that higher CLO content accelerates ester bond 
hydrolysis, leading to faster breakdown of the PEAs, as described in study [15]. This faster 
degradation may be beneficial in applications where the scaffold needs to degrade after 
fulfilling its purpose, such as in temporary wound healing or drug delivery systems. However, 
precise optimization is crucial to balance degradation rates and material stability. For instance, 
in tissue scaffolds, excessively rapid degradation could compromise structural integrity before 
new tissue has fully developed, potentially hindering the healing process.

1.2 Electrospinning of polymer blends
The electrospinning of polymer blends, similar to copolymers, presents both advantages and 
significant challenges in the fabrication of fibrous materials. Key challenges include phase 
separation, where immiscibility between polymers affects fiber uniformity and mechanical 
properties; solvent compatibility, requiring a solvent that dissolves both polymers without 
degradation; and the rheological complexity of non-Newtonian behavior of polymer blend 
solution, which requires careful control of viscosity, and conductivity. Additionally, optimizing 
electrospinning parameters is crucial to uniform fiber formation, while scalability remains a 
concern, especially with the needle-less technology. Despite these challenges, polymer blending 
offers substantial advantages, allowing for the precise tuning of mechanical properties, 
elasticity, and hydrogel characteristics, which are crucial for enhancing their biomedical 
potential [16]. Certain polymer combinations also enhance processability and spinability, 
allowing the optimization of resulting fiber properties for specific applications. These benefits 
make electrospun polymer blends highly versatile, enabling the creation of customizable fibrous 
materials.
One example of utilizing electrospun polymer blends for biomedical applications is the 
electrospinning of soy protein blends with other polymers to produce fibrous material. Plant-
derived proteins such as zein, gluten, and soy protein attract attention for their bioactivity, 
charged surfaces, and hydrophilicity. These characteristics promote cellular interactions and 
controlled drug release, while their pH-responsive charge and high polar amino acid content 
enhance targeted drug delivery and cellular adhesion [17]. Several studies have investigated the 
electrospinning of these proteins with polyvinyl alcohol (PVA), polylactic acid (PLA), zein, or 
polyethylene oxide (PEO), but the resulting fibrous materials often remained water-soluble or 
required toxic cross-linking agents to achieve water insolubility [18-20]. Additionally, the need 
to use needle-based electrospinning limited their scalability for industrial applications. The 
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CLA/CLO 
copolymer

Tm (°C) ΔHm (J/g) CLA/CLO 
electrospun material

Tm (°C) ΔHm (J/g)

80/20 179 51 82/18 178 43

60/40 121 39 60/40 127 13

Table 1. Properties of PEA’s and electrospun PEA’s fibrous materials [14].



challenges were addressed by electrospinning a blend of purified soy flour (PSF) and gluten 
with PVA, which were cross-linked using a non-toxic alternative, as detailed in Lubasová et al. 
[21] (Appendix 2). This approach enabled the formation of uniform, defect-free fibers, resulting 
in an eco-friendly, sustainable, protein-based ultrafine fibrous material as a promising 
alternative to conventional materials. The preparation of soy flour for electrospinning began 
with an acid-wash process, resulting in PSF with a protein content of approximately 66-70%. 
The PSF and gluten were then dissolved in deionized (DI) water, adjusted to pH 11 with NaOH, 
and heated at 60°C for 30 minutes to induce protein denaturation and enhance processability. 
Early attempts to electrospun pure PSF or gluten were hindered by their complex helical 
structures in aqueous solutions, preventing continuous fiber formation. To overcome this, PVA 
was introduced as a helper polymer, facilitating the electrospinning process. By blending PSF or 
PSF/gluten with PVA in different proportions, uniform electrospun fibrous materials were 
successfully produced. As confirmed by SEM analysis, defect-free fibrous materials were 
achieved when the blend contained at least 64% PVA in the case of PSF/PVA and 45% PVA in 
the case of PSF/gluten/PVA (30/25/45 w/w/w), as shown in Figure 4.

Despite the success of electrospinning, the high PVA content compromised the stability of the 
fibrous material in DI water. To enhance material's water-resistance, a non-toxic crosslinking 
approach using oxidized sugar (OS), produced by oxidizing sucrose with H2O2, was proposed. 
FTIR analysis confirmed successful crosslinking (Figure 5. (A)), while SEM images revealed that 
cross-linked fibrous materials swelled in DI water yet maintained their structural integrity 
(Figure 5. (B-C)).

The insoluble fraction of PSF/PVA fibrous materials was assessed by measuring their dried 
weight before and after immersion in DI water at 60°C (3 h), 80°C (6 h), and 21°C (1 month). 
Figure 6 shows solubility results for materials crosslinked with 0, 5, 10, and 15 wt% glyoxal or 
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Figure 4. SEM images of electrospun fibrous materials made of: (A) PSF/PVA [46/54 w/w], (B) gluten/PVA [46/54 
w/w], (C) PSF/PVA [36/64 w/w], (D) gluten/PSF/PVA [36/26/38 w/w/w] and (E) gluten/PSF/PVA [30/25/45] [21].
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3µm

3µm

Figure 5. (A) FTIR spectra of electrospun gluten/PSF/PVA fibrous material before and after OS cross-linking. 
SEM images of OS cross-linked fibrous material after immersion in DI water at room temperature for: (B) 6 hours 
and (C) 24 hours [21].



OS. The glyoxal-treated fibers exhibited full stability, whereas fibers crosslinked with 5 wt% OS 
began to degrade at 80°C after 6 hours but remained intact under lower-temperature conditions. 
However, fibrous materials crosslinked with 10–15 wt% OS maintained their integrity even after 
one month in DI water. These findings demonstrate that OS is a promising non-toxic crosslinker 
for enhancing the stability of PSF/PVA fibrous materials. While OS showed slightly lower 
crosslinking efficiency compared to glyoxal, it offered a safer alternative, likely due to glyoxal’s 
higher aldehyde content, which facilitates the formation of more crosslinks with protein 
macromolecules.

Building on efforts to maximize protein content in electrospun fibrous materials while 
minimizing structural defects like beading, further needle-less electrospinning experiments 
were conducted using PSF blended with PEO, as reported in Lubasová et al. [22] (Appendix 3). 
The polymer blend preparation involved dissolving PSF in an alkaline solution (pH 11, adjusted 
with NaOH) and heating at 60°C to induce protein denaturation. PEO was dissolved separately 
in DI water before mixing with PSF. As illustrated in Figure 7, needle-less electrospun PSF/PEO 
blends with PEO content below 20 wt%, particularly the 9/1 w/w blend, exhibited bead 
formation, whereas increasing PEO to 30 wt% significantly improved fibrous material 
morphology by enhancing solution viscosity, promoting polymer chain entanglement, and 
reducing defects.  To achieve the highest protein content, PSF was processed into highly 
purified soy flour (HPSF), and commercially available soy protein isolate (SPI), soy protein 
concentrate (SPC), and defatted soy flour were obtained. Needle-less electrospinning was 
successfully applied to blends of PSF/PEO, HPSF/PEO, SPI/PEO, soy flour/PEO, and SPC/
PEO (all at a 7:3 w/w ratio). The electrospun fibrous materials had the following protein content 
per blend, as measured by elemental analysis: HPSF – 1.86 g/m², SPI – 1.8 g/m², PSF – 1.39 g/
m², SPC – 1.35 g/m², and soy flour – 1.1 g/m², all at a consistent fibrous material basis weight of 
3 g/m². Moreover, electrospun PSF/PEO fibrous materials exhibited enhanced water stability, 
as the PEO contributes to the formation of continuous fibers, while the PSF remains dispersed 
within the matrix, providing structural integrity without the need for chemical crosslinking. 

This research, which focused on the electrospinning of PSF, HPSF, SPI, SPC, and gluten blended 
with PVA and PEO, was carried out at Cornell University. During her postdoctoral position, 
Lubasová was actively involved in developing, optimizing  and characterizing those electrospun 

11

A

B C D

Figure 6. (A) Insoluble content of electrospun gluten/PSF/PVA material cross-linked by OS and glyoxal. OS cross-
linked fibrous materials immersed in DI water for 1 month with: (B) 5 wt%, (C) 10 wt%, and (D) 15 wt% [21].

A B C

10µm 10µm

D

10µm

Figure 7. SEM images of electrospun PSF/PEO fibrous materials: (A) 9/1 w/w, (B) 8/2 w/w, and (C) 7/3 w/w.           
(D) Protein content in individual electrospun fibrous material [22].



fibrous materials, making significant contributions to the fabrication and characterization of 
these novel fibrous materials. The application of these fibrous materials, particularly in bacterial 
filtration, will be further explored in Chapter 3.1.

The next research leveraged polymer blends to develop fibrous hydrogels with superior water 
absorption. Notably, poly(vinylpyrrolidone) (PVP) and poly(acrylic acid) (PAA) exhibit strong 
hydrogen bonding interactions, where even minor additions (~10%) of one polymer to the 
aqueous solution of the other induce complex formation. This interaction-driven structuring 
enhances hydrogel integrity and swelling capacity, providing a tunable platform for tailored 
biomedical applications [23]. Previous studies have demonstrated the fabrication of electrospun 
PVP membranes using needle-based electrospinning, followed by crosslinking via UV-C 
radiation or the Fenton reaction [24]. However, these methods often compromise the fibrous 
structure, and high-energy radiation techniques remain costly and less accessible. While heat 
treatment has been explored for PVP stabilization [25, 26], the potential of heat-induced 
crosslinking to produce insoluble electrospun PVP/PAA hydrogel materials remained 
unexplored. To address this gap, Lubasová et al. [27] (Appendix 4) systematically investigated the 
electrospinning of PVP/PAA blends, their heat-induced crosslinking, and the resultant material 
characteristics, presenting a potentially scalable method for the fabricating fibrous hydrogels. 
This research, carried out at Deakin University, involved the active participation of the author of 
this thesis in refining the electrospinning process for the polymer blend and characterizing the 
resulting fibrous hydrogels. The study tested three solvents—acetic acid, trifluoroacetic acid, 
and DMF—finding that DMF produced the most consistent fiber morphology for the PVP/PAA 
blend. SEM analysis revealed that the PVP/PAA ratio had a significant impact on fiber 
formation (Figure 8. (A-C)). A decrease in the ratio from 8/2 to 6/4 led to a reduction in bead 
formation, likely due to enhanced viscosity resulting from interactions between PVP and PAA. 
However, further increasing the PAA concentration to 4/6 resulted in the formation of a dense 
film, likely due to the lower viscosity of the polymer blend solution caused by the reduced 
molecular weight of PAA. Notably, the addition of PAA reduced the fiber diameter from ~800 
nm for pure PVP to ~150 nm for the PVP/PAA blend, suggesting that PAA promotes the 
production of finer fibers. The study also examined whether heat treatment could render PVP/
PAA fibrous materials water-insoluble, enhancing their stability and water uptake. FTIR 
confirmed hydrogen bonding after heat treatment, particularly at 8/2 and 6/4 PVP/PAA ratios, 
contributing to hydrogel stability. Heat treatment above 180°C was essential for stability, with 
swelling ratios ranging from 500% to 3700%, significantly exceeding those of PVP/PAA films 
(300%–1700%) (Figure 8. (D-E)). 

Higher PAA content improved water absorption but reduced stability, while pure PVP 
maintained its structure with lower uptake. Untreated or low-temperature treated fibrous 
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Figure 8. SEM images of electrospun fibrous materials PVP/PAA: (A) (8/2), (B) (6/4), (C) (4/6). 1st line: before 
heating; 2nd line: after heating at 200°C (1hr). (D-E) Swelling ratios of electrospun PVP/PAA and PVP fibrous 
materials and films after heat treatment for (D) 180°C and (E) 200°C [27].



material disintegrated in water, underscoring the importance of heat treatment. Additionally, 
the tensile properties of electrospun PVP/PAA fibrous materials were evaluated. Before heat 
treatment, the tensile strength of pure PVP fibers was 5.5 MPa, whereas PVP/PAA fibers 
exhibited a lower strength of 1–2.3 MPa, likely due to the low molecular weight of PAA, which 
weakens PVP inter-chain interactions. After heat treatment, the strain at break decreased for 
pure PVP fibrous materials, whereas it remained relatively unchanged for PVP/PAA fibers, 
indicating that a small amount of PAA enhances the plasticity of the fibrous structure. However, 
after swelling, the strain at break of the PVP/PAA fibrous structure increased to 55.1%, 
suggesting improved flexibility and water-induced plasticization. The PVP/PAA fibrous 
hydrogel exhibited consistent swelling ratios over 10 cycles of drying and re-swelling, 
highlighting its outstanding repeatability and stability, making it a promising candidate for 
wound dressing applications.

