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ABSTRACT 

This Thesis, entitled “Development of new polymeric nanocomposite materials with antimicrobial 

activity” represents a comprehensive effort to develop novel antimicrobial nanomaterials, 

focusing on the incorporation of bioactive compounds into polymeric matrices and eco-friendly 

synthesis techniques. The research spans several interconnected studies that explore both natural 

and synthetic antimicrobial agents, advancing our understanding of their applications in materials 

science and biomedicine. 

This work begins by investigating fish skin mucus as an untapped resource for antimicrobial 

agents, highlighting the presence of antimicrobial peptides (AMPs) and other bioactive 

compounds within the mucus that exhibit potent activity against a range of pathogens. The 

research assesses various extraction methods to isolate these compounds and discusses their 

activity. The initial findings underscore the potential of marine-derived compounds for their use 

in antimicrobial applications, contributing valuable insights to the field. 

Following this, the synthesis of protein-based nanofibers using bovine serum albumin (BSA) and 

lysozyme (LYZ) is explored as a strategy for encapsulating bioactive agents. The electrospun 

nanofibers, featuring proteins with different molecular weights, serve as biocompatible carriers 

for bioactive agents, including an AMP and an antibody. The study confirms that these proteins 

maintain their structural integrity post-electrospinning and that the bioactive agents embedded 

within them retain partial to full activity, indicating the promise of protein nanofibers for bioactive 

drug administration and protection. 

In a move toward real-world applications, the third section of this Thesis assesses thermoplastic 

polyurethane (TPU) materials embedded with silver nanoparticles (AgNPs) for antiviral efficacy. 

Collaborating with an industry partner, the study evaluates the viricidal properties of AgNP-TPU 

materials against pathogens such as SARS-CoV-2 and SVCV, showing a substantial reduction in 

viral infectivity without cytotoxic effects in cell culture models. These results position AgNP-

TPU composites as promising candidates for antiviral surface coatings in various settings. 

The Thesis then transitions to greener synthesis approaches, using phytochemical-based methods 

to produce antibacterial nanomaterials. A review of plant-derived compounds and their 

applications reveals how natural extracts, rich in antioxidants and other bioactive compounds, can 

serve as both antimicrobial agents and reducing agents for NP synthesis. This study encourages 

sustainable production practices that reduce reliance on synthetic chemicals, aligning with global 

goals for environmentally responsible material development. 

Finally, the research culminates in the synthesis of AgNPs using pomegranate peel extract, a 

byproduct of Mediterranean agriculture. Employing the Box-Behnken response surface model, 

the synthesis is optimized for particle stability and antibacterial efficacy. When incorporated into 

the protein-based nanofibers developed earlier in the Thesis, these AgNPs demonstrate effective, 

antibacterial properties, paving the way for their application in novel and greener antimicrobial 

materials. 

These studies collectively push the boundaries of antimicrobial nanomaterials, offering practical 

strategies to tackle urgent global health issues like antibiotic resistance and viral infections. In 

turn, by focusing on cutting-edge nanomaterials and sustainable approaches, this research 

provides important insights for developing safer, more effective, and eco-friendly solutions.  
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RESUMEN 

Esta Tesis, titulada “Desarrollo de nuevos materiales poliméricos nanocompuestos con 

capacidad antimicrobiana” representa un esfuerzo exhaustivo para desarrollar nuevos 

nanomateriales antimicrobianos, centrándose en la incorporación de compuestos bioactivos en 

matrices poliméricas y en técnicas de síntesis ecológicas. La investigación abarca varios estudios 

interrelacionados que exploran tanto agentes antimicrobianos naturales como sintéticos, 

avanzando en la comprensión de sus aplicaciones en ciencia de materiales y biomedicina. 

Este trabajo comienza investigando el moco de la piel de peces como un recurso inexplorado para 

agentes antimicrobianos, destacando la presencia de péptidos antimicrobianos (AMPs) y otros 

compuestos bioactivos dentro del moco que muestran una actividad potente contra una variedad 

de patógenos. La investigación evalúa varios métodos de extracción para aislar estos compuestos 

y analiza su actividad. Los hallazgos iniciales subrayan el potencial de los compuestos de origen 

marino para su utilización en aplicaciones antimicrobianas, aportando conocimientos valiosos a 

este campo. 

A continuación, se explora la síntesis de nanofibras a base de proteínas utilizando albúmina de 

suero bovina (BSA) y lisozima (LYZ) como estrategia para encapsular agentes bioactivos. Las 

nanofibras electrohiladas sirven como portadoras biocompatibles de agentes bioactivos, incluidos 

un AMP y un anticuerpo. El estudio confirma que estas proteínas mantienen su integridad 

estructural después del proceso de electrohilado y que los agentes bioactivos cargados dentro de 

ellas retienen su actividad parcial o total, indicando el potencial de las nanofibras de proteínas 

para la administración y protección de fármacos bioactivos.  

En una orientación hacia aplicaciones en el mundo real, la tercera sección de esta tesis evalúa la 

eficacia antiviral de materiales de poliuretano termoplástico (TPU) con nanopartículas de plata 

(AgNPs). En colaboración con un socio industrial, el estudio evalúa las propiedades viricidas de 

los materiales AgNP-TPU contra patógenos como el SARS-CoV-2 y el SVCV, mostrando una 

reducción sustancial en la infectividad viral sin efectos citotóxicos en modelos de cultivo celular. 

Estos resultados posicionan a los compuestos AgNP-TPU como candidatos potenciales para 

recubrimientos antivirales en diversas aplicaciones. 

La Tesis transita más adelante hacia enfoques de síntesis más ecológicos, utilizando métodos 

basados en fitoquímicos para producir nanomateriales antibacterianos. Una revisión de los 

compuestos derivados de plantas y sus aplicaciones revela cómo los extractos naturales, ricos en 

antioxidantes y otros compuestos bioactivos, pueden servir tanto como agentes antimicrobianos 

como agentes reductores para la síntesis de nanopartículas. Este estudio fomenta prácticas de 

producción sostenible que reducen la dependencia de productos químicos sintéticos, alineándose 

con los objetivos globales para el desarrollo responsable de materiales.  

Finalmente, la investigación culmina en la síntesis de AgNPs utilizando extracto de piel de 

granada, un subproducto de la agricultura mediterránea. Empleando el modelo de superficie de 

respuesta de Box-Behnken, se optimiza la síntesis para lograr estabilidad de partículas y eficacia 

antibacteriana. Cuando se incorporan en las nanofibras a base de proteínas desarrolladas 

anteriormente en la Tesis, estas AgNPs demuestran propiedades antibacterianas efectivas, 

abriendo el camino para su aplicación en materiales antimicrobianos novedosos y más ecológicos. 

Estos estudios amplían colectivamente los límites de los nanomateriales antimicrobianos, 

ofreciendo estrategias prácticas para abordar problemas urgentes de salud global, como la 

resistencia a los antibióticos y las infecciones virales. A su vez, al centrarse en nanomateriales 

innovadores y enfoques sostenibles, esta investigación aporta conocimientos importantes para 

desarrollar soluciones más seguras, eficaces y respetuosas con el medio ambiente.  
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ABBREVIATIONS AND ACRONYMS 

ABTS 2,2'-azinobis(3-ethylbenzothiazoline)-6-sulfonic acid 

AgNP Silver nanoparticle 

AMP Antimicrobial peptide 

AMR Antimicrobial resistance 

ARB Antibiotic-resistant bacteria 

BBD Box-Behnken design 

BSA Bovine serum albumin 

BSL-3 Biosafety level 3 

CV Coefficient of variation 

CuNP Copper nanoparticle 

DLS Dynamic light scattering 

DMEM Dulbecco's modified eagle medium 

DMSO Dimethyl sulfoxide 

DNS 3,5-dinitrosalicylic acid 

EHT Electron high tension 

EPC Epithelioma papulosum cyprinid 

FBS Fetal bovine serum 

FESEM Field emission scanning electron microscopy 

Ffu Focus-forming units 

FTIR Fourier transform infrared 

HDD Hydrodynamic diameter 

HRP Horseradish peroxidase 

HRP-IgG HRP-conjugated goat anti-mouse IgG 

HPLC High-performance liquid chromatography 

ICP-MS Inductively coupled plasma mass spectrometry 

INT p-iodonitrotetrazolium chloride 

LSPR Localized surface plasmon resonance 

LYZ Lysozyme 



 

6 
 

MBC Minimum bactericidal concentration 

MH Mueller-Hinton 

MIC Minimum inhibitory concentration 

MNP Metal nanoparticle 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide 
 

NFs Nanofibers 

NPs Nanoparticles 

PA Polyamides 

PAN Polyacrylonitrile 

PBS Phosphate-buffered saline 

PCL Polycaprolactone 

PDI Polydispersity index 

PEG Poly(ethylene glycol) 

PEO Polyethylene oxide 

Pfu Plaque-forming units 

PGE Punica granatum (pomegranate) extract 

PI Polyimide 

PIS Piscidin-1 

PLA Poly(lactic acid) 

PMMA Poly(methyl methacrylate) 

PS Polystyrene 

PU Polyurethane 

PVA Poly(vinyl alcohol) 

ROS Reactive oxygen species 

RPMI Roswell park memorial institute 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2 

SD Standard deviation 

SDG Sustainable development goal 

SVCV Spring viremia of carp virus 
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TBS Tris-buffered saline 

TMB Tetramethylbenzidine 

TPC Total phenolic content 

TPU Thermoplastic polyurethane 

TTBS Tween-Tris-buffered saline 

WHO World health organization 

XRD X-ray diffraction 

ZnONP Zinc oxide nanoparticle 

ZP Zeta potential 
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INTRODUCTION 

1. INTRODUCTION 

1.1. Nanomaterials 

Nanomaterials are defined as those materials whose structure exists on the nanoscale in at least 

one dimension. Due to their incredibly small size, nanomaterials exhibit unique and often 

enhanced properties compared to their bulk counterparts, including increased surface area, 

reactivity, and distinctive mechanical, optical and magnetic characteristics [1]. These attributes 

arise largely from quantum effects and the high surface-to-volume ratio associated with nanoscale 

dimension [2]. 

The high surface-to-volume ratio of nanomaterials indicates that as the size of materials decreases, 

its surface area per unit volume increases substantially. This amplified surface-to-volume ratio 

profoundly affects the properties of the material, notably enhancing its chemical reactivity [3]. In 

terms of mechanical properties, certain nanomaterials, particularly nanoparticles (NPs), display 

unique mechanical behaviors compared to their macroscopic counterparts due to pronounced 

relative surface and quantum effects, the latter becoming significant at sizes within the lower 

nanometer range. For example, many nanomaterials exhibit significantly enhanced hardness, 

ductility, and plasticity compared to their bulk forms [4]. The optical properties of nanomaterials, 

such as light absorption, transmission, reflection, and emission, are also variable and can differ 

significantly from those of the same material in its macroscopic form [5]. The magnetic properties 

of nanomaterials, such as metal nanoparticles (MNPs), arise from uneven electronic distribution 

and are of great interest across a wide range of applications, including heterogeneous and 

homogeneous catalysis, biomedicine, magnetic fluids, data storage, magnetic resonance imaging, 

and environmental remediation [6]. 

Even though American physicist and Nobel laureate Richard Feynman introduced the concept of 

nanotechnology in 1959 during a lecture at the California Institute of Technology (Caltech) titled 

“There’s Plenty of Room at the Bottom”, the use of nanotechnology and nanomaterials predates 

his ideas by centuries [7]. Ancient civilizations unknowingly exploited nanoscale properties in 

various materials, as seen in the Roman Lycurgus Cup from the 4th century AD (Figure 1A), 

which changes color due to embedded NPs of gold and silver [8]. Similarly, artisans in medieval 

Europe used nanoscale particles in stained glass windows to achieve vibrant and durable colors  

(Figure 1B). In Asia, Damascus steel swords were crafted with carbon nanotube-like structures 

that contributed to their renowned strength and sharpness (Figure 1C) [9]. While the talk by 

Feynman is credited with sparking modern interest in nanotechnology, these early examples 

highlight humanity’s longstanding, if unintentional, interaction with nanomaterials. Since the 

conceptual introduction by Feynman, however, nanotechnology has evolved into a field of 

rigorous scientific exploration, leading to precise manipulation of materials at the atomic level 

and expanding applications across diverse practical sectors, from electronics to medicine.  

 

 

 

 

 



 

12 
 

INTRODUCTION 

 

Figure 1. (A) Front of 4th century CE Roman Lycurgus Cup, British Museum (Source: Wikimedia 

Commons) (B) Colored stained glass on the rose window of the north façade of Notre Dame Cathedral, 

located in Paris (Source: Ruggero Vanni/CORBIS), (C) Damascus knife blade (Source: Wikimedia 

Commons). 

Nanomaterials are classified according to multiple criteria, such as their dimensions, source 

materials, and field of application (Figure 2). In terms of dimensions, nanomaterials can be 

classified as zero-dimensional, one-dimensional, two-dimensional, or three-dimensional [10]. 

Zero-dimensional nanomaterials, or 0D, are those whose dimensions are entirely within the 

nanoscale range. Examples include NPs, quantum dots, carbon dots, and fullerenes. One-

dimensional nanomaterials, or 1D, possess one dimension at the macro or micro scale, while the 

other two dimensions are in the nanoscale range. This category includes nanofibers (NFs), carbon 

nanotubes, and nanorods. Two-dimensional nanomaterials, or 2D, have only one dimension at the 

nanoscale. Common examples include graphene and MXenes, which are a family of transition 

metal carbides and nitrides in 2D discovered in 2011 [11]. Lastly, three-dimensional 

nanomaterials, or 3D, can be constructed based on the arrangement and organization of a 

collection of 0D, 1D, or 2D nanostructures. Although the dimensions of 3D nanomaterials exceed 

the nanoscale, their properties differ from those of their bulk counterparts due to the quantum 

confinement effect arising from the constituent nanostructures [12]. 

Nanomaterials can also be classified based on the materials from which they are composed. 

According to their origin, they are distinguished between natural and synthetic nanomaterials. 

Natural nanomaterials include those materials that occur in nature and can be extracted from 

natural resources, such as proteins or polysaccharides. In contrast, synthetic nanomaterials are 

intentionally produced through mechanical processes and precise manufacturing techniques. 

Within the category of synthetic nanomaterials, there are those based on carbon, metals, and 

synthetic polymers [13]. 

Nanomaterials have applications across diverse fields, including nanomedicine, where they are 

utilized in the development of nanodrugs, medical devices, and tissue engineering [14]. In 

materials science, they are employed in formulating paints and coatings [15]. Additionally, in the 

electronics sector, nanomaterials serve as contrast agents and play an important role in improving 

battery performance [16]. In agriculture, they are applied in the production of nanofertilizers and 

nanopesticides [17], while in the food industry, they are used in enhanced packaging 

functionalized by incorporating antimicrobial nanomaterials in order to improve food 

preservation.[18]. 

A B C
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Figure 2. Graphical representation of the classification of nanomaterials according to different criteria, 

including dimensions, materials and applications. 

1.2. Nanofibers 

As previously mentioned, NFs are one-dimensional nanomaterials. These specific materials have 

garnered significant attention due to their remarkable properties. In comparison to conventional 

macroscopic fibrous materials, NFs are characterized by their lightweight and reduced diameter, 

which result in a high surface-to-volume ratio [19]. This feature is associated with notable tensile 

strength of the fibrous matrix, attributed to the increased length of the NFs, which contributes to 

the mechanical integrity of the structure. Furthermore, the high specific surface area offers 

substantial advantages in applications such as controlled drug release, catalysis, sensors, and mass 

transfer processes, as it facilitates enhanced efficiency in surface interactions  [20]. 

The ability to modify characteristics such as the porosity of nanofibrous structures allows for the 

tailoring of NFs to specific applications. For instance, high porosity is particularly beneficial in 

tissue engineering, as it promotes cell infiltration and, consequently, interactions among cells as 

well as between cells and the matrix, resulting in a favorable cellular response [21]. Additionally, 

greater porosity in NFs is associated with improved drug loading capacity, as porous materials 

can protect the drug from the surrounding environment, regulate its release rate, and enhance its 

solubility [22]. However, it is important to note that tensile strength exhibits an inverse 

relationship with porosity. Thus, achieving a balance between high porosity and mechanical 

strength presents a challenge, indicating that these properties must be adapted to the desired fields 

of application [23]. 