Another example of leveraging electrospun polymer blends for biomedical applications 
involves incorporating chitosan (CS) into electrospun materials. CS, a natural polymer derived 
from chitin, has significant potential in drug delivery and wound healing due to its 
biocompatibility, biodegradability, antimicrobial properties, and amino groups that facilitate 
bonding with antibiotics and bioactive compounds [28]. Previous studies examined the 
continuous electrospinning of chitosan/PVA blends, but the maximum CS content in the 
resulting fibrous materials did not exceed 30 wt% [29]. Building on this, the author of this thesis 
achieved a major advancement by blending CS with PEO, which not only enhanced the needle-
less electrospinability of CS but also enabled the production of highly stable fibrous materials 
with a CS content of 90–95%, as reported by scientific study [30]. The study further highlighted 
the crucial role of solvent systems in electrospinning CS/PEO blends. Aqueous citric acid 
outperformed acetic acid, as it promoted thermal cross-linking, leading to water-resistant CS/
PEO (9:1 w/w) fibrous materials. FTIR and SEM analysis (Figure 9) confirmed the successful 
formation of cross-links, significantly enhancing material's stability and functionality. Moreover, 
using PEO with a higher molecular weight (900 kDa) improved water-stability of the fibrous 
materials compared to PEO with a molecular weight of 400 kDa, likely due to the formation of a 
semi-interpenetrating polymer network supported by interactions between CS hydroxyl groups 
and PEO oxygen atoms. Additionally, the incorporation of Triton X-100 (a nonionic surfactant) 
and sodium chloride enhanced the properties of the polymer blend solution, promoted 
molecular complex formation, and improved fiber morphology.  
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Figure 9. (A) FTIR spectrum of electrospun CS/PEO fibers. SEM images of CS/PEO material (CS dissolved in 
acetic acid) swelled in DI water for 15 minutes: (B) untreated, (C) heated at 50°C, (D) heated at 145°C, and (E) 
CS dissolved in citric acid, heated at 145°C [30].



The resulting water-stable electrospun CS/PEO fibrous material, with an average fiber diameter 
of 169 ± 43 nm and a gram-per-square-meter range of 8 to 40 g/m², demonstrates strong 
potential for a wide range of biomedical applications. Furthermore, crosslinking through mild 
Coulombic interactions enhances the material’s stability and functionality, increasing its 
suitability for mucoadhesive drug delivery systems, as discussed in Chapter 3.5.

To enhance the tunability of electrospun CS/PEO fibrous materials—particularly in terms of 
hydrolytic degradation, mechanical strength, elasticity, and hydrophilicity—the author of this 
thesis proposed incorporating PCL into the CS/PEO polymer blend. This approach aimed to 
achieve greater control over these key properties by leveraging the well-known hydrophobicity 
and mechanical reinforcement of PCL, which had not yet been explored in this specific blend.  
By systematically varying the PEO/PCL ratio in needle-less electrospun PEO/PCL/CS fibrous 
materials (mass ratios of 6/2/2, 4/4/2, and 2/6/2), the study evaluated the effects on 
hydrolytic degradation, mechanical performance, and hydrophilicity, as detailed in Lubasová et 
al. [31] (Appendix 5). To ensure high-quality fibrous materials, two polymer solution 
preparation methods were compared before needle-less electrospinning. The two-step method, 
where each polymer was dissolved separately in a 2:1 v/v mixture of acetic and formic acid 
before mixing the next day, produced more uniform, defect-free fibers. In contrast, the one-step 
method, in which all polymers were dissolved together in the same solvent mixture, led to more 
defects. These findings suggest that separate dissolution enhances solution homogeneity, 
reducing defects in needle-less electrospinning. Additionally, defect-free fibrous materials were 
consistently produced at a 6 wt% PEO/PCL/CS concentration, while higher concentrations led 
to macroscopic holes in fibrous materials (Figure 10). The produced fibrous materials exhibited 
high gram-per-square-meter values ranging from 6.8 to 8.6 g/m², with an average fiber 
diameter of 134 ± 37 nm.

FTIR analysis further confirmed the successful incorporation of all three polymers in the fibrous 
materials, along with hydrogen bonding between PEO and CS. This interaction was evidenced 
by the increased intensity in the 3200–3600 cm-1 range, which became more pronounced with 
higher PEO content (Figure 11). Moreover, the hydrolytic degradation study of PEO/PCL/CS 
fibrous materials revealed a wide range of degradation rates (35.8 ± 1% to 73.2 ± 0.8%), directly 
correlating with the PEO/PCL ratios, where higher PEO content significantly accelerates 
degradation. Contact angle measurements indicated static contact angles ranging from 42.9 ± 
3.8° to 0.7 ± 1.3°, demonstrating enhanced surface wetting due to PEO’s pronounced 
hydrophilicity. Notably, surface-accessible amino groups were consistently detected across all 
fibrous materials, regardless of PEO/PCL/CS composition. This stability is attributed to the 
uniform CS content (20 wt.%) across all formulations. Amino group quantification on PEO/
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Figure 10. Photographs and SEM images of electrospun PEO/PCL/CS fibrous materials prepared by (A) one-step 
and (B) two-step method with polymer concentrations of (C) 8 wt% and (D) 6 wt% [31].



PCL/CS fibrous materials with mass ratios of 2/6/2, 4/4/2, and 6/2/2 yielded values of 86.9 ± 
8, 82.6 ± 6, and 83.3 ± 4 nmol NH2/cm², respectively, with no statistically significant differences. 

Mechanical testing revealed a correlation between the PEO/PCL ratio and Young’s modulus 
(Table 2). As the PCL content increased, the material exhibited reduced stiffness due to PCL’s 
inherent flexibility. Conversely, the ultimate tensile strength increased with higher PCL content, 
suggesting that PCL improves stress distribution and load-bearing capacity. Notably, the 
elongation at fracture of the 2/6/2 PEO/PCL/CS fibrous material was 26 times higher than that 
of compositions with lower PCL content. This substantial increase in ductility can be attributed 
to PCL’s ability to enable extensive deformation before failure, highlighting its crucial role in 
enhancing stretch ability and mechanical resilience.

This compositional strategy effectively balances mechanical strength and hydrolytic stability, 
distinguishing these materials from previously reported systems [32-34]. Moreover, these 
findings highlight the enhanced tunability of needle-less electrospun PEO/PCL/CS fibrous 
materials, reinforcing their potential for advanced wound care applications, which will be 
further explored in Chapter 3.4.

1.3 Summary
Processability and scalability remain key challenges in electrospinning polymer blends and 
copolymers. Issues such as poor electrospinability and limited tunability of electrospun fibrous 
materials have hindered their broader application in biomedical fields. Previous chapters have 
addressed these limitations by exploring the potential of needle-less electrospinning for 
polymer blends and copolymers, providing insights into overcoming these challenges and 
enhancing the functionality of electrospun fibrous materials. This habilitation thesis proposes 
innovative strategies for fabricating advanced electrospun materials with tunable 
biodegradability, accessible amino groups, high protein content, and improved mechanical 
properties. By optimizing solvent systems and incorporating carrier polymers, previously 
unprocessable polymers were successfully electrospun using needle-less technology, resulting 
in versatile fibrous materials with significant biomedical potential.
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Figure 11. FTIR of electrospun PEO/PCL/CS fibrous materials with varying mass ratios (6/2/2, 4/4/2, 2/6/2) [31].

Table 2. Mechanical properties of electrospun PEO/PCL/CS fibrous materials with different mass ratios [31].



Specifically, newly proposed solvent systems for copolymers such as PET/LA and PEAs 
facilitated their needle-less electrospinning, enabling the industrial-scale production of 
biodegradable copolyester fibrous materials with tunable degradation rates—a breakthrough 
not previously reported. Next notable outcomes include the fabrication of a water-insoluble 
fibrous material with 88.7% protein content, exhibiting charged surface behavior and a high 
polar amino acid content. Significant contribution was made in the fabrication of fibrous 
hydrogels, electrospun from a PVP/PAA polymer blend, demonstrating exceptional water 
absorption of up to 3700% of its weight. This fibrous hydrogel was solely heat cross-linked 
eliminating the need for toxic crosslinking agents opening its application for biomedical 
applications. Another significant achievement was the successful needle-less electrospinning of 
fibrous material containing over 95% CS, leveraging CS’s inherent antimicrobial properties and 
amino group functionalities to facilitate drug binding and enhance targeted therapeutic 
potential. Additionally, the successful needle-less electrospinning of PEO/PCL/CS fibrous 
materials resulted in materials with highly tunable properties, exhibiting elongation from 0.8% 
to 21%, hydrolytic degradation ranging from 35.8% to 73.2%, and hydrophilicity varying from 
42.9° to 0.7°, making them  outstanding candidates for various wound care applications.
A fundamental contribution of this research lies in the strategic use of polymer blends and 
copolymers to enhance the electrospinability of polymer solutions, while simultaneously 
improving biodegradability and material properties. The integration of non-biodegradable 
polymers with biodegradable components allowed tuning of degradation kinetics. The 
incorporation of carrier polymers such as PVA or PEO significantly improved the 
electrospinability and fiber morphology of otherwise poorly spinnable polymers like CS or PSF. 
All developed fibrous materials maintained nanoscale fiber diameters between 100–280 nm, 
ensuring a high surface-area-to-volume ratio. Scalability was a central focus, with needle-less 
electrospinning (Nanospider™ technology) enabling industrial-scale production while 
maintaining fibrous material quality and reproducibility. All these fundamental advancements, 
as demonstrated by the author of this thesis, significantly expand the applicability of 
electrospun fibrous materials in biomedicine, supporting innovations in wound care, 
antimicrobial barriers, drug delivery, and cancer therapy, as further described in Chapter 3.

2 Modifications of electrospun fibrous materials
Fabricated electrospun materials, despite their structural versatility, often require modifications 
to meet specific biomedical demands. While electrospinning of polymer blends or copolymers 
enables precise control over degradation rate and biocompatibility, it also allows fine-tuning of 
mechanical properties, elasticity, and hydrogel characteristics. However, their inherent 
properties may not provide the necessary antibacterial activity, bioactivity, or therapeutic effects 
required for biomedical applications. Thus, strategic modifications are essential to enhance 
antibacterial efficacy, regulate therapeutic delivery, and improve cellular interactions, ensuring 
their suitability for wound healing, tissue engineering, and drug administration. Despite their 
advantages, these modifications also present several challenges. The modification strategies of 
electrospun fibrous materials can be categorized into pre-electrospinning (internal) and post-
electrospinning (external) approaches, each with distinct benefits and limitations. Pre-
electrospinning modifications involve incorporating nanoparticles or bioactive agents into the 
polymer solution to enhance mechanical properties, bioactivity, and therapeutic release. 
Morphological adjustments, such as porous or ultrafine structures, optimize cellular adhesion 
and nutrient exchange. However these strategies may lead to nanoparticle aggregation, altered 
rheological behavior of polymer solutions, and challenges in achieving uniformity and 
scalability [35]. Post-electrospinning modifications, such as surface immobilization, and surface 
coatings, offer precise control over hydrophilicity and drug release but risk structural 
degradation, cytotoxicity, and increased costs [36]. The choice of modification strategy depends 
on the intended biomedical application: pre-electrospinning techniques enable scalable 
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functionalization, while post-electrospinning approaches provide controlled surface 
modifications, particularly advantageous for wound healing and targeted drug delivery [37]. 
The following sub-chapters critically examine these approaches, with a focus on the author of 
this thesis contributions to enhanced antibacterial properties, in optimizing cell-material 
interactions, and achieving controlled drug release. The balance between functionalization 
efficiency and processing feasibility is the key factor for the biomedical potential of electrospun 
fibrous materials therefore being particularly discussed in bellow sub-chapters.

2.1 Internal incorporation of antibacterial nanoparticles
Since most polymers lack inherent antibacterial properties, integrating antimicrobial 
nanoparticles (NPs), such as metal- and carbon-based materials, enhances microbial resistance 
and helps to prevent contamination [38]. Electrospinning effectively incorporates NPs by 
enabling their entrapment or encapsulation within fibrous materials. Several studies have 
demonstrated that needle-based electrospinning ensures better NP distribution due to stable 
Taylor cone formation and controlled polymer solution flow, minimizing phase separation and 
aggregation [39-41]. However, research on NP incorporation via needle-less electrospinning 
remained limited, and no direct comparison of internal and external NPs incorporation 
methods had been conducted. Addressing this gap, Lubasová et al. [42] investigated NP 
integration into needle-less electrospun fibrous materials using pre-electrospinning and post-
electrospinning methods. Internal incorporation, where NPs were mixed into the polymer 
solution before electrospinning, resulted in more uniform distribution and enhanced 
antibacterial properties, particularly against Escherichia coli. The addition of Triton X-100 as a 
surfactant further improved NP dispersion and ensured uniform antimicrobial efficacy (Figure 
12. (C-D)). In contrast, external incorporation, where NPs were applied post-electrospinning 
onto the fibrous structure by blowing them with a dust blower during electrospinning, resulted 
in uneven distribution, making it less suitable for applications requiring uniformity (Figure 12. 
(A–B)).

The next step focused on investigating the antibacterial activity of  needle-less electrospun 
materials with incorporated NPs. While numerous studies have investigated single NP systems 
and needle-based electrospinning [43, 44], the incorporation of multiple inorganic NPs into 
needle-less electrospun fibrous materials had not been extensively explored. Addressing this 
gap, the study [45] co-authored by Lubasová conducted a comparative analysis of the 
antibacterial properties of needle-less electrospun polyvinyl butyral (PVB) fibrous materials 
incorporating various NPs. In this study, PVB was dissolved in acetic acid with 0.5% Triton 
X-100 to reduce NP agglomeration, and various inorganic NPs—including TiO2, ZnO, ZrO2, 
SnO2, CuO, and AgNO3—were incorporated into the PVB solution and electrospun using the 
needle-less technology. Fiber diameters varied depending on the NP type: TiO2 formed the 
finest fibers (266.5 ± 82.4 nm), while ZnO-TiO2 produced the thickest (458.5 ± 227 nm), likely 
due to interactions between the metal oxides and acetic acid affecting solution conductivity. 
Escherichia coli was completely eliminated within 1 hour by PVB fibrous materials containing 
CuO, ZnO, and ZnO/TiO2, whereas AgNO3 required 3 hours. SnO2, TiO2, and ZrO2 showed no 
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Figure 12. EDX analysis of TiO₂ distribution in electrospun CS/PEO fibrous material: (A) internal incorporation, 
(B) external incorporation, (C) internal with Triton X-100, and (D) internal without Triton X-100 [42]. 



significant antibacterial effect after 4 hours. As shown in Figure 13, the antibacterial efficacy 
followed the order: CuO > ZnO = ZnO/TiO2 > AgNO3 > ZrO2 > TiO2 > SnO2 ≥ none.

This research pioneered the integration of various inorganic nanoparticles into needle-less 
electrospun materials, identifying CuO as the most effective antibacterial agent when 
incorporated into PVB fibrous structures. By facilitating the development of cost-effective, high-
performance fibrous materials, these findings support large-scale production and real-world 
applications. The potential of PVB/CuO fibrous materials for protective textiles will be further 
explored in Chapter 3.2.

2.2 Fiber morphology modifications
In biomedical engineering, the morphology of materials plays a critical role in determining their 
functionality, particularly when mimicking the natural extracellular matrix. The structural 
properties of electrospun fibrous materials—such as the fiber diameter, porosity, and 
interconnectivity—significantly influence cell behavior and tissue regeneration. Morphological 
modifications, including the development of both porous and non-porous fibers, have profound 
implications for tissue engineering applications, affecting cell attachment, proliferation, and 
differentiation [46]. Conventional methods for producing porous fibers, such as bicomponent 
extraction, thermal degradation, or electrospinning with temperature-controlled collectors 
[47-49], are technically complex, requiring multi-step processes or specialized equipment. To 
overcome these challenges, Lubasová et al. [50] (Appendix 6) conducted a comprehensive 
analysis of key parameters influencing fiber morphology and introduced a previously 
unexplored, single-step needle-less electrospinning technique for the consistent fabrication of 
porous fibers.  In this study, Hansen solubility parameters (HSP) were employed to predict the 
optimal solvent system for achieving porous fibers via needle-less electrospinning. Hansen’s 
model [51] divides total solubility into polar forces (δp [MPa1/2]), dispersion forces (δd [MPa1/2]), 
and hydrogen bonding forces (δh [MPa1/2]), providing a more detailed understanding of solvent-
polymer compatibility, as expressed in the following equation:

For practical applications, model can be simplified to two dimensions, where two of the 
parameters (typically δp and δh) are plotted, as shown in Figure 14. In this 2D representation, the 
"solubility sphere" of the polymer is visualized as a circle with a radius R and center coordinates 
(Pδp ,Pδh). Solvents, plotted by their respective HSP values (Sδp, Sδh), are assessed based on their 
proximity to the centre of solubility sphere. The distance, (∆δ(S−P)2D), between a solvent’s HSP 
values and the polymer’s solubility sphere center is crucial for quantifying solubility 
compatibility. A smaller distance indicates closer alignment with the polymer's solubility 
sphere, suggesting a good solvent, while a larger distance implies limited compatibility, 
indicating a poor solvent. This distance is calculated using the following equation:
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Figure 13. (A) Reduction of Escherichia coli over the contact time with electrospun PVB fibrous materials with 
incorporated NPs. (B) Fiber diameters and surface porosity of the PVB fibrous materials with incorporated NPs 
[45].



Predicting solvent solubility parameters from chemical structure is inherently complex due to 
the intricate interactions among structural groups. For a wide range of solvents, HSP 
components are tabulated [51]. To address HSP of polymers, Van Krevelen introduced a 
predictive method based on a polymer molecular structure, which provides an estimation of 
each solubility parameter through individual components: dispersion (Fd), polar (Fp), and 
hydrogen bonding (Eh), normalized by the polymer’s molar volume (Vm) [52]. These 
components help calculate the HSP of polymer using following equations:

In Lubasová et al. [50], PVB was used as a model polymer to investigate the effects of solvent 
selection on fiber morphology. Various solvent combinations—including ethanol/methanol, 
tetrahydrofuran (THF)/dimethyl sulfoxide (DMSO), and ethanol/DMSO—were tested, 
encompassing both poor/poor and good/poor solvent systems. The results demonstrated that 
specific solvent pairings used for PVB dissolving, consistently produced fibers with distinct 
morphologies, ranging from nonporous to partially or fully porous structures (Figure 14). 
Precise control over fiber morphology in needle-less electrospinning was achieved through 
strategic solvent system selection. The ∆δ(S−P)2D parameter played a crucial role, as significant 
differences in ∆δ(S−P)2D values of solvent system—such as 2.5 MPa1/2 for PVB-THF and 9.9 
MPa1/2 for PVB-DMSO—promoted porous fiber formation. Conversely, minimal or zero 
differences in ∆δ(S−P)2D of solvent system suppressed porosity. Additionally, differences in 
solvent system vapor pressure facilitated uniform pore formation, further enabling controlled 
fiber morphology.

Furthermore, the study found that a 9/1 (v/v) good-to-poor solvent ratio significantly 
enhanced fiber porosity compared to an 8/2 (v/v) ratio, as shown in Figure 15. Additionally, 
lower polymer  solution concentrations resulted in finer fibers while maintaining porosity. 
Increasing the applied voltage during electrospinning led to smaller fiber diameters but reduced 
porosity, likely due to accelerated polymer solidification. 
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Figure 14. (A) HSP graph for achieving porous PVB fibers: grey area = good solvent, white area = poor solvent. 
SEM of PVB fibers prepared from: (B) ethanol/methanol (9/1 v/v), (C) ethanol/DMSO (9/1 v/v), (D) THF/
DMSO (9/1 v/v) [50].



These findings highlight the role of solvent evaporation in poor-solvent regions as a key factor 
in pore formation, contributing to a consistently porous fiber structure. Three critical conditions 
were identified for successful porous fiber formation in needle-less electrospinning: (i) the use 
of a good/poor solvent system, (ii) significant differences in vapor pressure between the good 
and poor solvents, and (iii) an optimal good-to-poor solvent ratio for polymer dissolution prior 
to electrospinning. This approach was further extended to the fabrication of porous PCL fibers, 
as described by Lubasová et al. [53]. Electrospinning solutions were prepared by dissolving PCL 
in various solvent mixtures, including THF/DMSO and ethyl acetate/DMSO (both 9/1 v/v), 
chloroform/methanol (9/1 v/v), and acetone/ethanol (7/3 v/v), with polymer concentrations 
of 16 or 18 wt.%. SEM analysis (Figure 16. (A-D)) revealed that fibers electrospun from THF/
DMSO and ethyl acetate/DMSO exhibited a highly porous structure, characterized by elliptical 
surface pores. In contrast, fibers electrospun from PCL polymer solutions in chloroform/
methanol and acetone/ethanol were non-porous, underscoring the importance of solvent 
system selection in influencing fiber morphology. Porosity formation was primarily observed in 
good/poor solvent systems with significant differences in solvent vapor pressure, confirming 
the critical conditions for electrospinning porous fibers identified in previous study. Measured 
fiber diameters varied significantly among the tested systems, with average values of 830 nm 
for THF/DMSO, 740 nm for ethyl acetate/DMSO, 1580 nm for chloroform/methanol, and 290 
nm for acetone/ethanol. Further characterization using the Barrett-Joyner-Halenda method 
(Figure 16. (E)) confirmed the presence of pore volumes of 1.3 × 10-4 cm³/g and 2.9 × 10-4 cm³/g 
for THF/DMSO and ethyl acetate/DMSO fibers, respectively, while no detectable porosity was 
observed in fibers from the other solvent systems. These findings underscore the crucial role of 
solvent selection. The implications of these morphological characteristics for tissue growth and 
integration will be further discussed in Chapter 3.3. 
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Figure 15. SEM images of electrospun PVB fibers prepared from: (A) 10 wt% THF/DMSO (9/1 v/v), (B) 8 wt% 
THF/DMSO (9/1 v/v), and (C) 8 wt% THF/DMSO (8/2 v/v) [50].
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Figure 16. SEM images of needle-less electrospun PCL fibers prepared from solvent system: (A) THF/ DMSO,            
(B) ethylacetate/ DMSO, (C) chloroform/ methanol and (D) acetone/ ethanol. (E) The pore volume of electrospun 
PCL materials from various solvent systems [53].
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As previous studies have demonstrated that different solvent systems influence fiber 
morphology, the author of this thesis further explored how solvent properties—∆δ(S−P), 
permittivity, and vapor pressure—affect electrospinning. A correlation between polymer 
solution viscosity, electrospinning behavior, and ∆δ(S−P) was previously established in Lubasová’s 
thesis [3] and in study [54]. At low ∆δ(S−P) values, polymer chains remain stretched, leading to 
high viscosity that remains stable under the applied electric field. In contrast, at higher ∆δ(S−P) 
values, closer to the edge of the polymer’s solubility sphere, the chains are coiled. Under the 
electric field, these chains uncoil, increasing polymer solution viscosity and facilitating 
electrospinning. Solvent vapor pressure also plays a crucial role during electrospinning: slow 
evaporation results in the formation of flat fibers, whereas an optimal vapor pressure ensures 
smooth, defect-free fibers. Additionally, high-permittivity solvents enhance charge distribution, 
promoting stable fiber formation. Building on these findings, Lubasová et al. [55] introduced a 
predictive numerical model using PVB as a model polymer. This model was proposed, verified, 
and subsequently implemented as the Nanoestimator software (RIV/46747885:24220/ 
20:00007079). This software employs Raoult’s law [56] to calculate the vapor pressure of binary 
solvent systems and applies Kirkwood theory [57] to determine their permittivity. First, it 
computes ∆δ(S−P), permittivity, and vapor pressure for single solvents and binary solvent 
systems across a range of volume ratios (1/9 v/v to 9/1 v/v, in 10% increments) using a built-in 
solvent properties database. Next, the software ranks solvents and binary solvent systems based 
on hypothetical optimal electrospinning conditions, prioritizing high permittivity, moderate 
vapor pressure, and high ∆δ(S−P) values. Finally, solvents and binary solvent systems ranked on 
their predicted suitability are provided. Figure 17 presents the predictive model results 
generated by the software as a graph, using a linear color scale (green for highly suitable 
solvents, red for the least suitable) and a diameter scale (larger points indicate more suitable 
solvents). For example, acetone and THF appear as red dots with the smallest diameters, 
correlating with poor PVB fiber formation during electrospinning, as shown in the SEM images 
(Figure 17. (C-D)). In contrast, methanol and ethanol are plotted as green points with larger 
diameters, indicating their suitability for PVB electrospinning. Their effectiveness is confirmed 
by SEM images (Figure 17. (E-F)), which show defect-free PVB fibrous morphologies, validating 
the correctness of the solvent ranking. These findings are consistent with study [54], which 
identified ethanol and methanol as PVB solvents with higher ∆δ(S−P) values, a property that 
enhances electrospinning and improves fiber morphology. Their high permittivity (~22.4, ~32.7) 
stabilizes the fiber jet, promoting uniform fiber formation while ensuring controlled 
evaporation and preventing fiber collapse. In contrast, THF and acetone, characterized by low 
∆δ(S−P) values in PVB, low permittivity (~7.6 and ~20.6), and high vapor pressures (~162 and 
~231), lead to rapid solvent evaporation and insufficient charge stabilization. This disrupts the 
electrospinning process, resulting in film formation or fiber defects instead of continuous fiber 
generation.
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Figure 17. (A-B) Predictive model results for a single solvent system of PVB. SEM of electrospun PVB fibrous 
materials prepared from polymer solution: (C) acetone, (D) THF, (E) methanol, and (F) ethanol [55].