Nonetheless, the characteristics of NFs, such as diameter, morphology, porosity, and flexibility, 

are largely dependent on the material properties and the parameters employed during their 

synthesis. These characteristics can be adjusted according to the specific requirements of the 

intended application. 
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1.3. Materials for nanofiber synthesis: polymers 

NFs can be fabricated from various materials, including carbon, metals, ceramics, polymers, or 

combinations thereof. Carbon NFs are composed of graphene layers forming cylindrical 

structures with various orientations. These layers are typically arranged as stacked cones, in 

contrast to carbon nanotubes, where the graphene layers are wrapped into hollow cylinders [24]. 

Metal NFs are typically synthesized in conjunction with a polymer matrix, which facilitates their 

formation. The resulting fibers are then calcined and reduced to degrade the polymer and obtain 

NFs of the desired metal from its precursors. These NFs exhibit remarkable properties, such as 

thermal stability and conductivity, and have potential applications in fields such as 

photoelectricity, sensors, high-temperature filtration, and others [25]. Similarly, ceramic NFs can 

be synthesized from a ceramic precursor solution combined with a polymer solution through 

various methods, followed by calcination or thermal treatment. These NFs are particularly utilized 

in tissue engineering, as catalytic supports, in sensors, and for water purification  [26]. However, 

polymers are among the most commonly studied materials due to their ease of processing, 

structural flexibility, functionalization capabilities, diversity, and mechanical properties, among 

other advantages [27]. A wide range of polymers, both natural and synthetic, have been utilized 

for NFs synthesis. The most commonly used polymers for NF synthesis are summarized in Table 

1.  

Although the use of natural polymers is of great interest due to their typically biodegradable, non-

toxic, and biocompatible properties, certain polysaccharides, such as alginate and chitosan, 

present challenges in forming NFs. These difficulties arise from their polyelectrolytic nature [28], 

lack of chain entanglement due to their rigid and extended chain conformation in aqueous 

solutions [28,29], or their tendency to undergo gelation at relatively low concentrations [30]. Other 

natural polymers, such as proteins, are also highly attractive for NF fabrication due to their ease 

of synthesis and purification, scalability, exquisite tunability, and intrinsic functions  [31]. 

However, their secondary and tertiary structures complicate the formation of NFs. For all these 

reasons, various strategies are often necessary to fabricate NFs from natural polymers, such as 

blending with electrospinnable polymers, using surfactants, or applying chemical modifications 

to reduce hydrogen bonding density [32]. 
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Table 1. Commonly used polymers in electrospinning, along with their solvents, resulting nanofiber sizes, and potential 

applications.  

Polymer Solvent Size (nm) Applications Ref. 

Synthetic 

Polyamides (PA) 

Acetic acid, 

chloroform, 

formic acid  

88-259 Drug loading, filtration  [33-37] 

Polyacrylonitrile 

(PAN) 
DMF 183-400 

Carbon NFs precursor, 

filtration, sensing 
[38-40] 

Polycaprolactone 

(PCL) 

Acetone, 

chloroform, 

DCM, DMF 

55-876 

Drug release, tissue 

engineering, wound 

healing 

[41-43] 

Poly(ethylene 

glycol)/Poly(ethylene 

oxide) (PEG/PEO) 

Water 36-405 
Drug release, food 

preservation 
[44-46] 

Poly(lactic acid) 

(PLA) 

Acetone, 

chloroform, 

DMF 

144-444 
Biosensing, drug release, 

food preservation 
[47-49] 

Poly(methyl 

methacrylate) 

(PMMA) 

Chloroform, 

DMF 
250-900 

Drug release, sensing, 

tissue engineering 
[50-52] 

Polyimide (PI) 
DMAc, 

DMF 
80-700 

Carbon NFs precursor, 

LIBs, sensing 
[53-55] 

Polystyrene (PS) DMF, THF 300-400 Filtration, sorbent [56-58] 

Polyurethane (PU) DMF 75-723 Drug release, filtration [59-61] 

Poly(vinyl alcohol) 

(PVA) 
PBS, water 133-324 

Drug release, filtration, 

wound healing,  
[62-64] 

Natural 

Alginate Water 109-313 
Drug release, filtration, 

wound healing 
[65-67] 

Cellulose 
DMAc, 

GAA, TFA 
200-800 

Filtration, sorbent, wound 

healing 
[68-70] 

Chitosan Acetic acid 41-823 

Food preservation, tissue 

engineering, wound 

healing 

[71-73] 

Collagen HFIP 203-1200 
Tissue engineering, 

wound healing 
[74,75] 

Gelatin TFP, HFIP 100-803 
Drug release, tissue 

engineering 
[76,77] 

Silk fibroin 
Formic 

acid, water 
80-500 

Drug release, tissue 

engineering, wound 

healing 

[78-80] 

DCM: dichloromethane; DMAc: dimethylacetamide; DMF: dimethylformamide; GAA: glacial acetic acid; HFIP: 

hexafluoroisopropanol; LIBs: lithium-ion batteries; NFs: nanofibers; PBS: phosphate-buffered saline; TFP: 

trifluoropropanol; THF: tetrahydrofuran. 
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1.4. Nanofiber synthesis techniques: electrospinning 

NFs can be synthesized using a variety of techniques, including self-assembly, phase separation, 

template synthesis, centrifugal spinning and drawing [81]. However, the most widely used method 

is electrospinning, due to its efficiency, low cost, simplicity, scalability, and ability to produce 

NFs with high surface-area-to-volume ratios and good porosity. Electrospinning has gained 

significant attention in both academic and industrial settings because it allows the fabrication of 

different types of NFs, including polymeric NFs, which can be produced directly, as well as 

carbon, ceramic, and metal NFs that often require further post-treatment processes [82]. 

Electrospinning dates back to the early 20th century, with its origins attributed to Zeleny in 1914, 

who first described the behavior of liquid droplets under an electric field. The technique was 

further developed in the 1930s by Formhals, who filed patents on fiber formation from polymer 

solutions using electrostatic forces [83]. However, the study of electrospinning technology began 

gaining popularity in the early 1990s, driven by the growing interest in nanotechnology. Since 

then, electrospinning has evolved into a versatile process for producing continuous NFs. 

The basic principle of electrospinning involves applying a high-voltage electric field to a polymer 

solution or melt. As the electrostatic forces overcome the surface tension of the solution, a charged 

jet is ejected from the tip of a nozzle. The electric discharged of the polymer droplet, induces a 

conically-shaped geometry referred to as the Taylor cone. The jet elongates and undergoes 

thinning as it travels toward a grounded collector, where solid NFs are deposited. This process is 

governed by the balance between electrostatic repulsion and viscoelastic forces in the polymer 

solution. A typical laboratory-scale setup consists of five main components: a high-voltage power 

supply, a syringe charged with a polymeric solution, a syringe pump, a nozzle (usually a metallic 

syringe needle) and a collector (which can be a metallic foil, plate, or disc) [84]. Figure 3 shows 

a schematic representation of the components of an electrospinning device.  

 

Figure 3. Schematic representation of a typical electrospinning setup, including a syringe loaded with 

a polymer solution, a syringe pump, a high-voltage power supply, and a collector. The formation of the 

Taylor cone at the tip of the metallic needle attached to the syringe is also shown. 
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The electrospinning process is influenced by several critical parameters, which can be divided 

into three main categories: equipment settings, solution properties, and environmental conditions. 

These parameters are detailed in Table 2, along with their effects on the morphology and diameter 

of the NFs. 

Table 2. Influence of various parameters on the electrospinning process and resulting effect on nanofiber formation. 

Parameters Effects on nanofibers 

Solution properties 

Viscosity 

Low viscosity leads to jet breakup and droplet formation; 

excessive viscosity limits charge-induced stretching, 

preventing fiber formation. 

Conductivity 
High solution conductivity enhances jet stretching and fiber 

quality but may also increase jet count. 

Surface tension 

Surface tension, largely determined by the solvent, must be 

low for fiber formation. Higher surface tension increases the 

minimum voltage needed for nanofiber production. 

Equipment settings 

Applied voltage 
High voltage reduces nanofiber diameter, but excessive 

voltage shortens flight time, leading to thicker fibers. 

Tip-to-collector distance 

Short distances can cause fused fibers due to incomplete 

solvent evaporation, while excessive distances weaken the 

electrostatic field, reducing fiber stretching. 

Feed rate 

Excessive feed rate causes solution dripping, while insufficient 

feed rate disrupts spinning, leading to intermittent Taylor cone 

formation and greater fiber diameter variation. 

Environmental conditions 

Humidity 
High humidity increases fiber diameter due to surface 

condensation on the jet and reduced evaporation rate. 

Temperature 

Elevated temperatures lower solution viscosity, promoting 

stretching and smaller fiber diameters, but excessive heat can 

accelerate solvent evaporation, limiting benefits. 

1.5. Nanofiber applications: delivery of antimicrobial agents 

NFs, with their unique properties, have become valuable in diverse applications, including tissue 

engineering, drug delivery, wound dressings, air and water filtration, energy storage, sensors, and 

textiles [85]. Their functional characteristics—such as mechanical strength, structural integrity, 

surface morphology, porosity, and chemical functionalities—can be specifically tailored to suit 

each application by adjusting fiber alignment, orientation, dimension, or material composition 

[86]. 

An application growing in significance in recent years is the development of antimicrobial NFs, 

driven by the urgent need to control infections and curb the spread of pathogens, particularly those 

resistant to antibiotics. Antimicrobial resistance (AMR) arises when bacteria, viruses, fungi, and 

parasites evolve and become unresponsive to treatments, making infections more difficult to 

manage and increasing the risks of disease transmission, severe illness, and mortality. Today, 

AMR ranks among the most critical global public health and development challenges. In 2019, 

bacterial AMR was estimated to be directly responsible for 1.27 million deaths worldwide, with 
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an additional 4.95 million deaths associated with resistant infections [87]. As represented in Figure 

4, the number of deaths associated with AMR is expected to reach 10 million per year worldwide 

by 2050 with global economic losses estimated to reach approximately $100 trillion  [88]. The 

main drivers of drug-resistant pathogens are the misuse and overuse of antimicrobial agents in 

humans, animals, and agriculture. 

 

Figure 4. Predicted mortality from AMR compared with common causes of current deaths. Source: 

O’Neill, 2016 [89]. 

This urgent issue underscores the critical need for innovative antimicrobial delivery strategies. 

Traditional antibiotic treatments are prone to rapid release and subsequent degradation, which can 

accelerate resistance development. NFs offer a promising alternative by enabling sustained, 

controlled release of antimicrobial agents, along with passive and active targeting capabilities  

[90]. This technology enhances antimicrobial effectiveness through targeted drug delivery, 

reducing both the required dosage and frequency of administration, which can also minimize side 

effects. Importantly, NF encapsulation protects antimicrobials from premature degradation, 

improving their stability and bioactivity and potentially lowering the risk of resistance.  

Various antimicrobial agents—including antibiotics, antimicrobial peptides (AMPs), MNPs, and 

natural extracts—have been extensively studied for encapsulation within NFs using diverse 

electrospinning techniques. The most common methods to encapsulate drugs into NFs include 

blend electrospinning, coaxial electrospinning and emulsion electrospinning.  In blend 

electrospinning, antimicrobial agents are mixed directly into the polymer solution, creating a 

straightforward method for uniformly distributing the agents within NFs. This approach dissolves 

or disperses the drug within the polymeric matrix, resulting in a formulation that offers a sustained 

release profile under optimal conditions. The release mechanism from polymeric matrices is 

typically governed by desorption and diffusion, or by the dissolution and erosion of the polymer 

matrix [91]. Coaxial electrospinning, on the other hand, utilizes a core-shell structure created by 

two coaxially aligned needles. This spinneret configuration allows for the formation of a 

composite polymeric droplet, where the inner (core) liquid is pumped through an inner needle and 
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the outer (shell) material is fed through an outer needle. Key advantages of coaxial electrospinning 

include the ability to fabricate core-shell NFs from both miscible and immiscible polymers, a high 

loading capacity for bioactive molecules, and the flexibility to use non-spinnable liquids in the 

core [91]. Finally, emulsion electrospinning is especially advantageous for encapsulating both 

hydrophilic and hydrophobic antimicrobial agents within NFs. This technique employs emulsions 

in which the dispersed phase contains the active agent. These emulsions consist of two or more 

immiscible phases, stabilized by an emulsifier. During the electrospinning process, core-shell NFs 

are formed, with the continuous phase transforming into the shell of the fibers while the droplet 

phase forms the core. This approach not only facilitates the effective encapsulation of diverse 

antimicrobial agents but also enhances their release profiles and bioactivity within the NF matrix 

[92]. 

1.6. Antimicrobial agents incorporated into nanofibers 

Incorporating antimicrobial agents into NFs has emerged as a promising strategy for enhancing 

their efficacy in combating infections and controlling microbial growth. These agents can be 

classified into several categories, each with distinct mechanisms of action and advantages. The 

most commonly used antimicrobial agents include antibiotics, metal oxides and NPs, AMPs and 

natural compounds, among others. Table 3 presents examples of these antibacterial agents used 

in various studies in combination with polymeric NFs, as well as their observed effects. 

These antimicrobial agents originate from a wide array of natural and synthetic sources, each 

contributing distinct mechanisms of action against pathogens. Many antibiotics were initially 

discovered as natural products from fungi and soil bacteria; however, modern antibiotics are 

largely semisynthetic, derived from modifications of natural compounds and manufactured in 

laboratory settings [93]. Their mechanisms of action include disruption of bacterial cell wall 

synthesis or interference with protein production or inhibition of DNA replication, among others, 

effectively targeting a broad spectrum of bacterial infections. Metal oxides and NPs, such as 

silver, zinc oxide, and copper oxide, are synthesized through chemical, physical, or biological 

methods, with potent antimicrobial activity driven by oxidative stress and cell membrane 

disruption [94]. AMPs are naturally present in all organisms; many exhibit not only antibacterial 

activity but also antiviral, antifungal, antiparasitic, and antitumor properties [95]. Plant-derived 

compounds—including crude extracts, essential oils, and specific constituents like flavonoids, 

alkaloids, and tannins—have demonstrated broad-spectrum efficacy by disrupting microbial cell 

structures and interfering with cellular processes [96]. 
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Table 3. Examples of antibacterial agents incorporated into nanofibers and their effect.  

Antimicrobial 

agent 
Polymers Microorganisms Effect Ref. 

Antibiotics 

Amoxicilin 
Pullulan, 

PLGA 

Escherichia coli, 

Staphylococcus aureus 

Antimicrobial activity, 

extended storage time, 

wound healing 

[97] 

Ciprofloxacin 
Alginate, 

PVA 

Pseudomonas 

aeruginosa, S. aureus 

Antimicrobial activity 

equivalent to free drug 
[98] 

Gentamicin 
Alginate, 

chitosan 
E. coli, S. aureus 

Antimicrobial activity, rapid 

wound healing 
[99] 

Antimicrobial peptides 

CAMP 
Silk 

fibroin 

E. coli, P. aeruginosa, 

Staphylococcus 

epidermidis, S. aureus 

No bacterial survival, biofilm 

inhibition, long-term storage 
[100] 

Nisin 
PDLLA, 

PEO 
S. aureus 

Bacterial inhibition, wound 

closure time reduction 
[101] 

ε-poly-L-

lysine 

PAA, 

PVA 

E. coli, S. aureus, S. 

epidermidis 

Antibiofilm effect, cell 

membrane disruption 
[102] 

Metal oxide NPs 

CuO NPs PLGA E. coli, S. aureus 
Inhibition governed by 

release of Cu2+ ions 
[103] 

Fe3O4 NPs 
Chitosan, 

gelatin 
E. coli, S. aureus 

Combined antibacterial 

action of chitosan and Fe3O4 

NPs 

[104] 

ZnO NPs PCL E. coli, S. aureus Bacterial growth inhibition [105] 

Metal NPs 

AgNPs 
Gelatin, 

PCL 
E. coli 

Bacterial growth inhibition, 

rapid wound healing 
[106] 

CuNPs PAN S. aureus Bacterial growth inhibition [107] 

AuNPs Cellulose 

Enterococcus faecalis, 

E. coli, P. aeruginosa, 

S. aureus 

Bacterial growth inhibition 

and cell damage 
[108] 

Natural compounds 

Aloe vera 

Chitosan, 

PCL, 

PEO 

E. coli, S. aureus 
Antibacterial activity, 

biofilm inhibition 
[109] 

Oregano 

essential oil 

Chitosan, 

PCL 

E. coli, Lysteria 

monocytogenes, S. 

aureus, Salmonella 

enteritidis 

Bacterial growth inhibition [110] 

Pomegranate 

flowers extract 

Chitosan, 

PCL, 

PVA 

P. aeruginosa, S. 

aureus 

Bacterial growth inhibition, 

accelerated tissue 

regeneration 

[111] 

CAMP: cathelicidin antimicrobial peptide; PAA: polyacrylic acid; PAN: polyacrylonitrile; PCL: polycaprolactone; 

PDLLA: poly(DL-lactide); PEO: polyethylene oxide; PLGA: poly(lactic-co-glycolic acid); PVA: Poly(Vinyl 

Alcohol). 
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1.7. Metal nanoparticles: fundamentals, synthesis and antimicrobial activity 

MNPs are particles of metals with dimensions typically below 100 nm. This nanoscale size 

confers unique characteristics such as high electrical properties, high mechanical, chemical and 

thermal stability, high surface area, and high optical and magnetic properties [112]. These traits 

arise due to quantum effects and increased surface energy, making MNPs highly effective in 

various technological and biomedical applications. Commonly used MNPs include silver 

(AgNPs), copper (CuNPs), and zinc oxide NPs (ZnONPs), each selected for specific attributes: 

AgNPs are noted for their strong bioactivity [113], copper for its cost-effectiveness [114], and zinc 

oxide for its favorable safety profile [115]. These NPs also vary in shape, surface chemistry, and 

particle size, all of which influence their interaction with biological and chemical environments.  

MNPs can be synthesized via chemical, physical, or biological (green) methods, each of which 

offers different advantages and limitations. Chemical methods, such as chemical reduction and 

sol-gel synthesis, are effective for controlling NP size and shape but often require toxic reagents 

and generate hazardous by-products [116]. Physical methods, like laser ablation or thermal 

evaporation, create MNPs through the breakdown of bulk metal, but these processes tend to be 

energy-intensive and less scalable [116]. A promising alternative is green synthesis, an eco-

friendly approach that utilizes natural reducing agents—derived from plant extracts, bacteria, 

fungi, or algae—to reduce metal ions into NPs [117]. Green synthesis avoids toxic chemicals, 

operates under milder conditions, and produces biocompatible MNPs, making it highly suitable 

for applications in medicine and environmental technologies.  

As previously discussed, MNPs are widely used as antimicrobial agents due to their broad-

spectrum efficacy against a range of pathogens, including bacteria and viruses. When 

incorporated into polymeric platforms, such as NFs, MNPs extend their applications to diverse 

fields like food preservation [118], cosmetics [119], antibacterial textiles [120], surface coatings 

[121], and medical devices [122]. The integration of MNPs into polymeric matrices enables 

controlled release, enhanced stability, and direct application to specific sites, making them highly 

effective in applications that require sustained antimicrobial activity.  

The antimicrobial mechanisms of MNPs against bacteria, though not yet fully elucidated, appear 

to be multifaceted, allowing them to target bacterial cells through various pathways and reducing 

the likelihood of resistance development, as shown in Figure 5. A primary mechanism involves 

the generation of reactive oxygen species (ROS), such as hydroxyl radicals and superoxide ions. 

ROS induce oxidative stress within bacterial cells, damaging critical cellular components, 

including lipids, proteins, and DNA, ultimately leading to cell death. In addition to cellular 

component damage, ROS can compromise the bacterial cell wall, disrupt membrane permeability, 

and reduce the proton motive force, which can facilitate the internalization of MNPs and their 

released ions [123]. Another central mechanism is the release of metal ions (e.g., Ag+, Cu2+, Zn2+), 

which can penetrate bacterial cells, interfere with essential biochemical pathways, and further 

disrupt cell membrane integrity [124]. Additionally, MNPs bind to bacterial cells through 

electrostatic interactions, increasing membrane permeability and causing structural 

destabilization. This interaction results in the leakage of intracellular contents, loss of cellular 

integrity, and, ultimately, bacterial cell death [125]. 
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Figure 5. Antibacterial mechanisms of metal nanoparticles (MNP). Red bolts in the image represent 

damage to cellular components or processes. 

MNPs have also demonstrated effectiveness as antiviral agents. Viruses pose a significant public 

health and economic burden, as exemplified by the severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) pandemic [126]. Additionally, many viruses can be transmitted via surfaces in 

the environment [127], highlighting the potential utility of incorporating MNPs into polymeric 

platforms to create antiviral materials for surface applications aimed at reducing viral 

transmission. Regarding their mechanisms of action, MNPs can interfere with viral infection by 

disrupting the ability of virus to attach to host cells. This interference can occur through 

interactions with viral surface proteins, such as gp120 in human immunodeficiency virus (HIV) 

or hemagglutinin in influenza viruses [128], which can block virus-host binding or prevent viral 

penetration [129]. Other mechanisms include inactivating viral particles before they can enter host 

cells, binding directly to the viral genome, or interacting with viral particles to inhibit their 

replication [130]. Additionally, MNPs release metal ions that can interact with viral envelopes and 

generate ROS, which damage viral nucleic acids, proteins, and other essential biomolecules [126]. 
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2. INTEGRATION AND CONTRIBUTION OF RESEARCH PAPERS TO 

THESIS THEMATIC FIELD 

The development of advanced nanomaterials and innovative nanoformulations continues to hold 

great promise for therapeutic applications and the prevention of pathogen transmission. With their 

unique properties, nanomaterials stand out as valuable tools for tackling complex biomedical 

challenges. Despite the significant progress achieved so far, there is still considerable potential to 

improve their performance and expand their applications. Harnessing the unique capabilities of 

nanomaterials could significantly enhance their effectiveness in combating microbial threats. 

Ongoing efforts to refine their design, synthesis and formulation will be crucial in unlocking their 

full potential for these critical uses. 

This Thesis focuses on the development of innovative polymeric nanocomposites incorporating 

antimicrobial agents for potential applications in combating microbial threats. The five chapters 

that comprise this Thesis explore distinct yet interconnected aspects of antimicrobial nanomaterial 

synthesis, characterization, and functionalization. Collectively, these studies advance the field by 

investigating both natural and synthetic antimicrobial agents, as well as optimizing their 

encapsulation within polymeric matrices to ensure controlled and sustained release. Through a 

combination of experimental and review-based approaches, this work aims to contribute practical 

solutions and foundational insights that may facilitate the next generation of effective 

antimicrobial nanomaterials. Figure 6 illustrates the interconnections between the various 

chapters of this Thesis, highlighting their overlap across distinct yet interrelated research fields. 

Chapter 1. Fish skin mucus extracts: an underexplored source of antimicrobial agents  

This initial review explores the potential of fish skin mucus as a source of bioactive compounds 

with antimicrobial properties. As a foundational study, it establishes a natural reservoir of 

antimicrobials that can later be utilized in nanomaterial synthesis, setting the stage for more 

targeted development of biomaterials that can harness these compounds.  

Chapter 2. Bovine serum albumin and lysozyme nanofibers as versatile platforms for preserving 

loaded bioactive compounds 

Building on the insights from Chapter 1, this study focuses on the development of NFs composed 

of proteins with varying molecular weights to encapsulate bioactive agents, including 

antimicrobial compounds derived from fish skin mucus. This chapter highlights the versatility of 

protein-based NFs as delivery vehicles derived from natural compounds, demonstrating their 

viability for the effective preservation and sustained release of antimicrobial agents. The work 

emphasizes the role of these protein matrices in protecting sensitive bioactives, thereby enhancing 

their stability and efficacy in antimicrobial applications. 

Chapter 3. Viricidal activity of thermoplastic polyurethane materials with silver nanoparticles. 

Transitioning to a more industrial focus, this study investigates a polymeric matrix embedded 

with commercial AgNPs for viricidal applications, employing protocols suitable for large-scale 

production. This chapter presents a robust approach to creating AgNP-based materials designed 

to limit viral spread on surfaces, broadening the application scope of antimicrobial nanomaterials 

beyond bacterial targets to include virus control. 

Chapter 4. Phytochemical-based nanomaterials against antibiotic-resistant bacteria: an updated 

review. 
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Complementing the prior focus on synthetic approaches, this review explores green synthesis 

methods for antibacterial nanomaterials derived from phytochemicals, presenting a sustainable 

alternative to conventional production. By harnessing the bioactive properties of plant-based 

compounds, this study encourages a shift toward eco-friendly nanomaterial production, reducing 

reliance on synthetic agents without compromising antimicrobial efficacy.  

Chapter 5. An innovative approach based on the green synthesis of silver nanoparticles using 

pomegranate extract for antibacterial purposes. 

Building on insights from Chapters 3 and 4, this study employs pomegranate peel extract (PGE) 

to synthesize AgNPs, creating an antibacterial nanomaterial with a greener, more sustainable 

profile. The use of PGE not only provides a natural reducing and stabilizing agent but also 

enhances the eco-friendliness of the synthesis process. These AgNPs are then incorporated into 

the nanofibrous polymeric matrix produced in Chapter 2, enabling controlled, sustained release 

and enhancing the applicability of the material for antimicrobial delivery in various settings. 

 

 

Figure 6. Thematic relationships across the five chapters comprising this Thesis. 
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3. OBJECTIVES 

With the growing global threat of infectious diseases caused by resistant bacteria and viruses, 

there is an urgent need for the development of advanced nanomaterials that can effectively prevent 

and control microbial proliferation. Accordingly, the primary objective of this Thesis, titled 

“Development of new polymeric nanocomposite materials with antimicrobial activity”, is to 

design, develop, and characterize novel, versatile polymeric nanomaterials embedded with 

potent antimicrobial agents aimed to reduce the spread of infections across various 

environments, offering valuable solutions to pressing public health challenges posed by 

drug-resistant pathogens and viral outbreaks. 

To achieve this primary objective, the work is divided into seven specific objectives (SO) which 

are interconnected as illustrated in Figure 7. Given that this Thesis is organized into five chapters, 

each one is linked to one or more SO as follows: 

SO1. To conduct a literature review on new antimicrobial compounds from underexplored 

natural sources (Chapter 1). 

SO2. To design and characterize polymeric nanostructured systems incorporating 

antimicrobial compounds, with evaluation of their antimicrobial and antiviral efficacy 

(Chapters 2, 3 and 5). 

SO3. To develop, synthesize, and characterize novel protein-based NFs as natural polymeric 

materials, incorporating innovative bioactive compounds to combat bacterial infections 

(Chapter 2). 

SO4. To characterize commercial polyurethane-based polymeric materials embedded with 

AgNPs and evaluate their antiviral capacity using standardized protocols of a technical nature 

and internationally validated (Chapter 3). 

SO5. To perform a literature review on more sustainable synthesis methods for antibacterial 

nanostructures, with a focus on combating antibiotic-resistant bacteria (Chapter 4). 

SO6. To design, synthesize, optimize, and characterize AgNPs created through green 

synthesis as antimicrobial agents (Chapter 5). 

SO7. To integrate green-synthesized AgNPs into polymeric nanofibrous matrices for targeted 

antimicrobial applications (Chapter 5). 
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Figure 7. Relationship between the thesis-specific objectives and the specific objectives addressed in 

each chapter. 
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4. MATERIALS AND METHODS 

4.1. Materials 

4.1.1. Manufacturers 

All reagents were procured from various suppliers, including Bio-Rad Laboratories GmbH 

(Munich, Germany), Condalab (Madrid, Spain), Genscript Biotech Corp (Piscataway, NJ, USA), 

Merck (Darmstadt, Germany), Panreac, ITW Reagents (Barcelona, Spain), and Sigma-Aldrich 

(St. Louis, MO, USA). 

4.1.2. TPU materials with AgNPs 

The samples used for the study of the antiviral activity of thermoplastic polyurethane (TPU)-

based materials in Chapter 3 included a commercial additive, 746-3BV (Esenttia, Bogotá, 

Colombia), which contains AgNPs encapsulated in a ceramic polyethylene matrix (D98 < 40 μm) 

at a concentration of 16% w/w in molten polypropylene (0.91 g/cm³, Duraflon®). This additive 

was homogeneously mixed at a 1:16 ratio with molten TPU (1.22 g/cm³, Ultimaker BV) at 220 

°C to produce the AgNP–TPU composite material. The control TPU material was fabricated 

following the same process, excluding the commercial AgNP additive.  

4.1.3. Preparation of solutions 

The preparation of solutions for NF fabrication in Chapters 2 and 5 required one or more of the 

following compounds: bovine serum albumin (BSA), horseradish peroxidase (HRP)-conjugated 

goat anti-mouse IgG (HRP-IgG, A5278), lysozyme (LYZ, chicken egg white, A3711,0050; 

Activity 20,780 U/mg), piscidin-1 (PIS, from European sea bass, accession #MT066191, C-

terminal amidation and purity >90 %), and polyethylene oxide (PEO, Mw = 600–1000 kg/mol). 

4.1.4. Extract characterization 

The PGE used as a reducing agent in Chapter 5 was prepared in the laboratory from organic 

pomegranate peel of the "Mollar de Elche" variety collected in Elche (Alicante, Spain), which 

holds Protected Designation of Origin status. Its synthesis is detailed in the Methods section. It 

was characterized using various analytical techniques. These techniques required different 

reagents, including 2,2'-azinobis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), 3,5-

dinitrosalicylic acid (DNS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 

aluminum chloride (AlCl₃), BSA, Coomassie Brilliant Blue G-250, Folin–Ciocalteu phenol 

reagent, gallic acid, glucose, phenol, potassium acetate (CH3CO2K), potassium persulfate 

(K₂S₂O₈), punicalagin molecular standard, sodium carbonate (Na2CO3), sodium metabisulfite 

(Na2S2O5), and sodium potassium tartrate (KNaC4H4O6). 

4.1.5. AgNPs synthesis 

For the green synthesis of AgNPs in Chapter 5, only two reagents were required: commercial 

AgNO₃ and PGE. 

4.1.6. Antimicrobial assays 

The bacterial strains used in the antimicrobial assays in Chapters 2 and 5 included Aeromonas 

salmonicida (CECT 894), Bacillus circulans (CECT 10), Bacillus subtilis (CECT 35), E. coli 

(CECT 45), Micrococcus luteus (CECT 243), and S. epidermidis (CECT 231), obtained from the 

Spanish Type Culture Collection (CECT, Valencia, Spain), as well as S. aureus and MRSA, 

sourced from clinical samples of patients at the General University Hospital of Alicante. The 
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reagents used in antimicrobial assays and for subsequent bacterial processing included 

glutaraldehyde, p-iodonitrotetrazolium chloride (INT), Mueller-Hinton (MH) agar and broth, 

osmium tetroxide (OsO4), and phosphate-buffered saline (PBS). 

4.1.7. Cellular assays 

The cell lines used for cytotoxicity assays in Chapter 3 included epithelioma papulosum cyprinid 

(EPC) cells (American Type Culture Collection ref.: CRL-2872) and Vero E6/TMPRSS2 cells. 

Reagents used for cell maintenance included Dulbecco’s Modified Eagle Medium (DMEM), 

Dutch modified Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum 

(FBS), gentamicin, glutamine, non-essential amino acids, penicillin, sodium pyruvate, and 

streptomycin. The reagent 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

was used to determine cytotoxicity. 

4.1.8. Viricidal assays 

The viricidal activity of the materials in Chapter 3 was evaluated against the fish pathogen spring 

viremia of carp virus (SVCV, isolate 56/70) using EPC cells and against SARS-CoV-2 using Vero 

E6/TMPRSS2 cells. 

4.2. Methods 

4.2.1. Bibliographic search 

For Chapters 1 and 4 involving literature searches, the databases Scopus and MedlinePlus were 

selected, using keywords tailored to each study. The inclusion criteria for selecting articles 

relevant to each chapter were: (i) publication in English, (ii) appearance in peer-reviewed journals, 

and (iii) alignment with the specific focus of each chapter. Preference was given to articles 

published within the last five years at the time each Thesis chapter was written. 