The predictive model further ranked binary solvent systems to outperform single solvents 
based on hypothetical optimal electrospinning conditions - a finding later confirmed through 
experimental validation. For instance, electrospinning with an ethanol/methanol binary system 
yielded significantly finer fibers compared to ones using ethanol or methanol as single solvents 
only. As shown in the SEM images (Figure 18. (C-D)), electrospun PVB fibers from ethanol and 
methanol alone exhibited diameters of 592 ± 34 nm and 663 ± 41 nm, respectively. In contrast, 
employing a 9/1 v/v ethanol/methanol system reduced fiber diameters to 270 ± 22 nm. This 
enhancement is likely due to the synergistic effects of optimized polymer solubility and charge 
distribution, which improve PVB electrospinability and enable finer fiber formation.

Furthermore, the predictive model was successfully validated for PCL, accurately identifying 
the optimal solvent system for successful electrospinning. By enabling the precise and 
experiment less selection of optimal solvent systems, the predictive model not only mitigates 
solvent toxicity risks but also supports the production of fibers with a controlled morphology 
for biomedical applications. Additionally, it streamlines solvent selection for needle-less 
electrospinning, minimizing the need for extensive and costly experimental testing, thereby 
accelerating the development of advanced electrospun materials.

2.3 Surface antibiotic immobilization
Many studies have focused on incorporating antibiotics like tetracycline (TET) into bi-layer 
electrospun structures, core-shell configurations, or directly within the polymer matrix [58–60]. 
While these methods offer some benefits, they often incur high costs, exhibit suboptimal drug 
release profiles, and lack the versatility needed for dynamic wound management, leading to 
reduced efficacy, batch-to-batch variability in drug concentration, and limited adaptability to 
diverse wound care needs. In contrast, post-electrospinning surface immobilization of 
antibiotics represents a significant advancement for biomedical applications, particularly in 
wound healing and infection control. This approach ensures prolonged antimicrobial activity at 
lower drug concentrations while maintaining broad applicability across various substrates, 
including polymers and metals [61]. Since no prior researches had investigated the surface 
immobilization of TET onto PEO/PCL/CS fibrous materials (Chapter 1.2), with CS serving as 
the functional site for TET binding through its primary amine groups, Lubasová et al. [31] 
(Appendix 5) explored this strategy to enhance the potential of PEO/PCL/CS fibrous materials 
for wound care applications. This surface immobilization strategy significantly enhances 
antibacterial efficacy by preserving TET’s activity and enabling post-production customization 
of the fibrous materials. TET immobilization was achieved by immersing PEO/PCL/CS 
electrospun fibrous materials in a 0.5 wt% TET solution in ethanol, within a hermetically sealed 
chamber, for 90 minutes. One set of materials (samples AB) was air-dried after immobilization, 
while another set (samples B) was washed with ethanol before drying. This experimental setup 
allowed for a direct comparison of fibrous materials with chemically bound TET (sample B) and 
those with both chemically bound and physically adsorbed TET (sample AB), enabling the 

22

Figure 18. Dependency between HPS distance of polymer/ solvent ∆δ(S−P) and: (A) vapor pressure, (B) permittivity. 
SEM images of PVB dissolved in ethanol/ methanol: (C) 7/3 v/v and (D) 9/1 v/v [55]. 
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evaluation of the stability and sustained antibiotic activity provided by chemical binding versus 
physical adsorption. As shown in Figure 19, microbiological testing using the Kirby-Bauer disk 
diffusion method on Escherichia coli demonstrated that antibacterial activity persisted in fibrous 
material B after ethanol washing, suggesting stable TET binding and confirming that the 
activity was not merely due to physical adsorption. However, a reduction in antibacterial 
efficacy compared to fibrous material AB suggests that approximately 30% of TET may have 
been physically adsorbed. This reduction can be attributed to the low CS content (20 wt%) in 
electrospun PEO/PCL/CS fibrous materials, which contain approximately 84 nmol NH₂/cm² of 
surface amino groups. Increasing the CS concentration could enhance TET binding and improve 
long-term antibacterial efficacy.

Furthermore, statistical analysis revealed significant differences in antibacterial efficacy based 
on the fibrous material composition. Materials with higher PEO content exhibited greater 
antibacterial activity compared to those with higher PCL content. This enhanced antibacterial 
effect can be attributed to interactions between TET’s multifunctional chemical groups and not 
only CS but also PEO and PCL. These interactions likely influence antibacterial efficacy by 
affecting bond stability, strength, and the density of available attachment sites on the surface. 
Interestingly, fibrous materials without TET did not exhibit any antibacterial efficacy, despite the 
presence of CS, which is known for its antibacterial properties. This suggests that the CS content 
in the electrospun fibrous material (limited to 20 wt%) was insufficient to exert a significant 
antibacterial effect on its own, especially in the presence of a high bacterial load. 
The findings highlight the advantages of surface-immobilized TET on needle-less electrospun 
PEO/PCL/CS fibrous materials, including enhanced antibacterial activity and the ability to 
customize TET concentration for rapid, patient-specific adjustments prior to use. This enhances 
the practicality and adaptability of wound care solutions. The potential of these modified 
materials in wound care applications is further explored in Chapter 3.4.

2.4 Surface absorption of therapeutics
The physicochemical properties of electrospun fibrous materials, particularly their surface 
hydrophilicity and hydrophobicity, play a pivotal role in determining the adsorption and 
release kinetics of therapeutics. Numerous studies have shown that the surface characteristics of 
electrospun fibers significantly influence both drug loading efficiency and release behavior. 
Hydrophilic surfaces, for instance, tend to enhance drug absorption and facilitate rapid release, 
whereas hydrophobic surfaces often promote sustained release profiles by restricting the initial 
dissolution of the drug [62, 63]. This relationship between fibrous materials surface properties 
and drug delivery performance is particularly crucial in electrospun materials, where both 
surface chemistry and structural morphology dictate interactions with therapeutic agents. 
Despite these insights, previous studies primarily focused on individual fiber types, with 
limited systematic evaluation of various electrospun materials and their effects on drug loading 
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Figure 19. (A) Antibacterial efficacy of electrospun PEO/PCL/CS fibrous materials with different mass ratios 
against Escherichia coli. (B) Photographs of inhibition zones (asterisks) around electrospun fibrous materials [31].



and release. To address this gap, the author of this thesis studied the absorption and release of 
poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) nanoparticles, liposomes, and 
paclitaxel (PTX) from fibrous materials with varying hydrophilicity. The study systematically 
assessed various electrospun materials, including CS/PEO (Chapter 1.2), silk fibroin (SF), SF/
PCL, and PCL (Chapter 2.2), with PCL being analyzed in both its untreated and 3M sodium 
hydroxide (NaOH)-treated forms. By systematically comparing these electrospun materials, this 
research aimed to establish correlations between fiber hydrophilicity, drug carrier compatibility, 
and the efficiency of controlled release. The findings contribute to a deeper understanding of 
the fundamental relationships governing drug delivery performance, offering valuable insights 
for the design and optimization of electrospun materials in biomedical applications. To fabricate 
the SF fibrous materials, degummed silk fibers were dissolved in 98% formic acid with 3 wt% 
CaCl2 at a 12 wt% concentration and electrospun, followed by ethanol treatment to induce 
crystallization and improve material's water stability. SF/PCL fibrous materials were produced 
by electrospinning an 8:2 (v/v) mixture of SF and PCL solutions, where PCL (20 wt%) was 
dissolved in formic acid. SEM analysis revealed fiber diameters of 169 ± 43 nm (CS/PEO), 141 ± 
28 nm (PCL), 903 ± 331 nm (SF), and 772 ± 187 nm (SF/PCL). NaOH-treated PCL retained a 
diameter of 150 ± 31 nm but exhibited increased surface roughness due to nanoscale protrusions 
(Figure 20). Contact angle measurements further confirmed the hydrophobic nature of 
untreated PCL (119 ± 4°), whereas CS/PEO, SF, and SF/PCL fibrous materials were hydrophilic 
(12 ± 3°, 44 ± 5°, and 63 ± 6°, respectively). NaOH treatment significantly enhanced PCL 
hydrophilicity, reducing the contact angle to 54 ± 6° without altering fiber dimensions. The 
impact of these surface properties on drug loading and release kinetics was further explored 
through the incorporation of different therapeutics.

Distinct drug release profiles were observed for each therapeutics formulation, with the surface 
properties of the fibrous carriers playing a critical role in adsorption and release kinetics. In 
scientific study [64] (Appendix 7), electrospun fibrous materials were loaded with PLGA-PEG 
nanoparticles and liposomes in collaboration with Veterinary research institute in Brno. Upon 
application, these dispersions were uniformly absorbed throughout the electrospun fibrous 
matrix via capillary action. SEM and confocal microscopy analyses demonstrated a 
homogeneous distribution of PLGA-PEG nanoparticles and liposomes across the surfaces of the 
fibrous materials (Figure 21. (A-B)). 
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Figure 20. SEM images of electrospun fibrous materials: (A) CS/PEO, (B) PCL, (C) NaOH treated PCL, (D) SF, 
and (E) SF/PCL [65].
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Figure 21. SEM and confocal microscopy details of electrospun SF fibrous material loaded with (A) liposomes, (B) 
PLGA-PEG nanoparticles, (C) GFP-proteo-liposomes (green) adsorbed to electrospun PCL fibrous layer (red) [64].
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Moreover, when using GFP-proteoliposomes as a model for vaccine-oriented nanoparticles, no 
aggregation or disruption of GFP metallochelation binding was observed (Figure 21. (C)). This 
suggests that the adsorption process does not compromise the integrity of the nanoparticles. 
However, the ability of electrospun materials to release nanoparticles varied significantly, 
highlighting the influence of fiber surface properties on drug release kinetics. SF and CS/PEO 
fibrous materials exhibited rapid nanoparticle release, with nearly 100% of the loaded 
nanoparticles released within 30 minutes. In contrast, PCL fibrous material demonstrated 
significantly lower release levels, likely due to their intrinsic hydrophobicity, which restricted 
nanoparticle diffusion (Figure 22). Interestingly, NaOH treatment of PCL fibrous materials 
substantially enhanced nanoparticle release, bringing it close to 100%, a result that strongly 
correlated with the observed increase in hydrophilicity. This contrast in release behavior 
underscores the pivotal role of surface chemistry in dictating drug-carrier interactions.