4.2.2. Preparation of samples 

4.2.2.1. AgNP-TPU samples 

The AgNP-TPU materials used in Chapter 3 were processed to comply with the guidelines 

outlined in ISO 21702:2019: “Measurement of antiviral activity on plastics and other non-porous 

surfaces.” To this end, the materials to be tested and their respective controls were molded to the 

dimensions specified in the procedure (5 × 5 × 0.5 cm plates). The AgNP-TPU and control TPU 

plates were then placed in sterile Petri dishes, onto which 400 μL of test inoculum was added to 

the surface of the materials. Subsequently, 4 × 4 cm polypropylene cover films were applied, 

ensuring they covered the inoculum and spread it toward the edges of the film without allowing 

it to leak out. Incubations were conducted in this arrangement inside humid chambers at a constant 

temperature. The specific temperature, duration of incubation, and type of test inoculum varied 

depending on the particular test being performed. 

4.2.2.2. Electrospinning solutions and viscosity determination 

The polymeric solutions used for electrospinning NFs in Chapters 2 and 5 were prepared as 

follows, with all concentrations expressed as weight/weight (w/w) percentages unless stated 

otherwise. PEO solutions containing protein (BSA or LYZ) were prepared by dissolving 5–20% 

protein and 3% PEO in Milli-Q water. All solutions were stirred for 12 hours to ensure complete 

dissolution and homogeneity. 

After optimization, an electrospinnable solution containing 15% total protein and 3% PEO was 

selected as the base solution for the incorporation of additional antimicrobial and bioactive 
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compounds. In Chapter 2, PIS, a small 22-residue AMP, was added at 0.1% to both BSA 

(BSA/PIS) and LYZ (LYZ/PIS) solutions to compare the antibacterial activity of the resulting 

NFs. To assess the stability of larger, more complex proteins within the nanofibrous system, HRP-

IgG, commonly used as a secondary antibody for immunolabeling assays, was added at 1% in 

BSA solutions (BSA/Ab). In Chapter 5, optimized AgNPs were incorporated at 0.2% into the 

base solution. All concentrations were chosen based on the minimum amount required to observe 

activity. 

The kinematic viscosity (ν) of the solutions in Chapter 2 was measured using a series of calibrated 

Cannon-Fenske capillary viscometers (series 400–450, Vidra Foc, Barcelona, Spain) to determine 

their electrospinnability. The corresponding density (ρ) was measured with a calibrated 

volumetric flask, and shear viscosity (η = νρ [mPa·s]) was estimated. The average value of three 

measurements at 313 K was reported as the mean ± standard deviation (SD).  

4.2.2.3. Pomegranate peel extract preparation 

The PGE used as a reducing agent for synthesizing AgNPs in Chapter 5 was prepared in the 

laboratory following these steps. Initially, the peels were thoroughly washed and then dried at 60 

°C in a ZHWY-100B incubator oven (Zhicheng Instruments, Shanghai, China). Figure 8 shows 

the obtained product after this step. The dried peels were ground using an MF10 basic mill (IKA, 

Staufen, Germany) to achieve uniform particle sizes of 1–2 mm. 

  

Figure 8. Dried “Mollar de Elche” pomegranate peels used to obtain PGE extract in this Thesis. 

Subsequently, an ultrasound-assisted extraction was conducted, providing an energy input of 100 

J/mL to the extraction medium, which consisted of distilled water maintained at 60  °C, using a 

UP400St ultrasonicator (Hielscher, Teltow, Germany). After one hour of agitation, the extract 

was filtered through a Colombo plate filter equipped with V4 filters (Rover Pompe, Polverara, 

Italy). The filtered extract was then concentrated using a R-220 Pro rotary evaporator (Büchi, 

Flawil, Switzerland) and finally dried to a powdered form using a B-290 spray dryer (Büchi). 

4.2.3. Synthesis techniques 

4.2.3.1. Electrospinning 

NFs synthesized in Chapters 2 and 5 were produced through electrospinning. The prepared 

polymer solutions were transferred into 2 mL syringes (Becton Dickinson, Franklin Lakes, NJ, 

USA) fitted with blunt-end stainless steel hypodermic needles (outer diameter: 1.27 mm, inner 

diameter: 0.84 mm; Sigma-Aldrich). The electrospinning process was conducted at a controlled 



 

36 
 

MAT&MET 

 

flow rate using a KDS 100 infusion pump (KD Scientific, Holliston, MA, USA) and a high -

voltage power supply (Glassman High Voltage Inc., Whitehouse Station, NJ, USA).  

The optimization of electrospinning conditions was a multi-step process that involved fine-tuning 

both the polymer solution and the electrospinning parameters. Key parameters adjusted during 

the process included the applied voltage, tip-to-collector distance, and flow rate. These parameters 

were systematically varied within the following ranges: voltage from 10 to 20 kV, tip -to-collector 

distance from 12 to 18 cm, and flow rate from 0.2 to 0.5 mL/h. The selected ranges were based 

on previous studies conducted by our research group. 

Through this systematic variation, the optimal electrospinning conditions were identified as an 

applied voltage of 18 kV, a tip-to-collector distance of 17 cm, and a flow rate of 0.25 mL/h, all 

maintained at 20–40% relative humidity and 25 °C. Under these conditions, NFs were produced 

with the most desirable morphology and size, effectively minimizing electrospray, small droplets, 

and defects such as beads or ribbon-like structures. The resulting NFs were subsequently 

deposited onto aluminum foil-coated glass slides for further analysis. 

4.2.3.2. Green synthesis of AgNPs and optimization 

In Chapter 5, a green synthesis approach was used to produce AgNPs by preparing a 0.1 M AgNO3 

stock solution and a 50 mg/mL PGE stock solution in Milli-Q water. For the synthesis, varying 

volumes of PGE (0.16, 0.32, or 0.48 mL) were combined with 5, 10, or 15 mM AgNO3 solutions, 

derived from the AgNO3 stock. The total volume of each reaction mixture was maintained at 50 

mL. Each mixture was stirred using a magnetic stirrer, with the temperature held at 20, 50, or 80 

°C for 24 hours, depending on the specific experiment. After this period, the AgNPs were isolated 

by centrifugation at 15,000 rpm for 30 minutes. The supernatant was discarded, and the 

precipitated AgNPs were resuspended in Milli-Q water and sonicated for 15 minutes, a process 

repeated twice to ensure purity. The resulting AgNPs were then freeze-dried to yield solid material 

suitable for further characterization. 

To optimize AgNP synthesis, a three-factor, three-level Box-Behnken Design (BBD) was 

implemented using Python in a Jupyter Notebook on Colab, utilizing the DOEPY (Design of 

Experiment Generator in Python) library. This BBD comprised 15 trials, including th ree 

replicated central points, to assess the influence of independent variables: AgNO3 concentration 

(X1), PGE concentration (X2), and reaction temperature (X3), each varied at three levels (low, 

medium, high). Upper and lower bounds for each factor were informed by literature and 

preliminary trials. The responses measured were hydrodynamic diameter (HDD, Y 1), 

polydispersity index (PDI, Y2), and zeta potential (ZP, Y3), with the optimization goal to minimize 

each parameter for ideal AgNP characteristics. 

4.2.4. Characterization techniques 

4.2.4.1. Characterization of extract 

4.2.4.1.1. Phenolic content determination 

The total phenolic content (TPC) of the extracts was quantified using the Folin-Ciocalteu method 

in a 96-well plate format, an established assay for determining phenolic compounds, as shown in 

Figure 9. The Folin-Ciocalteu method is based on an oxidation-reduction reaction [131]. The 

Folin-Ciocalteu reagent contains phosphomolybdic and phosphotungstic acid complexes, which, 

in the presence of phenolic compounds, are reduced to a blue-colored complex. This color change 

is proportional to the phenolic content, allowing for a quantitative assessment when absorbance 

is measured spectrophotometrically. By comparing sample absorbance to a gallic acid standard 

curve, the total phenolic content can be accurately expressed in terms of gallic acid equivalents.  
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Figure 9. General redox reaction in the Folin–Ciocalteu assay. Source: Pérez et al. (2023) [132]. 

Briefly, 10 µL of each sample was added to a well, followed by 50 µL of Folin-Ciocalteu phenol 

reagent. After a 1-minute incubation, 100 µL of 20% (w/v) Na₂CO₃ solution and 840 µL of 

distilled water were added. The mixture was left in the dark for 30 minutes to allow full color 

development. Absorbance was then measured at 700 nm using a BioTek Synergy HTX Multi-

Mode Microplate Reader (Agilent Technologies, Santa Clara, CA, USA). A standard curve of 

gallic acid was prepared for calibration, and results were expressed as gallic acid equivalents (g 

GAE/100 g of dry extract). 

4.2.4.1.2. Total flavonoids quantification 

Flavonoid quantification was carried out using the aluminum chloride (AlCl₃) colorimetric 

method [133], a widely applied technique that leverages the formation of a stable yellow-colored 

complex between hydroxyl and carbonyl functional groups of flavonoids and aluminum ions. This 

complex can be quantified through spectrophotometry due to its distinct absorbance properties. 

In this assay, 0.5 mL of PGE was mixed with 4.5 mL of a 0.2% methanolic AlCl₃ solution and 

0.1 mL of 1 M potassium acetate. The mixture was then left to react for 30 minutes at room 

temperature to allow complex formation. The absorbance was measured at 415 nm using a BioTek 

Synergy HTX Multi-Mode Microplate Reader (Agilent Technologies). For quantification, a 

standard curve of quercetin was used, with results expressed as grams of quercetin equivalents 

per 100 grams of dry extract (g QE/100 g). 

4.2.4.1.3. High-performance liquid chromatography (HPLC) 

The molecular composition of the PGE in Chapter 5 was analyzed through high-performance 

liquid chromatography (HPLC) using an Agilent LC 1100 series system (Agilent Technologies), 

shown in Figure 10, as previously described [134]. The HPLC setup included a pump, 

autosampler, UV–vis diode array detector (DAD), and column oven, all managed by Chemstation 

software. The chromatographic separation was performed on an Agilent Poroshell 120 RP-C18 

column (4.6 × 150 mm, 2.7 µm), optimized for efficient resolution of phenolic compounds. 

For compound separation, a linear gradient of 1% formic acid in water (solvent A) and acetonitrile 

(solvent B) was employed. The gradient began at 5% B, increased to 25% B over 30 minutes, 

then to 45% B by 45 minutes, before returning to 5% B at 51 minutes, with an additional 5 minutes 

for column re-equilibration. A consistent flow rate of 0.5 mL/min was maintained. The DAD 

monitored absorbance at 280, 320, and 340 nm, wavelengths commonly associated with phenolic 

compounds. 

Compound identification was achieved using HPLC-DAD and a custom phenolic compound 

library. Peak retention times and UV spectra were compared with authentic standards and 
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literature data. Punicalagin, a primary phenolic compound in PGE, was identified using a 

molecular standard as the main component. OpenChrom 1.4 software (Lablicate GmbH, 

Hamburg, Germany) facilitated spectral interpretation and peak identification, ensuring precise 

characterization of the phenolic profile of the extract. 

 

Figure 10. Agilent LC 1100 chromatograph, located at Miguel Hernández University and used for the 

characterization of the extract employed in the green synthesis of AgNPs. 

4.2.4.1.4. Antioxidant capacity determination 

The antioxidant capacity of the PGE was evaluated using the Trolox Equivalent Antioxidant 

Capacity (TEAC) assay, a widely-used method to quantify the ability of a sample to neutralize 

free radicals [135]. This assay relies on the radical cation ABTS•+, which is generated by reacting 

ABTS (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) with potassium persulfate. After 

incubating the ABTS solution with potassium persulfate for 12–24 hours at room temperature, 

the ABTS•+ radical cation, characterized by its intense blue-green color, is formed. 

For the assay, the ABTS•+ solution was diluted with water to achieve an absorbance of 0.70 (± 

0.02) at 734 nm, corresponding to an approximate concentration of 45 µM. When the PGE 

samples were added, antioxidants within the extract reduced ABTS•+, leading to a decrease in 

color intensity proportional to the antioxidant content of the sample. This change in color was 

measured at 734 nm, allowing the quantification of the antioxidant capacity  of the sample. 

A standard curve was prepared using Trolox, a water-soluble analog of vitamin E, with 

concentrations up to 10 µM. The antioxidant capacity of PGE was calculated by comparing 

sample absorbance changes to the Trolox standard curve, and results were expressed  as millimoles 

of Trolox equivalents per 100 grams of dry extract (mmol TE/100 g).  

4.2.4.1.5. Protein determination 

The protein content of the PGE was determined using the Bradford assay, originally developed 

by Bradford (1976) and commonly used for protein quantification due to its sensitivity and speed 

[136]. This method relies on the binding of Coomassie Brilliant Blue G-250 dye to proteins, which 

induces a spectral shift in the absorbance maximum from 465 nm (unbound) to 595 nm (protein-

bound). This shift is visually identifiable by a color change from brown to blue, with the intensity 

of the blue color being directly proportional to the protein concentration in the sample.  
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To quantify protein content, a standard curve was generated using BSA as the reference protein. 

Known BSA concentrations were prepared and reacted with the Coomassie dye under identical 

conditions as the PGE samples, creating a calibration curve that enabled precise protein 

quantification. For each assay, 200 μL of Coomassie Brilliant Blue G-250 reagent was added to 

either BSA standards or PGE samples, bringing the total volume in each reaction tube to 1 mL.  

After a short incubation period to allow for full color development, absorbance readings at 595 

nm were taken using a BioTek Synergy HTX Multi-Mode Microplate Reader (Agilent 

Technologies). The absorbance of each sample was compared to the BSA standard curve to 

determine protein concentration, expressed in terms of mg protein per g of dry extract.  

4.2.4.1.6. Total reducing sugars 

Reducing sugars in the PGE were quantified using a modified version of the DNS method, 

originally described by Miller (1959) [137]. This colorimetric assay is commonly used for 

quantifying reducing sugars because it relies on the ability of free aldehyde or ketone groups in 

sugars to reduce DNS, resulting in the formation of 3-amino-5-nitrosalicylic acid, a compound 

with a characteristic reddish-brown color. The intensity of this color correlates with the 

concentration of reducing sugars in the sample and can be quantified by spectrophotometry.  

To prepare the DNS reagent, 1.87 g of 3,5-dinitrosalicylic acid and 3.48 g of sodium hydroxide 

(NaOH) were dissolved in distilled water. Then, 53.9 g of sodium potassium tartrate (used to 

stabilize the color complex), 1.34 mL of phenol, and 1.46 g of sodium metabisulfite were added 

to the solution. This mixture was brought to a final volume of 250 mL with distilled water, 

creating the DNS reagent necessary for the assay. 

A standard curve was generated using known concentrations of glucose, providing a reference to 

calculate the reducing sugar concentration in the PGE samples. For each assay, 1 mL of the 

glucose standard or PGE sample was mixed with 1 mL of DNS reagent. The reaction mixture was 

then incubated in a boiling water bath for 5 minutes to facilitate the reduction process. Following 

this, the samples were cooled to room temperature, and absorbance readings were taken at 540 

nm using a BioTek Synergy HTX Multi-Mode Microplate Reader (Agilent Technologies). 

4.2.4.2. Characterization of nanomaterials 

4.2.4.2.1. FESEM 

The morphological structure of the materials analyzed in this Thesis was studied using Field 

Emission Scanning Electron Microscopy (FESEM) with a Schottky cathode SIGMA 300 VP 

(Zeiss, Oberkochen, Germany), equipped with an energy-dispersive X-ray (EDX) system to 

assess the elemental composition of the samples (Figure 11). For the morphological examination 

of NFs in Chapters 2 and 5, samples were first sputter-coated with chromium to enhance imaging 

quality. In general, samples were imaged at 1 kV electron high tension (EHT) with a secondary 

electron detector (SE2) to capture detailed surface features. After capturing images, the average 

diameter of various NF types was measured using ImageJ software (National Institutes of Health), 

based on 100 measurements per NF type from multiple FESEM images. To assess size uniformity, 

the coefficient of variation (CV) was calculated by dividing the SD by the mean diameter.  