Hydrophilic fibrous materials promoted the rapid release of PLGA-PEG nanoparticles and 
liposomes due to enhanced water penetration and diffusion, whereas the release of the 
hydrophobic drug PTX followed the opposite trend, as described in Lubasová et al. [65] 
(Appendix 8). In this study, a PTX injection solution (6 mg/mL PTX in polyoxyl 35 castor oil 
and dehydrated alcohol) was loaded onto the electrospun fibrous materials. Unlike hydrophilic 
carriers, PTX exhibited preferential interactions with the more hydrophobic electrospun 
materials, particularly untreated PCL. Strong hydrophobic interactions between PTX and PCL 
fibrous materials resulted in prolonged drug delivery, as reflected by the release behavior 
confirmed by UV-vis spectrophometry. In contrast, SF fibrous materials, with their higher 
hydrophilicity, exhibited weaker interactions with PTX, leading to a more rapid release, with 
the lowest absorbance (0.14), as shown in Figure 23.

These observations reinforce the significance of surface hydrophilicity and hydrophobicity to 
govern drug loading and release behaviors in electrospun materials. Hydrophilic carriers such 
as PLGA-PEG nanoparticles and liposomes interact favorably with hydrophilic electrospun 
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Figure 22. The release quantity of nanoparticles from electrospun fibrous materials: (A) liposome release and        
(B) PLGA-PEG nanoparticle release. PLGA-PEG loaded onto fibrous material as observed by SEM (C) before and 
(D) after dissolution test [64].

Figure 23. The release behavior of PTX from four types of electrospun fibrous materials: PCL, NaOH-treated PCL, 
SF, and SF/PCL blend [65].



fibrous materials through hydrogen bonding and electrostatic interactions, leading to improved 
adsorption and controlled release profiles. The high porosity of nanofibrous structures further 
facilitates efficient diffusion, allowing for rapid absorption and release [66]. Conversely, PTX, as 
a hydrophobic drug, preferentially interacts with hydrophobic fibrous material made of PCL 
(untreated), where strong hydrophobic interactions lead to lower burst release and prolonged 
drug retention. In literature, electrospun PCL fibrous materials have been widely employed for 
targeted and controlled drug delivery, with multiple studies demonstrating their efficacy in 
sustaining drug release profiles [67-69]. The results of the study [65] further support these 
findings, confirming the suitability of electrospun PCL fibrous materials for prolonged drug 
delivery applications. Both release behaviors (immediate vs. prolonged) are crucial for different 
applications and will be further explored in Chapters 3.5 and 3.6, where the potential of these 
two systems for sublingual drug delivery and cancer treatment will be evaluated.

2.5 Coatings for controlled drug delivery
Hyaluronic acid (HA) offers significant advantages in drug delivery due to its bioactivity, 
biocompatibility, and ability to create a hydrophilic environment. As a surface coating on drug 
carriers, HA enhances drug release profiles and therapeutic efficacy. The molecular weight of 
HA plays a crucial role in modulating release kinetics, with higher molecular weight HA 
slowing drug diffusion and lower molecular weight HA facilitating faster release, allowing for 
tailored drug delivery and optimized therapeutic outcomes. While HA-coated nanoparticles 
were extensively studied for controlling drug release [70-72], research on HA coatings applied 
to electrospun PCL fibrous materials was limited, and none had investigated drug release 
modelling in this context. Lubasová et al. [65] (Appendix 8) addressed this gap by examining 
HA-coated, PTX-loaded electrospun PCL fibrous materials to modulate PTX release. 
Furthermore, the release profile of PTX from HA-coated electrospun PCL carriers was analyzed 
using the Hixson-Crowell and Higuchi models, providing valuable insights into the relative 
contributions of diffusion, erosion, and degradation in PTX release behavior. HA-coated PCL 
fibrous material were produced by first soaking them in the PTX solution, followed by 
immersion in the HA (1 wt.% in 0.1 M NaOH) for 1 minute. These HA coated carriers were then 
dried in oven at 30°C for 24 hours. Coating PTX-loaded electrospun PCL fibrous material with 
HA led to changes in both morphology and release profiles, as shown in Figure 24. (A). The HA 
coating formed a continuous film on the fiber surface, increasing the average fiber diameter 
across three batches from 141 ± 28 nm to 535 ± 115 nm. This result confirms the uniform 
deposition of HA and highlights the consistency of the fibrous material's morphology. Statistical 
analysis via ANOVA revealed significant differences in release profiles between HA-coated and 
uncoated PCL fibrous material, Figure 24. (B).

The uncoated PCL fibrous material exhibited a rapid initial release, followed by a faster increase 
after 48 hours, suggesting a diffusion-controlled release. In contrast, the HA-coated PCL 
material exhibited a sustained release profile for the first three days, followed by a marked 
increase at 72 hours, which continued up to 120 hours. This prolonged PTX release supports the 
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Figure 24. (A) SEM image of detailed fiber structure of HA-coated PTX-loaded electrospun PCL fibrous material.  
(B) PTX release kinetics from HA-coated and uncoated electrospun PCL fibrous material [65].



hypothesis that HA enhances drug retention, effectively modulating the release kinetics. 
Additionally, the release profile of PTX from HA-coated electrospun PCL fibrous material was 
analyzed using the Hixson-Crowell [73] and Higuchi models [74]. Higuchi model, based on 
Fickian diffusion, assumes that drug release occurs through diffusion from the matrix into the 
surrounding medium. In contrast, the Hixson-Crowell model is particularly useful for systems 
where release is governed by matrix erosion or disintegration, assuming that the decreasing 
surface area available for release controls the process. The Hixson-Crowell model (R² = 0.85) 
indicated that HA degradation played a key role in PTX release, with rate constant (k = 0.001) 
reflecting the progressive breakdown of the HA coating, enabling sustained release. Meanwhile, 
the Higuchi model (R² = 0.74) suggested that as the HA coating degraded, diffusion became 
increasingly dominant, supported by a rate constant (k = 2.9). 
These findings suggest a two-stage PTX release mechanism form HA-coated PCL fibrous 
material: (i) an initial phase driven primarily by HA degradation and (ii) a later phase 
dominated by diffusion. The potential of this modified electrospun fibrous material, particularly 
in cancer treatment, will be further discussed in Chapter 3.6.

2.6 Summary
Modifications of electrospun fibrous materials often face challenges such as nanoparticle 
aggregation, poor drug retention, low productivity, and inconsistent modification across 
electrospun materials. Previous chapters explored various strategies to overcome these 
challenges by optimizing both pre- and post-electrospinning approaches. This habilitation thesis 
summarizes novel, scalable approaches to modifying needle-less electrospun materials, 
enhancing therapeutic efficacy and processability, while addressing key challenges in 
antibacterial properties, bioactivity, and controlled drug release.
A major breakthrough was the development of a novel, single-step method for producing 
needle-less electrospun porous fibers, overcoming the limitations of traditional multi-step 
techniques. This method leveraged HSP to precisely control fiber porosity using solvent/non-
solvent systems with high evaporation rate differences. Needle-less electrospun porous PVB 
and PCL fibers exhibited pore volumes ranging from 1.3 × 10-4 to 2.9 × 10-4 cm³/g. Furthermore, 
a predictive model integrating HSP, permittivity, and vapor pressure was proposed to 
streamline solvent selection, reducing experimental trials required for electrospinning of new 
polymers. Significant advancements was further made in improving NPs distribution within 
needle-less electrospun fibrous materials by employing Triton X-100, a surfactant that enhanced 
NP dispersion. By overcoming the challenges of uneven NP distribution and poor dispersion, 
the incorporation of CuO, ZnO, and ZnO/TiO2 into electrospun PVB fibrous materials led to the 
development of materials with enhanced antibacterial activity, effectively eliminating Escherichia 
coli within one hour. A significant improvement was achieved through the surface 
immobilization of TET, ensuring controlled antibiotic retention. Compared to internal antibiotic 
incorporation, which is costly, inefficient, and lacks adaptability, this method allowed precise 
adjustment of antibiotic concentrations in needle-less electrospun CS/PEO/PCL fibrous 
materials, maintaining 30% TET retention after ethanol washing. Moreover, a systematic 
evaluation of drug absorption and release from electrospun materials with varying 
hydrophilicity revealed that wettability, rather than polymer type, primarily governed drug 
release kinetics. Hydrophilic fibrous materials (CS/PEO, SF) facilitated rapid release of PLGA-
PEG nanoparticles (within 30 minutes) and liposomes, while hydrophobic PCL fibrous material 
exhibited more sustained PTX release (up to 72 hours). Coating PTX-loaded electrospun PCL 
fibers with HA further optimized drug release kinetics, as HA formed a continuous film on 
individual fibers, stabilizing PTX release over three days before a marked increase in release 
extending up to 120 hours. Mathematical modeling provided further insights into the release 
mechanisms, with the Hixson-Crowell model indicating that HA degradation controlled PTX 
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release, while the Higuchi model suggested that diffusion became the dominant mechanism 
over time, ensuring prolonged therapeutic action.
These findings position modifications of needle-less electrospun fibrous materials as a robust 
platform for tailoring porosity, antimicrobial efficacy, and controlled drug release, thereby 
notably expanding their biomedical potential. By integrating nanoparticle incorporation, 
solvent system optimization, and surface functionalization, the author’s research presented in 
this thesis offers a versatile approach to enhancing the clinical applicability of electrospun 
fibrous materials. These advancements not only demonstrate the feasibility of industrial-scale 
production but also pave the way for the future development of personalized therapeutic 
systems and next-generation wound healing materials, as further discussed in Chapter 3.

3 Biomedical potential of electrospun fibrous materials
This chapter delves into the biomedical potential of electrospun fibrous materials, emphasizing 
recent advancements, ongoing challenges, and their broad applicability in the medical field. 
Electrospun fibrous materials offer significant promise due to their high surface area-to-volume 
ratio, and ability to mimic the extracellular matrix, making them ideal for diverse biomedical 
applications. Despite these advantages, significant challenges remain, particularly in scaling up 
production while maintaining consistent fiber quality [75-77]. Advances in needle-less 
electrospinning have successfully addressed scalability challenges, enabling large-scale 
production without compromising material quality or functionality. This transition from 
laboratory-scale research to industrial-scale production is pivotal for the clinical adoption of 
electrospun materials. However, the diverse requirements of biomedical applications make the 
design of universally adaptable fibrous material impractical and tailored solutions with 
optimized material properties for specific applications are still a challenge. 
The development of plant protein-based electrospun fibrous materials for bacterial filtration, 
alongside innovations in customizable wound care, localized cancer treatment carriers, and 
mucoadhesive patches for sublingual drug delivery, demonstrates the significant versatility and 
clinical relevance of such materials. Moreover, tailored approaches designed to meet specific 
biomedical demands, along with further investigations into the effectiveness of these materials 
in animal models, cell cultures, and bacterial studies, are essential. The following sub-chapters 
address the biomedical potential of needle-less electrospun and modified fibrous materials with 
a specific focus on the author of this thesis scientific contributions.