 

40 
 

MAT&MET 

 

 

Figure 11. FESEM equipment, model SIGMA 300 VP by ZEISS, with a Schottky hot cathode field 

emission source, located at Miguel Hernández University. 

For AgNP morphology analysis in Chapter 5, a drop (approximately 10 µL) of each AgNP 

solution was placed onto a silicon wafer and allowed to dry. These samples were imaged under 

an electron high tension of 10-20 kV using a backscattered electron detector (AsB), which is 

suitable for visualizing MNPs. 

The AgNP-TPU materials studied in Chapter 3 were imaged using both backscattered electron 

(BSE) and variable pressure secondary electron (VPSE) detectors, allowing for a comprehensive 

view of the surface and internal morphology of the material. 

4.2.4.2.2. UV-vis 

UV-vis spectrophotometry was employed in Chapter 5 to confirm the successful formation of 

AgNPs by detecting the characteristic absorption peak associated with localized surface plasmon 

resonance (LSPR). This LSPR band results from the collective oscillation of electron density at 

the metal-medium interface, induced by interactions between incident photons and MNPs. The 

LSPR peak arises when the frequency of incident photons matches the natural frequency of 

surface plasmons, leading to an absorption peak observable in the UV-vis spectrum [138]. 

The UV-vis spectrum of the synthesized AgNPs was obtained using a 1 cm path length quartz 

cell on a Shimadzu UV-1700 UV-vis spectrophotometer (Kyoto, Japan). The absorbance of the 

solutions was measured at room temperature across a wavelength range of 250–800 nm with a 

resolution of 1 nm. 

4.2.4.2.3. FTIR 

In Chapters 2 and 5, Fourier Transform Infrared (FTIR) spectroscopy was employed to identify 

the chemical bonds present in the evaluated samples through the generation of an infrared 

absorption spectrum. A Spectrum Two™ FTIR spectrometer (PerkinElmer, MA, USA) was used 

for this analysis. Samples were powdered and thoroughly mixed with KBr in a mortar before 

being pressed into pellets. Four spectral scans were averaged in transmission mode across the 

spectral range of 4000–450 cm⁻¹ with a resolution of 4 cm⁻¹ at room temperature. 
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4.2.4.2.4. Electrophoresis 

Electrophoresis is a technique used to separate molecules based on their size and charge, and it 

was utilized in Chapter 2 to assess protein integrity in the NFs following electrospinning through 

SDS-PAGE analysis. For this purpose, NFs obtained from 5 to 15% protein solutions were 

redissolved in water to achieve protein concentrations of 10 μg/μL. These samples were then 

separated under denaturing conditions by SDS-PAGE using 4–20% TGX gels (Bio-Rad 

Laboratories Inc.) and visualized with Coomassie Brilliant Blue R-250 staining (Bio-Rad 

Laboratories Inc.). Molecular weight markers (Precision Plus Protein Standards Dual Color, Bio-

Rad Laboratories Inc.) were loaded into the first well of the gel to serve as a reference for protein 

sizing. 

4.2.4.2.5. DLS 

Dynamic Light Scattering (DLS) and ZP analyses were employed in Chapters 3 and 5 to 

determine particle size distribution in suspension and surface charge of NPs, respectively. The 

average HDD, PDI and ZP of the AgNPs were measured using a Zetasizer Nano-ZS ZEN 3600 

(Malvern Instruments Limited, Worcestershire, United Kingdom). For ZP analysis, AgNP 

samples were placed in U-shaped capillary cells. Measurements were conducted at 25 °C in 

triplicate. Before analysis, the AgNPs were suspended in Milli-Q water and sonicated for 10 

minutes to ensure adequate dispersion. 

4.2.4.2.6. ICP-MS 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an elemental and isotopic inorganic 

analysis technique capable of identifying and quantifying elements with high sensitivity. In 

Chapter 3, ICP-MS was used to determine the ionic composition of moieties released from the 

TPU plates. Analyses were conducted using an ICPMS-2030 instrument (Shimadzu) calibrated 

with standards for 107Ag, 27Al, and 24, 25, and 26Mg, achieving regression coefficients (R²) equal to 

or greater than 0.9996 for all calibration curves. 

The test samples consisted of Milli-Q water incubated with the TPU plates at 20 °C for 2, 8, and 

24 hours, with the latter being the incubation period specified by ISO 21702:2019 for antiviral 

activity testing. Prior to analysis, these samples were diluted 1:30 (v/v) with 1% (v/v) nitric acid 

to reach a final volume of 3 mL. 

4.2.4.2.7. XRD 

X-ray diffraction (XRD) is an analytical technique that enables the determination of the three-

dimensional geometry of crystalline materials. In Chapter 5, XRD was employed to confirm the 

formation of AgNPs by verifying their crystalline structure. XRD patterns were collected using a 

D8 Advance diffractometer (Bruker, Karlsruhe, Germany) equipped with a 1D LynxEye detector 

and Ni-filtered Cu Kα radiation. The powdered sample was placed in a low-background off-cut 

silicon crystal sample holder. Diffraction patterns were recorded at room temperature in Bragg-

Brentano geometry, scanning the angle range 5° ≤ 2θ ≤ 80°, with a step size of 0.01° and a dwell 

time of 1 second per step. 

4.2.5. Biological properties 

4.2.5.1. Cytotoxicity assays 

The potential cytotoxicity of moieties released from AgNP-TPU materials when incubated with 

aqueous inocula was assessed in EPC and Vero E6/TMPRSS2 cell lines in Chapter 3. Culture 

media appropriate for each cell type were used as test inocula, incubated at 20 °C (EPC medium) 

or 30 °C (Vero E6/TMPRSS2 medium) for 24 hours with both control and AgNP-TPU materials. 

Cell viability was determined by measuring the reduction of MTT, a compound reduced by 
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cellular mitochondrial enzymes to produce an insoluble purple formazan product, which 

correlates with the number of viable cells. 

For this assay, confluent cell monolayers in 96-well plates were treated with the collected inocula 

at 1:10 and 1:100 dilutions in fresh media (100 µL per well). After 24 hours of incubation under 

specific growth conditions for each cell line, the treatment media were replaced with fresh 

medium containing 0.5 mg/mL MTT (from 10x stocks in PBS, Gibco, Thermo Fisher) at 100 µL 

per well. Cells were incubated with MTT for an additional 2 hours under the same conditions, 

after which the MTT solution was carefully removed. The resulting purple formazan product was 

dissolved in 100 µL of dimethyl sulfoxide (DMSO, Sigma), and absorbance was measured at 570 

nm, with 620 nm as a reference wavelength, using a Cytation™ 3 cell imaging multi-mode 

microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). Optical density values were 

expressed as percentages relative to the untreated control group, representing cell viability, 

calculated by the formula:  

Cell viability = 100 ∗
Absorbance of treated cells

Absorbance of untreated cells
 

 

4.2.5.2. Viral infections 

In Chapter 3, the antiviral activity of AgNP-TPU materials was evaluated against two viruses. 

Initially, SVCV was used for general characterization of the viricidal properties. SVCV inocula 

at 105 focus-forming units (ffu) per mL in 2% FBS culture medium (SVCV infection medium) 

were incubated with the TPU plates under different temperature conditions (5, 10, and 20 °C for 

24 hours) and time intervals (2, 8, and 24 hours at 20 °C). Subsequently, antiviral activity was 

tested against SARS-CoV-2, using inocula at 5 × 105 plaque-forming units (pfu) per mL incubated 

at 30 °C for 24 hours. For each condition, corresponding virus inocula were incubated with control 

TPU plates as a baseline comparison. Virus inactivation was assessed by calculating the 

percentage reduction in viral titers compared to control samples. SVCV and SARS-CoV-2 titers 

were determined using focus-forming and plaque assay methods, respectively. All experiments 

involving SARS-CoV-2 were conducted in biosafety level 3 (BSL-3) facilities at CNB-CSIC, 

following institutional guidelines. 

4.2.5.3. Antibacterial activity 

For the antibacterial assays in Chapters 2 and 5, bacteria were cultured in MH broth and incubated 

at 30 or 37 °C for 24 or 48 hours, depending on the optimal growth conditions for each species.  

Antibacterial activity was assessed using the broth microdilution method to determine the 

minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). A 

volume of 50 μL of each sample was added to the wells of a 96 -well plate at varying 

concentrations, based on the sample. A 20 μL bacterial suspension, prepared to a 0.5 McFarland 

standard, was added to each well. The final volume in each well was adjusted to 200 μL with MH 

broth. Plates were incubated at 30 or 37 °C for 24 or 48 hours, depending on the bacterial strain. 

After incubation, 50 μL of INT solution (1 mg/mL) was added to each well and incubated for an 

additional 30 minutes. The MIC was defined as the lowest concentration where no color change 

(red) was observed. To determine the MBC, 50 μL from the wells that showed no visible bacterial 

growth was plated on MH agar plates and incubated overnight. The lowest concentration at which 

no colonies were detected was considered the MBC. 

To observe the morphology of bacteria treated with AgNPs in Chapter 5, cells treated with the 

MIC for 24 hours were fixed on borosilicate cover glass slides following the protocol outlined by 

Pulingam et al. (2019) [139]. Briefly, the cells were initially treated with 4 % glutaraldehyde for 

30 minutes, washed with PBS, and then further fixed with 1 % osmium tetroxide for an additional 
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30 minutes. The samples were progressively dehydrated with ethanol at concentrations of 30%, 

50%, 70%, 80%, 90%, and 100%, with each step lasting 15 minutes. Micrographs of the bacteria 

were obtained using FESEM, and EDX analysis was performed to identify the presence of AgNPs 

within the bacterial cells. 

4.2.5.4. Peroxidase activity 

In Chapter 2, the peroxidase activity of HRP-IgG was determined to verify that its activity 

remained intact after incorporation into NFs via electrospinning. For this, stored samples of HRP-

IgG-containing NFs were dissolved in Tris-buffered saline (TBS) to achieve a final 1:500 dilution 

of the initial HRP-IgG stock, or an equivalent dilution for control NFs without HRP-IgG. Two-

fold serial dilutions were then prepared from these samples up to a 1:16,000 dilution. Fresh HRP-

IgG was also diluted in parallel to serve as a positive control and to establish a calibration curve. 

Subsequently, 5 μL of each sample was added in triplicate to MaxiSorp™ 96-well plates (NUNC, 

Rochester, NY, USA) and incubated with an additional 95 μL of tetramethylbenzidine (TMB) 

substrate commercial solution for 30 minutes at 37 °C in the dark. The reaction was then stopped 

by adding 50 μL of 1 N H₂SO₄, and the absorbance was measured at 450 nm using an 

UltraEvolution automatic plate reader (Tecan, Männedorf, Switzerland).  

4.2.5.5. Antigen-recognition activity 

For the same purpose as the peroxidase assay, Chapter 2 describes the assessment of the viability 

of encapsulated HRP-IgGs using an adapted direct ELISA procedure. MaxiSorp™ 96-well plates 

were coated with 50 μL of a 1:4 dilution of an in-house hybridoma supernatant in TBS containing 

0.4 mg/mL of protein, as determined using a Nanodrop 2000c (Thermo Scientific, Wilmington, 

DE, USA), and incubated overnight at 4 °C. After three washes of 5 minutes each with 200 μL of 

TBS supplemented with 0.05% (v/v) Tween-20 (TTBS) and one wash with TBS, the plates were 

blocked with 100 μL of 1% (w/v) BSA in TBS for 1 hour at 37 °C. Following the washing steps, 

50 μL of each dilution of the dissolved NFs and corresponding control samples were added to the 

wells. The plates were incubated at 37 °C for 1 hour and washed again. Finally, the reaction was 

developed with TMB substrate (100 μL/well) and absorbance was measured as described above. 
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5. RESULTS 

CHAPTER 1: FISH SKIN MUCUS EXTRACTS: AN UNDEREXPLORED 

SOURCE OF ANTIMICROBIAL AGENTS 

SUMMARY OF RESULTS 

This review paper investigates the antimicrobial potential of fish skin mucus, a rich but 

underutilized source of bioactive molecules capable of combating pathogenic microbes. With the 

rapid emergence of antibiotic-resistant bacteria (ARB) and the slow pace of novel antibiotic 

discovery, researchers are increasingly exploring natural sources of antimicrobial agents. Fish 

skin mucus, which protects fish in microbe-rich marine environments, harbors a variety of 

molecules with antimicrobial properties, making it a promising candidate for new therapeutic 

options. This study provides a thorough overview of the bioactive compounds found in fish skin 

mucus, particularly AMPs, proteins, and various secondary metabolites, all of which contribute 

to its defense mechanism against bacteria, fungi, and viruses. 

AMPs, such as piscidins, defensins, and histone-derived peptides, are highlighted for their ability 

to inhibit microbial growth by disrupting cell membranes, rendering it difficult for pathogens to 

develop resistance. These peptides exhibit broad-spectrum antimicrobial activity, targeting 

bacteria, fungi, protozoa, and even some viruses. Additionally, the mucus contains antimicrobial 

proteins like LYZ, which break down bacterial cell walls, and lectins, which prevent pathogen 

colonization by binding to microbial sugars. Other components include proteases that degrade 

pathogenic proteins, cytoskeletal proteins like keratin with pore-forming abilities, and lipid 

molecules that contribute to pathogen membrane destabilization. Together, these elements 

provide a multi-layered antimicrobial defense that supports fish survival in hostile environments. 

Extraction techniques play a significant role in isolating these bioactive components. The study 

compares several extraction methods—aqueous, organic, and acidic—each of which can affect 

the activity and stability of the molecules. Aqueous extractions are the most commonly used but 

may lack the efficacy of organic or acidic extractions, which are better suited for isolating 

hydrophobic or cationic molecules, respectively. Organic solvents like ethanol and 

dichloromethane help extract hydrophobic compounds known for disrupting microbial 

membranes, while acidic solvents, such as acetic acid, are effective for isolating cationic peptides 

and low-molecular-weight proteins. Through these methods, the study cataloged the antimicrobial 

efficacy of mucus extracts across over 47 fish species, finding that the more intensive organic and 

acidic methods tend to yield extracts with higher antimicrobial potency against both Gram-

positive and Gram-negative bacteria. 

Further, the paper discusses the application of omics technologies—genomics, transcriptomics, 

proteomics, metabolomics, and multiomics—as essential tools for identifying and characterizing 

new antimicrobial agents within fish mucus. These technologies can expedite the discovery of 

novel bioactive compounds by providing comprehensive insights into the molecular composition 

of mucus, its functional properties, and how it varies across fish species and environmental 

conditions. This in-depth analysis could potentially reveal previously unidentified antimicrobial 

molecules that may be developed into drugs or therapeutic agents. Finally, it is emphasized the 

promising potential of fish skin mucus as an alternative source of antimicrobials for biomedical 

and veterinary applications and call for continued research to fully harness its antimicrobial 

capabilities. In a world facing rising AMR, this natural defense system in fish may offer valuable 

solutions for combating infections in humans and animals. 
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CHAPTER 1 

Fish Skin Mucus Extracts: An Underexplored Source of Antimicrobial Agents 

Rocío Díaz-Puertas, Mikolaj Adamek, Ricardo Mallavia and Alberto Falco 

 

Abstract 

The slow discovery of new antibiotics combined with the alarming emergence of antibiotic- 

resistant bacteria underscores the need for alternative treatments. In this regard, fish skin mucus 

has been demonstrated to contain a diverse array of bioactive molecules with antimicrobial 

properties, including peptides, proteins, and other metabolites. This review aims to provide an 

overview of the antimicrobial molecules found in fish skin mucus and its reported in vitro 

antimicrobial capacity against bacteria, fungi, and viruses. Additionally, the different methods of 

mucus extraction, which can be grouped as aqueous, organic, and acidic extractions, are 

presented. Finally, omic techniques (genomics, transcriptomics, proteomics, metabolomics, and 

multiomics) are described as key tools for the identification and isolation of new antimicrobial 

compounds. Overall, this study provides valuable insight into the potential of fish skin mucus as 

a promising source for the discovery of new antimicrobial agents.  

Keywords: marine organisms; fish; skin mucus; extract; antimicrobial; antibacterial; antifungal; 

antiviral; omics. 