3.1 Filters for bacterial filtration
Electrospun fibrous materials are highly effective in filtration applications due to their high 
surface area and porosity, which enable efficient particle capture. The incorporation of proteins 
such as soy protein further enhances their performance by introducing electrostatic interactions. 
Soy protein, composed of both basic (lysine, arginine, histidine) and acidic (glutamate, 
aspartate) amino acids, can acquire charges under different pH conditions. This property 
facilitates electrostatic attraction of airborne particles [86]. While electrostatic interactions in 
particle filtration were well-documented, the potential of protein-based electrospun fibrous 
materials for bacterial filtration had not been thoroughly investigated. To address this gap, the 
author of this thesis, during her postdoctoral research stay at Cornel University as part of a 
project for Axium Nanofibers, investigated whether electrospun fibrous materials made of soy 
protein could enhance bacterial filtration efficiency (BFE) through surface charge effect, as 
detailed in Lubasová et al. [22] (Appendix 3). Recognizing the limitations of traditional 
antibacterial assessment methods, such as the agar diffusion test—which provides only 
qualitative evaluations of bacterial growth inhibition—a laboratory apparatus was designed 
and constructed to quantitatively assess BFE. This system simulates airborne bacterial exposure 
by generating bacterial aerosols using a nebulizer to produce particles ranging from 0.3 to 5 
microns—sizes representative of many airborne microorganisms. The aerosol is directed 
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through a chamber containing the fibrous filter, with suction equipment facilitating airflow. 
Aerosolized bacteria that penetrate the filter are captured on an agar plate positioned beneath it, 
enabling quantitative BFE measurements after incubation. This innovative system, illustrated 
schematically and photographically in Figure 25, provides precise and reliable BFE 
measurements. Following the postdoctoral research, the author of this thesis contributed to the 
design and validation of a larger operational facility for BFE testing within the antibacterial 
laboratory at the Technical University of Liberec, where she served as  research leader. This 
facility now supports both research projects and commercial applications, significantly 
advancing filtration technologies, particularly for respiratory protective equipment and hospital 
air-conditioning systems.

Following the construction of the apparatus, the BFE of electrospun soy protein-based fibrous 
materials (Chapter 1.2) was evaluated, achieving 97.7% for soy flour/PEO and 99.6% for SPC/
PEO. Remarkably, SPI/PEO, PSF/PEO, and HPSF/PEO electrospun fibrous materials exhibited 
nearly 100% BFE. The strong correlation between higher protein content in electrospun fibrous 
materials and BFE underscores the crucial role of protein in improving filtration performance 
(Figure 26. (C)). These findings demonstrated the outstanding filtration capabilities of soy 
protein-based electrospun fibrous materials, significantly outperforming electrospun PEO-only 
materials and the commercial Energy Aire® filter, which lacks electrospun fibers and achieves 
an average BFE of only 20.8%. Additionally, SEM analysis (Figure 26. (A-B)) revealed the bio-
adhesive properties of soy protein-based fibrous materials, which enable them to trap bacteria 
effectively even when fibrous material pore sizes exceed size of microorganisms such as 
Escherichia coli. This enhanced adhesion likely contributes to improved filtration performance 
while maintaining excellent breathability.

Beyond their exceptional filtration performance, protein-based electrospun fibrous materials 
offer a significant sustainability advantage due to their compostability, thereby reducing landfill 
waste and contributing to environmental sustainability. In contrast to conventional antibacterial 
filters, which typically incorporate TiO₂, nano-silver, or other antimicrobial agents—many of 
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Figure 25. (A) A schematic and (B) photographic representation of BFE testing apparatus: 1 - an agar plate,              
2-testing filter, 3 - nebulizer, 4 - aerosolized bacteria  [22]. (C) Operational facility for testing BFE.
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Figure 26. SEM of bacteria Escherichia coli on electrospun PSF/PEO [7/3] fibrous material after filtration with 
gram-per-square-meter fibers: (A) 1 g/m2 and (B) 5 g/m2.  (C) The efficiency of the protein content on BFE of the 
filter [22].
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which raise environmental concerns due to their persistence and potential toxicity [87–89]—this 
approach demonstrates that as little as 3 g/m² of protein-based electrospun fibrous material can 
achieve nearly 100% BFE. Unlike filters with incorporated nanoparticles, which often involve 
high material costs and regulatory challenges, this study leverages the intrinsic bacterial capture 
capabilities of protein-based fibrous structures, eliminating the need for additional chemical 
agents. As a result, these materials present a cost-effective and environmentally friendly 
alternative for high-performance filtration. Furthermore, this research highlights the potential of 
electrospun soy protein-based fibrous materials to enhance filtration efficiency while 
maintaining breathability, a critical factor in applications such as respiratory protective 
equipment. These advancements contribute to the development of next-generation sustainable 
filtration technologies, particularly in healthcare settings where infection control and 
environmental impact must be carefully balanced.

3.2 Antibacterial composite yarn
To evaluate the potential of needle-less electrospun materials with incorporated NPs for 
antibacterial textiles, the following research focused on fabricating antibacterial composite yarns 
coated with electrospun fibers. While previous studies have explored nanofibrous materials 
incorporating NPs, most have been limited to laboratory-scale experiments [78-80]. 
Additionally, industrial methods for producing antibacterial textiles, such as melt-blowing, 
centrifugal spinning, and island-in-the-sea splitting, face challenges including large fiber 
diameters, broad diameter distributions, and difficulties in fiber separation [81-83]. To address 
these limitations, the study [84] (Appendix 9) focused on the design and characterization of 
composite yarns coated with electrospun PVB and polyurethane (PU) fibers containing CuO 
nanoparticles. The fabrication process involved dissolving PU in DMF and PVB in acetic acid 
before adding CuO and Triton X-100. A textured polyester base yarn (dtex 167f 36 ×1 ×3) served 
as the collector in the needle-less electrospinning system. The yarn speed was set to 134 m/min 
to ensure a uniform nanofiber coating, and a polyamide filament was added to enhance 
mechanical durability (Figure 27).

The antibacterial efficacy of the yarns (Figure 28. (B-C)) was tested against Escherichia coli and 
Staphylococcus gallinarum using ASTM E2149-01 and a modified AATCC 100-2004 method. 
Results showed that yarns covered with PVB-CuO electrospun fibers exhibited significantly 
higher antibacterial efficiency than those covered with PU-CuO (Figure 28. (A)). This increased 
performance can be attributed to the reaction between CuO and acetic acid, forming copper 
acetate, which enhances antibacterial activity against both Gram-positive and Gram-negative 
bacteria. At a 5% CuO concentration, electrospun PVB-CuO fiber-coated yarn achieved 99.99% 
antibacterial efficiency against Escherichia coli, eliminating over 50% of bacteria upon initial 
contact and achieving complete inhibition within 1 hour. Moreover, the study demonstrated 
that composite yarn can be plain woven (VÚTS a.s.) into fabric (Figure 28. (D)), confirming its 
versatility and effectiveness, as described in study [85]. Antimicrobial activity, assessed using 
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Figure 27. Schematic diagram of a continuous production device: (A) black core yarn, (B) application of a 
conductive solution, (C) needle-less electrospinning, (D) collector, (E) application of protective yarn, and           
(F) take-up mechanism [84].



ASTM E2149-01 at 1 min, 1 h, 2 h, 3 h, and 4 h, showed that fabric containing PVB with 10% 
CuO NPs exhibited strong antibacterial properties, with 60% bacterial reduction immediately 
and near 100% inhibition after 50 minutes of contact with Escherichia coli. 

These findings underscore the potential of electrospun PVB-CuO fiber-coated yarn as a 
promising antibacterial material, offering a strong antibacterial performance even at low CuO 
concentrations, making it suitable for protective textiles.

3.3 Scaffold supporting cells growth
The morphology of electrospun fibers is crucial in tissue engineering, as it significantly impacts 
cell adhesion, proliferation, and overall scaffold functionality. While much attention had been 
given to the general properties of electrospun scaffolds, no study specifically compared the 
effects of porous and non-porous electrospun fibers on hepatocyte behavior. To explore this, 
Lubasová et al. [53] focused on exploring this under-investigated aspect of scaffold design. This 
study, conducted in collaboration with the Institute of Experimental Medicine at the Academy 
of Sciences of the Czech Republic, assessed the potential of electrospun PCL fibrous scaffolds for 
liver tissue engineering applications. To evaluate hepatocyte adhesion and proliferation, liver 
cells isolated from male Wistar rats were cultured on sterilized electrospun PCL fibrous 
materials consisting of both porous and non-porous fibers (Chapter 2.2). Immunohistochemical 
staining using phalloidin and 4′,6-diamidino-2-phenylindole (DAPI) provided insights into cell 
morphology, cytoskeletal organization, and attachment patterns over six days. The result 
demonstrated that porous electrospun PCL fibers significantly enhanced hepatocyte adhesion 
and proliferation compared to non-porous fibers. This improvement is likely due to porous 
surface area, enhanced permeability, and biomimetic architecture of the porous fibers (Figure 29. 
(A-C)). 
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Figure 28. (A) Antibacterial efficiency of electrospun PVB-CuO and PU-CuO fibres covered yarn. SEM images of 
yarns covered by electrospun fibers made of: (B) PU/CuO, and (C) PVB/CuO [84]. (D) Woven fabric with 
electrospun fiber-covered yarn [85].
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Figure 29. Hepatocytes stained with phalloidin (red) and DAPI (blue) on electrospun PCL fibers after 3 days made of 
polymer solution containing: (A) THF/ DMSO (9/1 v/v), (B) ethylacetate/ DMSO (9/1 v/v), (C) acetone/ ethanol 
(7/3 v/v). (D) Cell proliferation assay of hepatocytes on PCL fibrous materials after 6 days [53].
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Moreover, cell viability was assessed using WST-1 assay, a colorimetric method based on the 
cleavage of tetrazolium salt into soluble formazan dye by the succinate-tetrazolium reductase 
system within the number of mitochondrial respiratory chain. Since formazan dye formation 
correlates directly with the number of metabolically active cells, this assay allowed for precise 
evaluation of scaffold biocompatibility. The results revealed that hepatocytes on porous PCL 
fibers exhibited higher metabolic activity and proliferation rates than those on non-porous 
fibers (Figure 29. (D)). This superior performance suggest that porous fibers more effectively 
mimic the extracellular matrix, enhance nutrient diffusion, and promote cellular interactions. 
These findings underscore the critical role of fiber porosity in scaffold design for hepatic tissue 
engineering. By creating more supportive microenvironment for hepatocytes, porous 
electrospun PCL scaffolds hold promise for bioreactor systems, in vitro drug metabolism 
studies, and bio-artificial liver support devices.