1. Introduction 

The windfall for human and animal health in terms of effectively fighting infectious diseases is 

being threatened by the resurgence and appearance of dangerous pathogens, which largely 

outpace the discovery and implementation of new antimicrobials. Growing resistance to current 

antibiotics [140], antifungals [141], and antivirals [142] is one of the greatest reasons for this. This 

situation is substantially worsened by the long-lasting drought (with a few recent exceptions [143]) 

in the discovery of new classes of antibiotics since 1962 [140,144] and the continued scarcity and 

specificity of antifungals [145] and antivirals [146]. On top of that, factors including population 

growth, intensive farming, globalization, pollution, and climate change are also contributing 

notably to this issue by negatively unbalancing the pathogen–host–environment interplay [147]. 

Thus, in order to address the public health menace posed by both new and “renewed” infectious 

diseases that are quite often unfortunately associated with considerable morbidity and mortality, 

it is crucial to expand the arsenal of antimicrobials. This is because, even in an unfavourable 

scenario of rapid generation of antimicrobial resistance, their availability would at least help to 

buy time for the development of other countermeasures, such as effective vaccines. In this regard, 

different antimicrobial search and development strategies with high expectations are being 

adopted [148-150]. However, this is not an easy task. 

To paraphrase Spellberg et al., (2007) [140], in this war against microorganisms, humanity has 

definitely underestimated the power of an enemy army that outnumbers, outweighs, and out-

experiences us by several orders of magnitude in all its main divisions (viruses, bacteria, and 

fungi) (Table 4) [151-153]. Furthermore, as mentioned above, society is currently running out of 

effective ammunition, i.e., antimicrobials, because they have become obsolete in the face of 

today’s new needs. In this sense, and particularly referring to antibiotics, it should not be 

disregarded that most of the known antibiotics, as well as their resistance determinants, already 

existed in nature since ancient times, and humans only discovered them [154]. Indeed, most of 

them are secondary metabolites or their synthetic derivatives (i.e., natural or semisynthetic 

antibiotics) that originated primarily from microorganisms, among which the actinobacteria of 

the genus Streptomyces stands out as having provided about two-thirds of the natural antibiotics 
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currently used clinically [155]. This should not discourage rational design efforts to expand the 

repertoire of synthetic antibiotics that, while still small (e.g., azoles, sulfones, ethambutol, 

nitrofurans, phenazines, quinolones, and thioamides), have already shown promise in terms of  

activity and safety [156,157]. However, there is no doubt that the search for natural antimicrobials 

in biological allies with far more combat experience against these enemies should continue, and 

that screening capabilities should be improved by exploiting existing and new technologies [150]. 

Table 4. Estimates of number, mass, and time of origin on Earth for taxa relevant to this study. 

Variable1 Virus Bacteria Fungi Human Livestock Fish 

Number 
[158] 

1031 1030 1027 1010 1010 1015 

Mass, Gt C 
[158] 

0.2 70 12 0.06 0.1 0.7 

Time, years 
3.8 × 109 

[159]2 
3.8 × 109 

[160] 
1.5 × 109 

[161] 
3 × 105 

[162] 
84 × 106 

[163] 
5 × 108 

[164] 
1 This table is intended to give a general idea of the enormous differences in magnitude in terms of number, mass, and 

time since emergence of the various taxa relevant to this study, in order to understand the great challenge addressed in 

this study. Of course, not all microorganisms pose a pathogenic threat. In fact, most of the antibiotics used come from 

bacteria and fungi [155], most of the viruses are bacteriophages that modulate the density of bacterial communities in 

the oceans [151,165], and, as a whole, microorganisms are critical elements in the regulation of ecosystems 

[151,160,165,166]. 2 Like other studies, the estimated time of the origin of viruses on Earth is proposed here to be 

the same as that of the origin of life. 

2. Fish Skin Mucus as a Promising Source of Antimicrobials 

In this context, marine ecosystems still remain an option with great potential for the discovery of 

new compounds, as they are relatively unexplored in this regard. Furthermore, they are the most 

extensive and ecologically diverse ecosystems, and, therefore, harbor the largest biological and 

hence biochemical diversity on the planet [167-170]. As expected, in this highly competitive 

environment [165,167], microorganisms are currently the fastest growing group of marine 

producers from which new compounds and antimicrobials are being discovered [171,172]. 

However, the contribution of higher counterparts, such as algae, plants, and animals, has been, 

and still is, particularly important [171,173], even considering that many compounds initially 

attributed to them may actually belong to associated or symbiotic microorganisms [171,174]. 

Among the animals, the majority of suppliers are invertebrates, mainly (in order of contribution) 

sponges as the overall top producer of marine natural compounds so far, molluscs, tunicates, 

coelenterates, echinoderms, and bryozoans [171,173]. In this ranking, the contribution of marine 

vertebrates, almost entirely represented by fish, is still rather modest (just right after coelenterates) 

[171,172], but certain factors, which will be commented on next, encourage further research into 

the potential antimicrobials that they may offer, especially from their skin mucus [175-177]. 

Fish are the oldest living vertebrates, with ancestors dating back to the mid-Cambrian period more 

than 500 million years ago. Among them, the ray-finned fishes (subclass Actinopterygii) are 

numerically dominant, with about 30,500 species, representing 95% of all fishes (about 32,000 

species) and 50% of all vertebrates (about 60,000 species) (Table 4). They diverged about 385 

My ago in the mid-Devonian period. The success of this divergence is represented by their 

enormous diversity as a consequence of having adapted to nearly any aquatic habitat since then 

[164,178]. This was made possible by a highly advantageous biological innovation (vertebrate 

evolution) and great genetic flexibility (gene duplication [179], teleost-specific whole-genome 

duplication events [180], and deletion of genome parts [181]) in a vast environment with extremely 

diverse conditions and high biological competition. However, this is also applicable to 

microorganisms. 
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Marine ecosystems are regulated by complex interactive fluxes that are primarily controlled by 

microorganisms due to the predominance of their biomass [182]. With a focus on viruses, bacteria, 

and fungi, some quantitative studies have estimated the abundance of each of the first two groups 

in the millions per milliliter of seawater [165,183,184]. The virus is the predominant 

microorganism in the ocean, accounting for about 1030 particles, about 15 times more than 

estimated bacteria (and archaea) [165]. There is little information on the quantitative abundance 

of fungi in aquatic environments, although it is assumed to be relatively high based on data on 

their enzymatic activity in certain environments compared to bacteria [185]. However, of note is 

not only their quantity, but also the extremely high diversity observed in all these groups, which 

also comprise pathogenic microorganisms [165,167,183,185]. 

As a result, fish have co-evolved under this selective pressure by also developing a complex 

network of defense mechanisms, such as the adaptive immune system [186-188]. However, 

although they have one of the earliest forms of adaptive immunity, their innate immunity still 

plays a central role in protecting them from and responding to infection [186,189], especially 

through a complex system of mucosal barriers responsible for fending off pathogens on first 

contact [186,189,190]. In fact, leukocyte distribution in fish is more organized in the mucosal 

tissues of the gut, gills, and skin than in the liver or gonads, for example [186,190]. Besides the 

cellular immune component, the humoral aspect of these tissues is of special relevance because 

of its antimicrobial function [191]. Among these major mucosa-associated lymphoid tissues 

(MALT), i.e., gut (GALT), gills (GIALT), and skin (SALT), mucosal glands are much more 

numerous in the skin [189,192], which is reasonable considering its continuous and intimate 

exposure to large amounts of microorganisms [165,183-185]. Together with the fact that the skin 

is the largest tissue of any organism and its mucus can be obtained non-invasively, the use of such 

fish fluid for biomedical purposes is very promising given its content of antimicrobial factors 

[193-195]. This is particularly true considering the large fish farming industry already established, 

which can valorize these previously overlooked natural by-products. 

To explore the potential of fish mucus as a valuable source of antimicrobials, this review study 

conducted a search of the scientific databases PubMed, Scopus, and Web of Science. Keywords, 

such as “fish skin mucus,” in combination with “antimicrobial activity” or “composition,” were 

used in the search. The search period included studies published from the earliest available records 

to the present to ensure a thorough investigation. Inclusion criteria for the articles were: (i) 

published in English; (ii) in peer-reviewed journals; (iii) focused on the in vitro antimicrobial 

activity of fish skin mucus; and (iv) sufficiently described the mucus extraction method. Studies 

were selected based on their relevance to the topic and their adherence to predefined criteria.  

3. Composition of Fish Skin Mucus in Innate Immunity Antimicrobial 

Molecules 

The mucosal layer is a biochemical matrix that serves as a protective interface between the fish 

and the external environment [196]. Its multiple functions, which can be summarized as 

mechanical, physiological, and immunological, are dependent on its molecular components 

[177,196]. These are secreted by specific cell types (i.e., goblet, club, and sacciform cells) and the 

overall composition is influenced by developmental, hormonal, environmental, and nutritional 

factors [177,196,197]. The high-molecular-weight glycoproteins, called “mucins,” are the most 

representative component of the mucus and provide it with the characteristic gel structure that 

allows for the correct performance of all the above-mentioned functions [177,189,196-198]. The 

immunologic importance of this mucosal layer and its epithelial scaffold is demonstrated by the 

fact that its disruption increases the incidence and severity of infections [199,200]. In a recent 

example study, it was shown that such a disruption caused by the cyprinid herpesvirus 3 (CyHV-

3) facilitates the occurrence of secondary infections that are ultimately responsible for 
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exacerbated health complications and even death [200]. Besides the mucins themselves, which 

have been reported to have direct antimicrobial activity, fish skin mucus also contains a broad 

repertoire of antimicrobial factors apart from antibodies [175,189,190,197,201]. Mucus has often 

been recognized as a source of new antimicrobials [176,202,203]. Known compounds are 

summarized in this section. 

3.1. Antimicrobial Peptides (AMPs) 

AMPs, also known as Host Defense Peptides (HDPs), are gene-encoded peptides of up to 

approximately 80 amino acid residues, mostly characterized by a cationic, amphipathic chemical 

nature and antimicrobial properties. They are ancient innate immune molecules present in all 

groups of organisms. Their mature forms in eukaryotic cells are often cysteine-rich molecules 

with multiple intramolecular disulfide bridges. Through conservation or reduction of these bonds, 

some families of AMPs can modulate their type and/or level of activity [204-207]. For instance, 

in defensins (one of the most studied families of AMPs), some reports on a particular group of 

human beta-defensins indicate that the reduction of such bonds affects their function by disabling 

their chemotactic activities and triggering their direct antimicrobial ones [206]. Indeed, AMPs are 

generally known for their microbicidal activity exerted directly on the target microorganism, but 

they can also be endowed with potent immunomodulatory and receptor-mediated chemotactic 

activities, which together explain their broad antimicrobial activity against bacteria, protozoa, 

fungi, and both enveloped and non-enveloped viruses, as well as the difficulty of selecting 

resistant mutants against them [204,205]. In general, the mechanism of action for their direct 

antimicrobial activity is based on the affinity and fixation of the peptide to the generally anionic 

surface membrane of the pathogen and its subsequent destabilization through pore formation or, 

simply, bilayer disruption [204]. 

The large number of AMPs discovered (the Antimicrobial Peptide Database (APD) of the 

University of Nebraska Medical Centers currently counts 3569 and growing [accessed 5 May 

2023]) can be classified into different families based on (i) their primary sequen ce; (ii) the 

presence and organization of various functional regions, such as the propeptide, which inhibits 

and protects the region corresponding to the mature peptide until its cleavage and is located at 

either the C- or N-terminal; (iii) their molecular structure, for which the simplest distinction is 

between linear and disulfide-stabilized peptides, and, in the latter case, the number, location, and 

association pattern of their cysteine residues; and (iv) the origin of the mature peptide, which may 

be produced directly after typical post-translational modifications and minor cleavages of 

accessory regions as it occurs in most cases, but may also be derived from the cleavage of a larger 

protein, often with a very different primary function, e.g., peptides derived from histone and 

ribosomal proteins [95,204,208,209]. 

Given the importance of these molecules in the innate immune system, they are extremely diverse 

in fish and include not only families of AMPs found in other animal groups, such as cathelicidins, 

defensins, hepcidins, and histone-derived peptides, but also exclusive fish AMP families, such as 

piscidins and pleurocidins [208,209]. Probably also for this reason, the skin mucus is the major 

source of AMPs in fish, with approximately 70% of all AMPs expressed in the skin compared to 

52% and 29% expressed in the gills and the gut, respectively [189,192]. Besides expression, 

several AMPs were isolated from skin mucus, and their antimicrobial activities were tested. 

Representatives of several families of AMPs isolated from skin mucus are listed in Table 5. 
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Table 5. Examples of AMPs isolated from skin mucus. 

Family AMP Species Ref. 

Histone 2A* 

N-acetylated Histone 2A 

Hipposin 

Parasin I 

Oncorhynchus mykiss 

Hippoglossus hippoglossus 

Parasilurus asotus 

[210] 

[211] 

[212,213] 

Histone 2B* Histone H2B Gadus morhua [214] 

Histone H1* 
Oncorhyncin II 

SAMP H1 

O. mykiss 

Salmo salar 

[215] 

[216] 

Myxinidin Myxinidin Myxine glutinosa [217] 

Non-histone chromosomal 

protein H6 * 
Oncorhyncin III O. mykiss [218] 

Pelteobagrin Pelteobagrin Pelteobagrus fulvidraco [219] 

Pardaxin Pardaxin I, II Pardachirus marmoratus [220] 

Piscidin Piscidin 1, 2, 2β G. morhua [221] 

Pleurocidin Pleurocidin Pleuronectes americanus [222] 

Ribosomal proteins* 

40S Ribosomal protein 

S30 
O. mykiss [223] 

60S Ribosomal protein 

L35, L36A, L40 
G. morhua [214] 

* peptides derived from these proteins. 

Histone-derived AMPs were first described in fish [224] just a few years after their discovery in 

the Asian toad Bufo bufo gargarizans [225]. Robinette et al., (1998) [224] isolated two histone-

like proteins (HLP-1 and HLP-2) in the epidermis of channel catfish that were found to be 

inhibitory to bacterial and fungal pathogens. Shortly thereafter, several histone-derived peptides 

were isolated from fish skin mucus [210-213]. In general, this family of AMPs is thought to be 

released from cells during infection-induced apoptosis [226]. Oncorhyncin III is a 66-residue N-

terminal fragment of the non-histone chromosomal protein H6 from Oncorhynchus mykiss skin 

mucus and was shown to be active against Gram-negative and Gram-positive bacteria [218]. Other 

AMPs derived from larger proteins isolated from skin mucus are the peptidic fragments from the 

40S and 60S ribosomal subunits. The AMP 40S ribosomal protein S30 was found in rainbow trout 

and showed antibacterial activity against Gram-positive bacteria [223]. The 60S ribosomal 

proteins L40, L36A, and L35 were isolated from Atlantic cod (G. morhua) mucus extracts [214]. 

Other peptides found in fish skin mucus include myxinidin, pardaxin, pelteobagrin, and piscidin, 

all of which are unique to this group of animals and have been reported to have broad-spectrum 

antimicrobial activity. Myxinidin is a cationic 12-amino acid peptide isolated from the skin mucus 

of hagfish (M. glutinosa) [217]. Pardaxin was first isolated from the Red Sea Moses sole (P. 

marmoratus) and described as a single, helical, monomeric, acidic toxin [220]. Its antibacterial 

activity against Gram-negative and Gram-positive bacteria was subsequently demonstrated [227]. 

Pelteobagrin is a 20-amino acid amphipathic α-helical peptide and was identified in the skin 

mucus of yellow catfish (P. fulvidraco) [219]. The piscidin family also comprises α-helical 

peptides, with low molecular weight and cationic charge at physiological pH [228] . 

3.2. Proteins 

Animal mucosa, in a broad sense, is characterized by the presence of mucins, which are 

glycosylated proteins responsible for providing viscoelastic and rheological properties, as well as 

trapping pathogens and contributing to cell surface signaling [175]. Additionally, they possess a 

diverse range of other proteins, including many with antimicrobial/immune-related and structural 

functions [189,190,196,197]. In this sense, a large number of defense proteins against pathogens 

have been described in fish mucosa, especially in the skin, besides the immunoglobulins IgG and 

the teleost-specific IgT [189,190,197]. 
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Other types of glycoproteins have been found in fish skin mucus. For example, Ebran et al., (2000) 

[229] isolated and characterized glycoproteins from rainbow trout (O. mykiss), European eel 

(Anguilla anguilla), and tench (Tinca tinca) skin mucus. These proteins possess both α-helix and 

random coil structures and show antibacterial activity correlated with pore-forming properties. 