3.4 Customizable wound dressing
Electrospun fibrous materials offer significant advantages for wound dressings due to their high 
surface area, porosity, and extracellular matrix-mimicking properties, which promote cell 
adhesion, nutrient transport, and moisture retention—key factors in wound healing. However, 
challenges remain in controlling drug release, optimizing breathability, enhancing surface 
activity, tailoring materials for different wound types, and achieving scalable production with 
consistent quality [90]. To address these challenges, needle-less electrospun fibrous materials 
composed of CS/PEO/PCL in various ratios were fabricated (Chapter 1.2), enabling tunable 
hydrolytic degradation, hydrophilicity, mechanical strength and elasticity. Additionally, post-
surface immobilization of TET (Chapter 2.3) enhances antibacterial stability with adjustable TET 
concentrations, providing greater control over therapeutic efficacy. One of the critical properties 
of electrospun fibrous materials is their porous structure, which directly influences moisture 
management in wound environments. The moisture vapor transmission rate (MVTR) serves as 
a vital parameter for assessing wound dressings performance. Research suggests that MVTR 
values below 1000 g/m²/day may lead to excessive moisture retention, increasing the risk of 
exudate accumulation and bacterial growth, while values above 2000 g/m²/day are optimal for 
highly exuding wounds, ensuring proper moisture balance without excessive dehydration [91].
To evaluate the suitability of PEO/PCL/CS fibrous materials for wound care, MVTR and 
cytotoxicity assessments were conducted, as described in Lubasová et al. [31] (Appendix 5). 
These tests provided valuable insights into the suitability of these materials for various wound 
types. MVTR of electrospun fibrous materials was measured following the EN 13726-2:2002 
standard for vapor-permeable dressings, with measurements taken over seven days. Initially, 
the MVTR of electrospun fibrous materials was comparable to commercial polypropylene/
viscose-based dressings. However, after seven days, electrospun materials transmitted 55–63% 
moisture, compared to only 13% for the commercial dressing (Figure 30). This indicates superior 
moisture permeability of electrospun fibrous materials, whereas the commercial dressing retains 
moisture, potentially creating an over hydrated environment that may hinder healing. 
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Figure 30. (A) Monitoring of moisture vapor leakage from the Paddington cup system through fibrous materials 
composed of PEO/PCL/CS with different mass ratios, and a commercially available patch cushion. (B) In vitro 
cytotoxicity assessed by the MTT assay of 3T3 cells seeded in: (B) direct and (C) indirect contact with electrospun 
PEO/PCL/CS fibrous materials after 1 day of culture [31]. 
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The MVTR of PEO/PCL/CS electrospun fibrous materials ranged from 1904.3 ±28.6 to 2005.7 ± 
42.9 g/m²/day, confirming their suitability for wound care applications. Cytotoxicity tests on 
3T3 fibroblasts further validated their biocompatibility (Figure 30. (B-C)), with cell viability 
exceeding the 70% threshold recommended by ISO 10993-5 [92]. MTT assay results 
demonstrated high fibroblast survival, supporting the potential of these fibrous materials for 
wound healing. 
These findings demonstrate that the developed materials offer tunable hydrolytic degradation, 
mechanical strength, and hydrophilicity—where PCL-rich fibrous materials provide durability 
suitable for acute wounds, while PEO-rich materials enhance hydrophilicity for chronic wound 
applications. Unlike previous studies [93,94], which reported weak mechanical strength, poor 
vapor permeability, use of toxic solvents, and limited scaleability, the PEO/PCL/CS fibrous 
materials ensure superior moisture control, enhanced antibacterial properties, and customizable 
degradation rates. Crucially, they are fabricated via needle-less electrospinning, enabling 
industrial scalability. Additionally, post-fabrication TET immobilization further improves 
antibacterial efficacy, allowing tailored wound care. This study introduces a versatile strategy 
for needle-less electrospun PEO/PCL/CS materials, advancing personalized wound dressings 
with optimized moisture management, mechanical adaptability, and antibacterial functionality.

3.5 Mucoadhesive patches for sublingual drug delivery
Mucoadhesion, defined as the interaction between biomaterials and mucosal surfaces, has 
emerged as a key strategy for enhancing non-invasive drug and vaccine delivery. The book 
chapter Nanofibers in the Mucosal Administration of Drugs and Vaccines [95] provides a 
comprehensive analysis of mucoadhesive systems, emphasizing their potential for optimizing 
therapeutic outcomes via oral, nasal, and vaginal routes. It systematically addresses critical 
factors influencing mucoadhesion, including mucosal histology, barrier properties, and the 
fundamental principles of transmucosal drug and vaccine delivery. Mucosal administration 
offers distinct advantages over conventional delivery methods, such as reduced reliance on 
syringes, elimination of sterility concerns, and improved patient compliance. Additionally, 
mucosal vaccination presents a cost-effective alternative by simplifying logistics and reducing 
sterility requirements, thereby facilitating large-scale distribution. However, challenges remain, 
including antigen variability, limited therapeutic absorption, and enzymatic degradation in the 
gastrointestinal tract. Addressing these obstacles necessitates the development of advanced 
delivery platforms, such as intranasal sprays and oral capsules. Among these, sublingual 
vaccine delivery has gained prominence due to its ability to achieve direct systemic absorption 
via the highly vascularized sublingual mucosa. By bypassing the gastrointestinal tract and first-
pass hepatic metabolism, this route enhances bioavailability and ensures a rapid onset of action. 
Its non-invasive nature is particularly beneficial  for paediatric and geriatric populations, as 
well as individuals with dysphagia or needle phobia. The sections of the book chapter [95], 
authored by Lubasová, explore the potential of electrospun fibrous materials in mucosal drug 
delivery, detailing their advantages, preparation, and characterization. Electrospun fibrous 
materials present a promising approach in sublingual drug administration due to their 
exceptionally high surface area, unique surface topology, and high porosity—key factors that 
enhance mucoadhesion. Their architecture enables prolonged and intimate contact with the 
mucosal surface, ensuring a high local drug concentration at the site of administration (Figure 
31). This positions electrospun fibrous materials as a highly effective platform for mucosal drug 
delivery, marking a significant advancement in the field.
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Building on these advantages, and as part of a collaborative effort with the Veterinary Research 
Institute in Brno, the author of this thesis contributed to the design, fabrication, and evaluation 
of an innovative electrospun mucoadhesive fiber-based patch for sublingual vaccine delivery, as 
detailed in [64] (Appendix 7). This multi-layered system, optimized for adhesion, integrity, and 
sustained release, overcoming key challenges in mucosal drug delivery. It consists of three 
distinct layers: (i) an electrospun fibrous reservoir layer, (ii) a mucoadhesive layer, and (iii) a 
protective backing layer (Figure 32). 

The reservoir layer, fabricated via needle-less electrospinning using polymers such as CS/PEO, 
or SF (Chapters 1.2, and 2.4), serves as a depot for nanoparticles that are either surface-adsorbed 
or embedded within its porous matrix. The mucoadhesive layer ensures prolonged adhesion at 
the application site, while the backing layer prevents premature drug diffusion and minimizes 
interference form saliva and mucosal secretions. This structural optimization enhances the 
practical application of sublingual patches, ensuring controlled drug release and improved 
bioavailability. Preclinical evaluations in animal models demonstrated the adhesive efficacy and 
biocompatibility of the mucoadhesive patches. In mice models, the patches maintained 
adherence to the sublingual mucosa for at least two hours without inducing local irritation 
(Figure 33). The flexible nature of the electrospun patch facilitated optimal contact with the 
mucosal surface, preventing premature detachment or clearance by salivary flow.
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Figure 31. (A) Schematic of drug and vaccine delivery via electrospun fibrous material-based system after mucosal 
administration. (B) SEM image of fibrous layer produced by needle-less electrospinning. (C) Application of a 
mucoadhesive patch with an electrospun fibrous layer to the sublingual mucosa [95].
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Figure 32. Mucoadhesive patch: (A) photograph showing patches for large (pig) and small (mouse) animal 
experiments, (B) SEM images of individual layers, with the electrospun fibrous reservoir layer (*) and 
mucoadhesive layer (arrow), (C) cross-sectional view highlighting the interface (arrow) between the mucoadhesive 
and reservoir layers [64].



Given the anatomical and physiological differences between mice and human sublingual 
mucosa, piglet models were utilized for translational studies. Before application, the PLGA-PEG 
nanoparticle dispersion was uniformly absorbed throughout the electrospun fibrous layer via 
capillary action (Chapter 2.4). Histological analysis of excised tissue samples, collected two 
hours post-application, confirmed PLGA-PEG nanoparticle penetration through the mucosa 
and subsequent transport to regional lymph nodes (Figure 34). These findings align with the 
antigen and nanoparticle transport mechanisms described by Dukhin and Labib [96], where 
passive diffusion across the mucus layer, epithelium, and submucosa is followed by convective 
transport through lymphatic capillaries. The passive diffusion mechanism of the first three 
steps, combined with convective diffusion through lymphatic pathways, accounts for the rapid 
appearance of nanoparticles in lymph nodes after 2 hours of mucosal administration. The high 
adsorption capacity of electrospun fibrous layers enhances this transport by ensuring rapid 
release and creating a concentration gradient that facilitates effective diffusion into the 
submucosa. 

The research confirmed that electrospun mucoadhesive patches represents a significant 
advancement in controlled nanoparticle delivery, enabling fast drug release, targeted deposition 
in submucosal tissues, and efficient transport to draining lymph nodes. Unlike conventional 
mucoadhesive films, where swelling can hinder nanoparticle diffusion [97], this approach 
leverages an electrospun reservoir layer to ensure controlled release, independent of  the 
swelling properties of the mucoadhesive film. The patch design minimizes premature clearance 
while maintaining a stable nanoparticle concentration gradient at the mucosal surface., ensuring 
prolonged retention and enhanced bioavailability. A key advantages of these patches is their 
superior flexibility and adhesion, effectively addressing challenges associated with tongue 
movement and saliva production. These mechanical factors are particularly pronounced in the 
sublingual region, where conventional mucoadhesive films often struggle to maintain stability. 
Ex vivo and in vivo studies in porcine models confirmed the effectiveness of electrospun patches 
for delivering PLGA-PEG and liposomal nanoparticles, showcasing prolonged retention times 
and enhanced drug absorption. The innovative nature of this technology is further underscored 
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Figure 33. Tight adhesion of the mucoadhesive patch to mouse sublingual mucosa: (A) photograph showing the 
patch (black arrow) 2 hours post-application. (B, C) Cryo-SEM images of adhesion, with (B) showing attachment 
and (C) a detailed view (* electrospun layer, □ mucosal surface, → a protective backing layer) [64].
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Figure 34. Lymph node delivery of PLGA-PEG nanoparticle applied onto sublingual mucosa via mucoadhesive 
patch: (A) cross-section of porcine sublingual mucosa after 2h in vivo incubation, showing nanoparticle 
penetration, (B) nanoparticles in a regional lymph node (red dots: PLGA-PEG nanoparticles, red layer: PLGA-
PEG loaded mucoadhesive patch, blue: epithelial cell nuclei) [64].



by its protection through domestic and international patents granted [98, 99], and its recognition 
with the 2018 Novartis Discovery Award. Ongoing research efforts are focused on optimizing 
industrial-scale production and integrating printed vaccine technologies with electrospun 
fibrous materials to enhance manufacturing feasibility. This study, currently under preparation 
for submission to Advanced Healthcare Materials, highlights the growing relevance of electrospun 
mucoadhesive platforms in modern therapeutic delivery, offering a scalable and effective 
strategy for mucosal drug administration.

Beyond vaccine applications, electrospun mucoadhesive patches hold significant potential for 
allergen immunotherapy, particularly in sublingual immunotherapy (SLIT). Conventional SLIT 
protocols require daily administration over 3–5 years, leading to poor patient adherence, with 
over 70% of patients discontinuing treatment within the first year [100]. To address this 
challenge, the author of this thesis contributed to the development and evaluation of an 
electrospun mucoadhesive patch for allergen delivery in collaboration with the Veterinary 
Research Institute in Brno, as detailed in study [101]. This platform integrates allergens, such as 
ovalbumin (OVA), co-formulated with tolerogenic bacterial particles (TBPs) within a 
mucoadhesive patch to enhance immune tolerance and mitigate hypersensitivity responses. A 
pig model was chosen due to its physiological similarities to humans, particularly in oral 
mucosa and immune response. The experimental protocol involved an initial sensitization 
phase, followed by desensitization starting on day 55, during which piglets received five 
weekly sublingual treatments using two mucoadhesive patches per administration (Figure 35. 
(A)). To asses therapeutic efficacy, intradermal tests for immediate allergic reactions to OVA 
were performed before (day 48) and after treatment (day 95), with flare wheal size serving as an 
indicator of allergic response. The results demonstrated a substantial reduction in allergic 
reactivity, with 45% of the OVA + TBP-treated group (Group 2) achieving complete 
desensitization, compared to only 8% in the OVA-alone group (Group 1), underscoring the 
strong synergistic effect of TBPs (Figure 35. (B)). The treatment was well tolerated, with no signs 
of local irritation at the application site. 