Transferrin glycoprotein has also been isolated from Atlantic cod [230] and Atlantic salmon 

(Salmo salar) [231] skin mucus. Transferrin is responsible for iron transporting in absorption, 

storage, and disposal sites in vertebrates. As all organisms require iron for their growth, transferrin 

plays an important role in the innate defense mechanisms of fish by binding to iron and reducing 

its availability to pathogens by chelating it [232]. 

Lectins are a diverse class of highly specific carbohydrate-binding proteins [233]. They have been 

found in the skin mucus of fish, where they provide an external defense mechanism via the 

agglutination process to stop pathogen penetration and colonization [234]. There are several types 

of different lectins depending on their structure; for example, C-type lectins, whose binding is 

dependent on Ca2+, F-type lectins or fucolectins, which are distinguished by their α-l-fucose 

recognition domain, galectin family or S-type, which require thiol, and pentraxins or pentameric 

lectins, or P-type lectins, which target glycoproteins containing mannose 6-phosphate [233]. The 

isolation of C-type lectins has been described in cichlid (Symphysodon aequifasciata) skin mucus 

[235]. Another example includes fucose-binding lectin (FBL, F-type lectin), which was identified 

in European sea bass (Dicentrarchus labrax) skin mucus [236] and is responsible for the 

agglutination, immobilization, and opsonization of microorganisms and phagocyte activation. 

Mannose-binding lectin (MBL, P-type lectin) and galectin were also found in Atlantic cod skin 

mucus [237]. MBL plays a significant role in opsonization and the initiation of the lectin pathway 

of complement activation, and galectin binds to pathogens and orchestrates several immune 

processes. Another type of MBL, named “pufflectin,” was reported in pufferfish (Takifugu 

rubripes) [238]. Pentraxins play an important role in inflammatory responses and pathogen 

recognition and have been identified in common skate (Dipturus batis) [239] and lumpsucker 

(Cyclopterus lumpus) [240] skin mucus. C-reactive protein (CRP) belongs to the pentraxin family, 

and it is part of the innate immune defense system because it has the ability to activate the classical 

complement pathway [241]. CRP was reported in tilapia (Tilapia mossambica) skin mucus, and 

its levels were found to increase in response to inflammation and necrosis [242]. 

Lysozyme (N-acetylmuramide glucanohydrolase or muramidase) is a bacteriolytic enzyme and 

an important component of the immune system. It has been reported in the skin mucus of several 

fish species, including mrigal carp (Cirrhinus mrigala), catla (Catla catla), spotted snakehead 

(Channa punctata), Japanese eel (Anguilla japonica), and Nile tilapia (Oreochromis niloticus) 

[243-245]. Given its ability to hydrolyze the bond between N-acetylmuramic acid and 3-acetyl 

amino-2-deoxy-D-glucose residues of the mucopolysaccharide found in bacterial cell walls [246], 

it acts directly on Gram-positive bacteria. In Gram-negative bacteria, lysozyme can also attack 

the inner peptidoglycan layer after the disruption of the outer wall by complement and other 

enzymes [244]. 

Proteases are enzymes of great importance in the mechanisms of the immune system. Their role 

is to hydrolyze the peptide bonds of proteins. Proteases can be classified into serine, cysteine, 

aspartic, and metalloproteases based on their catalytic mechanisms [197]. They are associated with 

resistance to infection because of their ability to degrade the proteins of pathogens. Proteases, 

including trypsin (serine protease), cathepsin B and L (cysteine proteases), cathepsin D (aspartic 

protease), aminopeptidases, and metalloproteases, have been reported in the skin mucus of several 

species, such as rainbow trout [247], Japanese eel [248], European eel [249], catfish (Parasilurus 

asotus) [213], and Atlantic salmon [250]. 

Cytoskeletal proteins with potential antimicrobial activity have also been reported in fish  skin 

mucus. For example, keratin has been identified in skin mucus from lumpsucker [240], Atlantic 
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cod [237], European sea bass [236], and gilthead sea bream (Sparus aurata) [251]. Although 

keratin is a structural protein, pore-forming properties have also been described in keratin from 

the skin mucus of rainbow trout [252] and may therefore contribute to host defense against water-

borne pathogens. Likewise, actin is a structural protein involved in several roles associated with 

cellular membranes, such as cell migration, phagocytosis, pinocytosis, cytokinesis, and 

cytoplasmic streaming [253]. Beta actin has been reported in lumpsucker [240], European sea bass 

[236], Atlantic cod [237], and gilthead sea bream [251,254]. Increased actin fragmentation by 

proteases has been linked to stress situations, and actin fragments generated could trigger an 

immune response [255]. 

3.3. Other Components 

The lipid composition of fish skin mucus has not been studied as thoroughly as other mucous 

secretions, such as gut mucus. However, some studies show that skin mucus may also be a 

significant source of lipids. Mono-unsaturated fatty acids (MUFA), such as oleic acid, poly-

unsaturated fatty acids (PUFA), such as linoleic, alpha-linoleic, docosahexaenoic, arachidonic, 

eicosapentaenoic, and moroctic acid, and saturated fatty acids (SFA), such as palmitic and stearic 

acid, have been reported in gilthead sea bream and flathead grey mullet (Mugil cephalus) 

[256,257]. Lipids are thought to be involved in maintaining the internal structure of the mucus 

through interactions with glycoproteins [258]. Figure 12 shows the chemical structures of the 

compounds mentioned in this paragraph.   

 

Figure 12. Chemical structures of some MUFA, PUFA, and SFA molecules found in the skin mucus 

of gilthead sea bream and flathead grey mullet [118,119]. 

Regarding other types of molecules, Ekman et al. (2015) [259] described the metabolite profile of 

fathead minnow (Pimephales promelas) skin mucus with the aim of providing a tool for 

environmental monitoring and surveillance. Some of the metabolites found are associated with 

antibacterial properties. For instance, azelaic acid has been shown to inhibit bacterial growth by 

interfering with protein synthesis [260], and hydroxyisocaproic acid has been found to be effective 

against both bacteria and fungi [261]. In another study conducted by Patel et al. (2020) [262], the 

metabolic profile of the skin mucus of the pool barb (Puntius sophore) was characterized. In this 
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research, compounds found with proven antimicrobial activity included amino sugars, such as 

glucosamine and neuraminic acid, cysteamine (organic disulfide), dihydrosphingosine (amino 

alcohol), and phytosphingosine (sphingolipid), among others. Figure 13 shows the chemical 

structures of the compounds mentioned in this paragraph. 

 

Figure 13. Chemical structures of other metabolites found in skin mucus of fathead minnow and pool 

barb [259,262]. 

4. Antimicrobial Activity of Fish Skin Mucus 

The humoral component of fish skin mucus has been extensively studied for its high content in 

molecules endowed with antimicrobial properties and, thus, its potential for implementation in 

biomedical and veterinary applications [176,189,190,197]. Such a variety of compounds has also 

necessitated the use of different molecular extraction approaches in mucus samples (Figure 14) 

[202,263]. However, it appears that the amount of functional data is relatively small compared to 

the overall progress made in researching and developing new methods. This section summarizes 

the activity demonstrated against different groups of microorganisms by different types of fish 

skin mucus extracts, mentioning the techniques used to determine this activity when specified in 

the studies. 

4.1. Antibacterial Activity of Fish Skin Mucus Extracts 

Fish skin mucus has proven to be effective against bacteria that affect not only fish, but humans 

as well. Table 6 summarizes the results of an extended list of studies on antibacterial activity of 

fish skin mucus extracts. In total, there are 47 fish species represented, most of which are teleosts 

(exceptions include Myxine glutinosa (Myxini) and Dasyatis pastinaca (Elasmobranch)). The 

different extraction methods can be divided almost entirely into aqueous, organic, and acidic 

extractions. Some authors also used crude mucus with only minor processing steps. 
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Figure 14. Schematic diagram summarizing the different molecular extraction approaches used for fish skin mucus 

samples [202,263]. 

 

Table 6. Antibacterial effect observed in extractions of mucus of different fish species. 

Extraction Aqueous Organic Acidic 
Crude 

Ref Solvent W AB PS TBS E DCM AA TFA 

Gram + - + - + - + - + - + - + - + - + - 

Perciformes order 

Amphiprion clarkii                   [264] 
Anabas 

testudineus 
                  [265] 

Argyrosomus 
regius 

                  [266] 

Channa argus                   [267] 

Channa marulius                   [268] 

Channa 

micropeltes 
                  [268] 

Channa striata                   [268-271] 

Dentex dentex                   [272] 

Dicentrarchus 
labrax 

                  
[266, 272-

274] 
Epinephelus 

marginatus 
                  [272] 

Epinephelus 

tauvina 
                  [275] 

Labrus bergylta                   [276, 277] 

Morone saxatilis                   [278] 

Oreochromis 

niloticus 
                  [279-281] 

O. mossambicus                   [282] 

Pagellus 

bogaraveo 
                  [273] 

P. schloss er i                   [283] 

Sparus aurata                   
[266, 272, 

274] 

Umbrina cirrosa                   [272] 

Anguilliformes order 

Anguilla anguilla                   [273, 284] 
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Table 6. Antibacterial effect observed in extractions of mucus of different fish species. 

Extraction Aqueous Organic Acidic 
Crude 

Ref Solvent W AB PS TBS E DCM AA TFA 

Gram + - + - + - + - + - + - + - + - + - 

Siluriformes order 

Arius maculatus                   [285] 

Clarias batrachus                   
[280, 282, 

286, 287] 

Heteropneustes 

fossilis 
                  [271] 

Rita rita                   [288] 

Cypriniformes order 

B. schwanenfeldii                   [289] 

Catla catla                   
[284, 290, 

291] 

Cirrhinus mrigala                   
[284, 292, 

293] 

Ctenopharyngodon 

idella 
                  

[290, 291, 

294] 

Cyprinus carpio                   [278, 294] 

H. nobilis                   
[290, 291, 

294, 295] 

Labeo rohita                   [290, 291] 

Puntius sophore                   [262] 

Anabantiformes order 

Channa gachua                   [268] 

Channa punctatus                   
[268, 288, 

293] 

Myliobatiformes order 

Dasyatis pastinaca                   [296] 

Gadiformes order 

Gadus morhua                   [214, 276] 

M. aeglefinus                   [278] 

Pollachius virens                   [276] 

Myxiniformes order 

Myxine glutinosa                   [278] 

Salmoniformes order 

Oncorhynchus 
mykiss 

                  [297] 

Salvelinus alpinus                   [278] 

Salvelinus 

fontinalis 
                  [278] 

Pleuronectiformes order 

Platichthys flesus                   [276] 

Scophthalmus 
rhombus 

                  [276] 

Scophthalmus 

maximus 
                  [274] 

Solea senegalensis                   [298] 

Solea solea                   [276] 

Antibacterial effect: ⬛ no effect; ⬛ low or variable inhibition; ⬛strong inhibition. W: water; AB: ammonium 

bicarbonate; PS: phosphate saline; TBS: Tris-buffered saline; ET: ethanol; DCM: dichloromethane; AA: acetic acid; 

TFA: trifluoroacetic acid. Fish family and species full names: Anabantidae: Anabas testudineus Bloch; Anguillidae: 

Anguilla anguilla L.; Ariidae: Arius maculatus Thunberg; Bagridae: Rita rita Hamilton; Channidae: Channa argus 

Cantor, Channa gachua Hamilton, Channa marulius Hamilton, Channa micropeltes G. Cuvier, Channa punctatus 

Bloch, Channa striata Bloch; Cichlidae: Oreochromis mossambicus W. K. H. Peters, Oreochromis niloticus L., Clarias 

batrachus L.; Cyprinidae: Barbonymus schwanenfeldii Bleeker, Catla catla Hamilton, Cirrhinus mrigala Hamilton, 

Ctenopharyngodon idella Valenciennes, Cyprinus carpio L., Hypophthalmichthys nobilis Richardson, Labeo rohita 

Hamilton, Puntius sophore Hamilton; Dasyatidae: Dasyatis pastinaca L.; Gadidae: Gadus morhua L., 

Melanogrammus aeglefinus L., Pollachius virens L.; Heteropneustidae: Heteropneustes fossilis Bloch; Labridae: 

Labrus bergylta Ascanius; Moronidae: Dicentrarchus labrax L., Morone saxatilis Walbaum; Myxinidae: Myxine 
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glutinosa L.; Oxudercidae: Periophthalmodon schlosseri Pallas; Pleuronectidae: Platichthys flesus L.; Pomacentridae: 

Amphiprion clarkii Bennet; Salmonidae: Oncorhynchus mykiss Walbaum, Salvelinus alpinus L., Salvelinus fontinalis  

Mitchill; Sciaenidae: Argyrosomus regius Asso, Umbrina cirrosa L.; Scophthalmidae: Scophthalmus maximus L., 

Scophthalmus rhombus L.; Serranidae: Epinephelus marginatus Lowe, Epinephelus tauvina Forsskål; Soleidae: Solea 

senegalensis Kaup, Solea solea L.; Sparidae: Dentex dentex L., Pagellus bogaraveo Brünnich, Sparus aurata L. 

4.1.1. Aqueous Extractions 

Of all the experiments presented in Table 6, the most frequently used extraction method was the 

aqueous one. The most commonly employed solvents in these studies, listed in order of frequency 

of use, were physiological saline, water, ammonium bicarbonate, and Tris-buffered saline. Further 

information about these studies can be found in Table S-1. 

Although aqueous extraction was the most popular extraction method, it also showed the least 

antibacterial activity. This was particularly evident in those experiments where different 

extraction methods were compared. In some experiments, aqueous extracts did not show any 

antibacterial activity [265,275-279,289]. For example, Subramanian et al., (2008) [278] found 

antimicrobial agents, such as lysozyme, cathepsin B, and trypsin-like proteases, in the aqueous 

skin mucus extracts of several fish species, but they did not exert any antimicrobial activity. Al-

Rashed et al., (2018) [265] used aqueous and acidic extracts of the skin mucus of the climbing 

perch (Anabas testudineus), but only found antibacterial activity in the latter. Similarly, Hellio et 

al., (2002) [276] performed aqueous and organic extractions of the skin mucus of the ballan wrasse 

(L. bergylta), but only observed antibacterial activity with the organic extracts. Subhashini et al., 

(2013) [289] did not find antimicrobial activity in the aqueous extract of the skin mucus of tinfoil 

barb fish (Barbonymus Schwanenfeldii), even if the amount of protein was higher than in the 

organic extracts obtained in parallel. 

The lack of activity of these extracts has been attributed by different authors to several causes: (i) 

inactivation of enzymes, such as lysozyme, trypsin, or proteases, by the high incubation 

temperatures and/or low pH conditions used in the procedure [278]; (ii) low concentration of 

antimicrobial compounds in the media, probably because some of these enzymes regulate their 

production [213]; and (iii) inter- and intraspecies variability of mucus composition, influenced by 

both internal (e.g., sex and developmental stage) and external factors (e.g.,  stress,  

hyperosmolarity,  pH, and infection) [201].   This last point is particularly noticeable in the species 

studied in several studies performing aqueous extractions. The aqueous skin mucus extract of the 

common snakehead (Channa striata) has been shown in some studies to be active against Gram-

negative and Gram-positive bacteria [268,270,271]. However, Wei et al., (2010) [299] also tested 

the antibacterial activity of this extract and found inhibition only against Aeromonas hydrophila 

but not against other bacteria previously tested (i.e., Bacillus subtilis, Klebsiella pneumoniae, 

Proteus vulgaris, and Pseudomonas aeruginosa). 

In other studies, the aqueous skin mucus extract did inhibit both Gram-negative and Gram-

positive bacteria [268,270-273,287,290,291,293-295]. Guardiola et al., (2014) [272] demonstrated 

that an aqueous extract of the skin mucus of grouper (Epinephelus marginatus) inhibited Gram-

positive and Gram-negative bacteria. They also found high levels of lysozyme, alkaline 

phosphatase, esterase, protease, and antiprotease activities, which are associated with defense 

against bacterial infections. In a study by Kumari et al., (2019), [294] the aqueous skin mucus 

extract of several carp species exhibited high antibacterial activity against both Gram-negative 

and Gram-positive bacteria. 