This approach suggests that combining mucoadhesive patches with tolerogenic particles could 
simplify SLIT method by (i) reducing the number of required doses, (ii) achieving effective 
desensitization with fewer sessions, and (iii) enabling the use of smaller allergen doses 
compared to conventional SLIT, which often requires milligram-range doses. These findings 
underscore the potential of mucoadhesive patches combined with tolerogenic particles to 
enhance allergen presentation and prolong exposure, offering a safer, more effective, and 
patient-friendly alternative for allergy treatment. This approach not only improves patient 
adherence and therapeutic outcomes but also addresses the critical need for next-generation 
SLIT strategies. The results further validate electrospun mucoadhesive patches as a promising 
platform for allergen immunotherapy.
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Figure 35. (A) Placement of mucoadhesive patches on pig sublingual mucosa (indicated by white arrows).               
(B) Intradermal test results for immediate allergic reactions to OVA, measured as flare wheal size (mm) at the 
injection site. Group 1: OVA- only patches (n=12), Group 2: OVA+TBP patches (n=11), Group 3: PBS- infused 
patches (control), Group 4: non- sensitized (negative control) [101].



3.6 Carriers for localized cancer therapy
Localized chemotherapeutic delivery systems offer a promising alternative to systemic 
chemotherapy, addressing critical limitations such as severe side effects, rapid drug clearance, 
and poor tumor penetration [102]. However, pancreatic tumors presents additional challenges 
due to their dense stromal microenvironment, which significantly impedes efficient drug 
diffusion. To overcome these barriers, the author of this thesis developed an HA-coated PTX-
loaded electrospun PCL carrier designed for enhance tumor-specific targeting, as detailed in 
study [65] (Appendix 8). Previous studies have established that HA selectively binds to CD44 
receptors, which are over-expressed on pancreatic cancer cells, thereby facilitating targeted drug 
accumulation and improved cellular uptake. This interaction is governed by a catch-bond 
mechanism, which strengthens under mechanical stress, enhancing drug retention at the tumor 
side [103]. Additionally, HA-coated nanoparticles loaded with chemotherapeutic agents such as 
gemcitabine or quercetin have demonstrated the ability to overcome chemoresistance while 
minimizing systemic toxicity [104, 105]. However, prior to this study, the potential of HA-coated 
electrospun PCL fibrous material as a localized drug delivery system for pancreatic cancer had 
not been investigated. As demonstrated in Chapter 2.5, HA plays a crucial role in regulating 
PTX release, preventing premature depletion, and ensuring sustained therapeutic exposure. The 
effectiveness of this carrier was further evaluate through an in vitro cytotoxicity assay following 
ISO 10993-5.40 standards, using MiaPaCa pancreatic cancer cells. The results confirmed the 
superior efficacy of HA-coated PTX-loaded PCL carrier compared to both uncoated carrier and 
free PTX. While free PTX moderately reduced MiaPaCa cell viability (from 58% to 40% over 96 
hours), HA-coated PTX-loaded carrier significantly enhanced this effect, reducing cell viability 
from 44% at 72 hours to just 13% at 96 hours (Figure 36). 

These findings, achieved in collaboration with the University of Bergen and Haukeland 
University Hospital, highlight the pivotal role of HA in enabling selective tumor targeting and 
controlled drug release. While electrospun carriers had been extensively studied for various 
cancers, their application in pancreatic cancer therapy remained relatively underexplored. 
Previous studies have demonstrated that electrospun fibrous materials, such as gemcitabine-
loaded core-shell fibers and PCL fibers encapsulating chemotherapeutic agents like 5-
fluorouracil and methotrexate, can enable sustained drug release. However, challenges remain, 
including slow degradation rates, limited drug release, and scalability and reproducibility 
issues associated with conventional needle-based electrospinning [106, 107]. In contrast, HA-
coated needle-less electrospun PCL carriers offer a more favorable degradation profile, 
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Figure 36. Cytotoxicity of PTX-loaded PCL fibrous carriers against MiaPaCa pancreatic cancer cell monolayers. 
(A) cell viability at varying exposure times, showing significant differences between HA-coated and uncoated 
PTX-loaded carriers, as well as in comparison to free PTX. (B) representative optical microscope image of the 
MiaPaCa cell monolayer [65].



improved drug release kinetics, and enhanced scalability for industrial production. These 
advantages make them a promising platform for pancreatic cancer therapy. Looking ahead, the 
author of this thesis aims to conduct comprehensive in vivo studies to further investigate the 
pharmacokinetics, tumor penetration, and therapeutic efficacy of HA-coated electrospun PCL 
carriers. These studies will focus on evaluating tumor growth inhibition and recurrence 
prevention, while also proving the carrier’s safety and effectiveness. Furthermore, advanced 
imaging techniques will be employed to monitor carrier distribution and assess their ability to 
maintain sustained drug concentrations at the tumor site. These investigations will provide 
critical insights necessary for bridging the gap between preclinical development and clinical 
application. Ultimately, this research reinforces the feasibility of a scalable and translational 
strategy for pancreatic cancer therapy, with the potential to significantly improve treatment 
outcomes.

3.7 Summary
Electrospun fibrous materials offer significant potential for a broad range of biomedical 
applications. However, challenges related to scalability and functional customization hinder 
their widespread clinical adoption. Previous chapters examined the potential of electrospun 
materials in bacterial filtration, wound healing, antibacterial textiles, and drug delivery systems, 
with a particular focus on overcoming these critical limitations. This habilitation thesis 
systematically evaluated innovative electrospun materials, including antibacterial fiber-coated 
yarns, bacterial filters, three-layer mucoadhesive patches, customizable wound dressings, and 
localized cancer treatment patches. The application of these materials in specific biomedical 
contexts demonstrated their potential to address existing constraints and advance clinical 
practice.
In the development of antibacterial textiles, PVB-CuO electrospun fiber-coated yarns were 
investigated as a scalable alternative to nanoparticle-loaded materials produced via melt-blown 
or centrifugal spinning. By incorporating 5% CuO into electrospun fibers, these yarns achieved 
99.99% antibacterial efficacy against Escherichia coli within 50 minutes (ASTM E2149-01) and 
were successfully integrated into plain-weave protective textile. This innovation addressed key 
limitations of previous studies, such as large fiber diameter, broad diameter distribution, and 
fiber separation, which necessitate higher nanoparticle content to achieve comparable 
antibacterial performance. For bacterial filtration, soy protein-based electrospun filters were 
explored as a sustainable alternative to conventional filters containing TiO2, nano-silver, or other 
antibacterial agents, which pose environmental concerns due to their persistence and toxicity. 
These soy protein-based filters achieved nearly 100% BFE at just 3 g/m², leveraging the 
bioadhesive properties of soy protein and the sieving effects of nanofiber structure. This 
approach provides an eco-friendly, cost-effective solution for infection control in healthcare 
settings. In the filed of wound healing, needle-less electrospun CS/PEO/PCL fibrous materials 
were engineered to offer tunable degradation rates and mechanical adaptability, addressing 
common limitations such as poor mechanical strength, suboptimal vapor permeability, and 
limited scalability. By adjusting the PCL/PEO ratios, these materials can be optimized for acute 
and chronic wounds, while post-fabrication TET immobilization enables customizable 
antibacterial properties. With a moisture vapor transmission rate of approximately 2000 g/m²/
day, these materials demonstrated excellent suitability for wound care. Furthermore, 
cytotoxicity tests on 3T3 fibroblasts confirmed cell viability above 70% (ISO 10993-5), proving 
material's biocompatibility. Unlike previous studies that reported material's weak mechanical 
properties, inadequate vapor permeability, and the use of toxic solvents, these fibrous materials 
provide superior moisture regulation, enhanced antibacterial efficiency, and customizable 
degradation, all while being scalable via needle-less electrospinning. For mucoadhesive vaccine 
delivery, a three-layer electrospun patch was designed to enhance sublingual administration. 
Unlike conventional mucoadhesive films, which hinder nanoparticle diffusion due to swelling, 
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this design incorporates an electrospun reservoir layer for fast nanoparticles release. The patch 
prevented premature clearance while maintaining a stable nanoparticle concentration gradient 
at the mucosal surface. In porcine models, the electrospun patch improved drug retention and 
bioavailability, with nanoparticles detected in lymph nodes within two hours. Beyond vaccine 
delivery, these mucoadhesive patches show promise for allergen immunotherapy, with ex vivo 
and in vivo studies demonstrating reduced dosing frequency and effective desensitization, 
potentially improving patient adherence in sublingual immunotherapy. In localized cancer 
therapy, HA-coated PTX-loaded electrospun carriers were developed to enhance tumor 
targeting. The HA coating facilitated selective drug delivery to MiaPaCa pancreatic cancer cells, 
significantly reducing cell viability compared to free PTX. While free PTX resulted in a 40% 
reduction in cell viability after 96 hours, HA-coated PCL carriers exhibited enhanced efficacy, 
achieving 13% reduction, highlighting HA’s role in targeted therapy. Unlike previously reported 
PCL matrices, which struggled with limited drug release and scalability, these HA-coated, 
needle-less electrospun carriers ensured sustained PTX release, enhancing therapeutic efficacy, 
reproducibility and industrial scalability.
Results presented in this habilitation thesis show significant contributions to the development 
of scalable biomedical solutions. By leveraging needle-less electrospinning of polymer blends 
and copolymers, alongside targeted modifications to electrospun materials, the author’s 
research enhances industrial scalability, functional adaptability, and clinical feasibility. The 
versatility of these tailored electrospun fibrous materials underscores their potential for 
widespread biomedical applications, including infection control, personalized wound care, 
sublingual therapy, and localized cancer treatment.

4 Conclusion
This habilitation thesis summarizes significant contributions of author to textile technology, 
particularly in the design, electrospinning, modification, and biomedical applications of fibrous 
materials. Through the body of works—including peer-reviewed journal articles, conference 
contributions, patents, a book chapter, and awards—this research has driven advancements in 
the customisation of electrospun materials for biomedical use. The nine most significant, highly 
cited scientific works included in the appendices highlight the transformative impact of these 
findings, while citations from other key studies further underscore their novelty and relevance. 
By integrating electrospinning of copolymers and polymer blends with targeted modification 
techniques, this research addresses complex biomedical challenges. Innovations in 
electrospinning have led to improved material properties, including enhanced water resistance, 
mechanical strength, biodegradability, water uptake, and hydrolytic degradation. The 
successful implementation of needle-less electrospinning bridged the gap between laboratory-
scale research and industrial production, ensuring scalability, material consistency, and 
customization for diverse biomedical applications. Modification strategies—including surface 
immobilization of tetracycline, incorporation of antibacterial nanoparticles, therapeutics 
absorption, and morphological optimization—have significantly enhanced the functionality of 
electrospun fibrous materials, particularly in drug release dynamics, antibacterial efficacy, and 
cell-material interactions. Furthermore, the newly developed predictive numerical model that 
integrates Hansen solubility parameters, permittivity, and vapor pressure enables the design of 
solvent systems without the need for experimental trials, reducing costs and facilitating the 
production of fibers with the desired morphology. This approach optimizes solvent selection for 
electrospinning, streamlining the development of clinically relevant fibrous materials and 
accelerating their translation into medical applications.
In conclusion, this research has not only advanced material development but also established a 
strong foundation for clinical implementations. The findings demonstrate the potential of 
electrospun fibrous materials in bacterial filtration, customizable wound care, drug delivery, 
and cancer therapy, laying the groundwork for future applications in gene therapy and other 
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specialized therapeutic approaches. The development of electrospun mucoadhesive patches has 
notably improved sublingual vaccine delivery and immunotherapy. Additionally, in vivo testing 
of electrospun fibrous carriers for localized pancreatic cancer therapy has showcased their 
potential for precise and effective treatment. 
Future research will focus on exploring the potential of electrospun fibrous materials for 
glioblastoma therapies using gene therapy, in collaboration with Regional Hospital Liberec. 
Additionally, an innovative industrial approach will be submitted to a high-impact journal, 
detailing the modification of mucoadhesive patches by directly printing vaccine-containing 
liposomes onto electrospun fibrous materials. While this body of work contributes significantly 
to the broader research field, it also establishes a solid platform for continued advancements 
and industrial-scale applications, ensuring that electrospun fibrous materials will play a pivotal 
role in the next generation of biomedical solutions.
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