4.1.2. Organic Extractions 

For the organic extractions, the most used solvents have been ethanol and dichloromethane. Some 

authors performed alcoholic extractions and then partitioned distilled water with dichloromethane 

to obtain aqueous and organic phases [276,289]. High antibacterial activity has been reported for 
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organic fish skin mucus extracts (see Tables 3 and S-2 for further details). Indeed, in some studies, 

all bacteria tested were inhibited, both Gram-positive and Gram-negative [214,276,283,289]. The 

main reasons explaining such activity are that (i) the presence of hydrophobic groups is often a 

common feature of antimicrobial molecules because of their affinity for membranes and their 

ability to disrupt them [300]; and (ii) these extracts are enriched in hydrophobic molecules because 

organic solvents favor their isolation by reducing the interactions between hydrophobic groups, 

which hinders their aggregation [301]. In fact, Mahadevan et al., (2019) [283] obtained greater 

inhibitory activity against Gram-negative and Gram-positive bacteria using organic mucus 

extracts compared to aqueous ones. Hellio et al., (2002) [276] correlated high antimicrobial 

activity with low polarity of the solvents used; they also showed that extracts from the 

dichloromethane phase were more active than those from the aqueous phase. In a study by 

Bergsson et al., (2005) [214], an organic (acetonitrile (ACN) + 1% trifluoroacetic acid (TFA)) 

extract of cod skin mucus exhibited high antimicrobial activity against Gram-positive and Gram-

negative bacteria. In these extracts, they also identified four peptides with known antimicrobial 

activity, i.e., those derived from the histone H2B and the 60S ribosomal proteins L40, L36A, and 

L35. 

In some studies, the same species were used to obtain the organic extracts of skin mucus. García-

Marciano et al., (2019) [279] and Wibowo and Maftuch (2015) [281] tested the organic skin mucus 

of tilapia against V. harveyi, and in both studies, bacterial growth was inhibited. Katra et al., 

(2016) [277] and Hellio et al., (2002) [276] employed the same methodology to obtain organic 

skin mucus extracts from ballan wrasse (L. bergylta) and these two studies, no activity against 

Gram-positive bacteria was found. However, Hellio et al., (2002) [276] found antimicrobial 

activity against Gram-negatives, while Katra et al., (2016) [277] did not. These contradictory 

results were attributed to the possible development of antimicrobial resistance in the strains used, 

or to seasonal, housing, or dietary differences between the two studies that may have affected the 

experimental animals. 

4.1.3. Acidic Extractions 

For acidic extractions, the most common solvent was acetic acid (AA) followed by TFA. In 

general, acidic extracts showed greater antibacterial activity than other extracts (see Tables 3 and 

S-3 for further information) [262,265,275,278-280,288,289,299]. In most studies using acidic 

extractions to determine antibacterial capacity, all bacteria tested were inhibited 

[262,275,278,280,292,299]. This may be due to the presence of cationic peptides and defensive low-

molecular-weight proteins. This type of molecule has been shown to be more soluble in mildly 

acidic solutions [302]. 

Subramanian et al., (2008) [278] tested the antimicrobial activity of brook trout (Salvelinus 

fontinalis), haddock (Melanogrammus aeglefinus), and hagfish acidic (AA) skin mucus extracts 

against Gram-negative (A. salmonicida, E. coli, Listonella anguillarum, Salmonella enterica, P. 

aeruginosa, Yersinia ruckeri) and Gram-positive (Staphylococcus epidermidis) bacteria, and all 

species studied were inhibited. Hagfish mucus was the most active one, and its protein profile 

showed mainly low-molecular-weight proteins below 20 kDa. This was related to the fact that 

hagfish are evolutionarily the most primitive of the species studied and they lack essential 

components of adaptive defense, as well as their presence in muddy ocean bottoms, which 

requires a greater amount of antimicrobial components for their survival [278]. 

Nigam et al., (2017) [292] identified the antimicrobial protein histone H2B in acidic (AA and 

TFA) mrigal carp skin mucus extracts.  However, the TFA extract only inhibited two (Salmonella 

paratyphi, Vibrio cholerae) of the five bacteria tested. Patel et al., (2020) [262] detected some 

metabolites in the acidic (AA) pool of barb mucus extract that were associated with antimicrobial 

activity, such as 10-nitro-9Z,12Z-octadecadienoic acid, 3alpha,6beta,7alpha-trihydroxy-
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5betacholan-24-oic acid, 1-octanoyl-rac-glycerol, di-hydrosphingosine, phytosphingosine, 5beta-

chol-2-en-24-oic acid, neuraminic acid, glucosamine, and cysteamine. It has been described that 

antimicrobial lipids probably act by inducing cell wall and membrane destabilization of bacteria 

[303]. 

4.1.4. Crude Mucus 

Finally, some studies have evaluated the activity of fish skin mucus in its almost raw form, 

without any type of solvent extraction. Tables 3 and S-4 provide additional information about 

these studies. Sanahuja et al., (2019) [266] compared the crude skin mucus of gilthead sea bream, 

European sea bass, and meagre (Argyrosomus regius). In particular, meagre mucus showed 

biocidal activity against all bacterial species tested, i.e., E. coli, V. anguillarum, and P. 

anguilliseptica (all Gram-negative), which was associated with higher levels of non-specific 

defenses, such as protease and carboxylesterase activities. Fuochi et al., (2017) [296] studied the 

antibacterial activity of common stingray (D. pastinaca) crude skin mucus and found that it 

inhibits the bacterial growth of Gram-negative, but not Gram-positive, bacteria. This observation 

was attributed to a strong interaction between the outer membrane (present in Gram-negatives 

only) and the biomolecules present in the mucus. They also demonstrated the presence of chitinase 

1, an enzyme involved in the degradation of chitin [296]. 

Other authors have compared the antibacterial activity between the crude mucus and some of its 

solvent extracts.  Kumari et al., (2019) [294] found that the crude mucus of several carp species 

shows higher antibacterial activity than its aqueous extract. Wei et al., (2010) [299] compared 

crude, aqueous, and acidic mucus from common snakehead. Although the crude mucus was found 

to contain a higher amount of protein than the other extracts, it inhibited only the fish pathogen 

A. hydrophila. In this work, the crude mucus did not exert any effect against the human bacteria 

pathogens tested, unlike the other extracts. 

4.2. Antifungal Activity of Fish Skin Mucus Extracts 

Fish skin mucus has also shown antimicrobial activity against fungal pathogens. However, the 

number of studies evaluating antifungal activity is much lower than the number of studies 

evaluating antibacterial activity. Of the 39 selected studies that evaluated antibacterial and 

antifungal activity, 28 evaluated only antibacterial activity, two evaluated antifungal activity 

exclusively, and nine evaluated both. The antifungal studies conducted using fish skin mucus are 

shown in Table 7. 

Table 7. List of antifungal studies using skin mucus from different fish species. 

Fish Species (Family) Extraction1 Sensitive Fungi 

Non-

Sensitive 

Fungi 

Antimicrobial 

Assay2 
Ref. 

Anguilla anguilla L. 

(Anguillidae) 
- 

Aspergillus awamori, 

Colletotrichum falcatum, 

Fusarium oxysporum 

 DD [284] 

Catla catla Hamilton 

(Cyprinidae) 

PS 

Aspergillus flavus, 

Aspergillus niger, 

Candida albicans, Mucor 
globosus, Rhizopus 

arrhizus 

 DD [291] 

C 
A. awamori, C. falcatum, 

F. oxysporum 
 DD [284] 

Cirrhinus mrigala 

Hamilton (Cyprinidae) 
C 

A. awamori, C. falcatum, 

F. oxysporum 
 DD [284] 

Clarias batrachus L. 

(Clariidae) 
- 

A. niger, Aspergillus 

nidulans, Fusarium 

moniliforme, 

C. albicans, Trichoderma 
koningi 

 DD [287] 
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Table 7. List of antifungal studies using skin mucus from different fish species. 

Fish Species (Family) Extraction1 Sensitive Fungi 

Non-

Sensitive 

Fungi 

Antimicrobial 

Assay2 
Ref. 

Ctenopharyngodon 

idella Valenciennes 

(Cyprinidae) 

PS 
A. flavus, C. albicans, M. 

globosus, R. arrhizus 
A. niger DD [291] 

Cyprinus carpio L. 

(Cyprinidae) 

PS, AA, 

DCM 
C. albicans  BD [278] 

Dasyatis pastinaca L. 

(Dasyatidae) 
C 

C. albicans, Candida 

glabrata, C. tropicalis 
 BD [296] 

Gadus morhua L. 
(Gadidae) 

ACN + 1% 

TFA 
C. albicans  AWD, BD [214] 

W, DCM 

C. albicans, Candida 

brusei, C. tropicalis, 

Issatchenkia orientalis, 
Saccharomyces 

cerevisiae 

 AWD, BD [276] 

Hypophthalmichthys 
Molitrix Valenciennes 

(Cyprinidae) 

PS 
A. flavus, A. niger, M. 

globosus 
C. albicans, 
R. arrhizus 

DD [291] 

Labeo rohita 

Hamilton (Cyprinidae) 

NaOH, 

NaOH + TH 
C. albicans  AWD [304] 

PS 

A. flavus, A. niger, C. 

albicans, M. globosus, R. 

arrhizus 

 DD [291] 

Melanogrammus 

aeglefinus L. 

(Gadidae) 

AB, AA, ET, 

DCM 
C. albicans  BD [278] 

Monopterus albus 
Zuiew 

(Synbranchidae) 

C, W, PS 

C. albicans, Candida 

krusei, Cryptococcus 

neoformans, Fusarium 

sp. 

 DD [305] 

Morone saxatilis 
Walbaum 

(Moronidae) 

AB, AA, 
ET, DCM 

C. albicans  BD [278] 

Myxine glutinosa L. 
(Myxinidae) 

AB, AA, 
ET, DCM 

C. albicans   [278] 

Oncorhynchus 

mykiss Walbaum 
(Salmonidae) 

C  

C. albicans, 

Candida 
parapsilosis 

 [297] 

Periophthalmodon 

schlosseri Pallas 
(Gobiidae) 

PS, ET 

C. albicans, A. flavus, 

Mucor sp., Trichoderma 
longibriachtin 

 DD, BD [283] 

Salvelinus alpinus L. 

(Salmonidae) 

AB, AA, ET, 

DCM 
C. albicans  BD [278] 

Salvelinus fontinalis 

Mitchill 

(Salmonidae) 

AB, AA, ET, 

DCM 
C. albicans  BD [278] 

Scophtalamus 

rhombus L. 

(Scophthalmidae) 

W, ET, 

DCM 
C. tropicalis, S. cerevisiae 

C. brusei, 

C. albicans, 

I. orientalis 

AWD, BD [276] 

1 C: crude; PS: physiological saline; AA: acetic acid; DCM: dichloromethane; ACN: acetonitrile; TFA: trifluoroacetic 

acid; W: water; AB: ammonium bicarbonate; ET: ethanol; TH: tris hydrochloride; 2 DD: disc diffusion; BD: broth 

dilution; AWD: agar-well diffusion. 

Several studies have produced mixed results using crude fish skin mucus. On the one hand, the 

antifungal activity of crude skin mucus of catla, mrigal carp, and European eel inhibited the 

growth of Aspergillus awamori, Colletotrichum falcatum, and Fusarium oxysporum in the study 

by Pethkar et al., (2017) [284]. Fuochi et al., (2017) [296] also found that the crude skin mucus of 

the common stingray was active against Candida albicans, Candida glabrata, and Candida 

tropicalis. On the other hand, Hisar et al., (2014) [297] tested the crude skin mucus of rainbow 

trout against C. albicans and Candida parapsilosis, but no antifungal activity was observed. Ikram 
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et al., (2013) [305] screened the antifungal activity of crude and aqueous (i.e., PBS and water) 

skin mucus of Asian swamp eel (Monopterus albus) against C. albicans, Candida krusei, 

Cryptococcus neoformans, and Fusarium spp., but only the water extract revealed an inhibitory 

effect, with activity against all the fungi tested and mostly against Fusarium spp. 

A few studies only investigated aqueous mucus extractions. For example, walking catfish (Clarias 

batrachus) aqueous skin mucus inhibited Aspergillus niger, Aspergillus nidulans, Fusarium 

moniliforme, C. albicans, and Trichoderma koningi in the study by Loganathan et al., (2011) 

[287]. Balasubramanian et al., (2011) [291] tested the antifungal activity of catla, silver carp 

(Hypophthalmichthys molitrix), rohu (Labeo rohita), and grass carp (Ctenopharyngodon idella) 

aqueous skin mucus against Aspergillus flavus, A. niger, C. albicans, Mucor globosus, and 

Rhizopus arrhizus. The catla and rohu extracts inhibited all the species tested, the silver carp 

extract inhibited M. globosus, A. flavus, and A. niger, and the grass carp extract inhibited all 

species except A. niger. 

Other studies carried out aqueous and organic or acidic extractions in parallel and compared their 

activity. Hellio et al., (2002) [276] screened the antifungal activity of the aqueous and organic skin 

mucus extracts of pollock (Pollachius virens), ballan wrasse, European flounder (Platichthys 

flesus), common sole (Solea solea), and brill (Scophthalmus rhombus) against Candida brusei, C. 

albicans, C. tropicalis, Saccharomyces cerevisiae, and Issatchenkia orientalis. Antifungal 

activity was found only in the aqueous and organic fractions of the organic extraction of brill 

mucus against C. tropicalis, I. orientalis, and S. cerevisiae. In the study by Subramanian et al., 

(2008) [278], the aqueous, acidic, and organic skin mucus extracts of arctic char (Salvelinus 

alpinus), brook trout (Salvelinus fontinalis), Eurasian carp (Cyprinus carpio sub sp. Koi), striped 

bass (Morone saxatilis), haddock (Melanogrammus aeglefinus), and hagfish were tested against 

C. albicans. The results showed that the acidic skin mucus of arctic char, brook trout, and hagfish 

exerted fungicidal activity, and the acidic skin mucus extracts of European carp and striped bass 

were fungistatic. Mahadevan et al., (2019) [283] showed that the aqueous and organic skin mucus 

extracts of the giant mudskipper (Periophthalmodon schlosseri) inhibited C. albicans, A. flavus, 

Mucor sp., and Trichoderma longibriachtin. 

Bergsson et al. (2005) [214] extracted the skin mucus of Atlantic cod using 60% ACN containing 

1% TFA. They evaluated its activity against C. albicans, which was fully eliminated when 

Medium E (salt solution) was added to the medium. Without Medium E, only mild inhibition was 

observed. In another study, al-Arifa et al., (2011) [304] demonstrated that the use of alkali 

treatments to induce the production of skin mucus in rohu before its collection inactivated its 

antifungal properties, and they were not restored after the neutralization of its pH. Instead, it 

favored the growth of C. albicans. 

The antifungal activity of mucus components, such as lysozyme [306,307] or chitinases [308], have 

been demonstrated. Some studies suggest that the lysozyme may disrupt cell wall integrity by 

hydrolyzing the glycosidic linkages between cell wall proteins and polysaccharides [306]. Other 

hypotheses include that lysozyme is likely to induce apoptosis in this fungus accompanied by 

activation of membrane potassium channels [307]. Regarding chitinases, they catalyze the 

hydrolysis of chitin, a main component of the cell wall in fungi [308]. 

4.3. Antiviral Activity of Fish Skin Mucus 

Information on the antiviral activity of fish skin mucus extracts is scarce to date. Raj et al., (2011) 

[309] investigated the role of carp epidermal mucus as an innate immune barrier against CyHV-3 

entry. They found that skin mucus inhibits CyHV-3 binding on epidermal cells and leads to a 

significant reduction in the number of viral plaques. This reduction only occurred when cells were 

pre-incubated with mucus, but not when mucus was added after the incubation period. Most of 
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the studies, however, report antiviral activity of compounds that had been previously isolated 

from skin mucus. For instance, Valero et al., (2020) [310] reported the presence of NK-lysin in 

Atlantic salmon skin mucus, and Falco et al., (2019) [311] demonstrated its antiviral activity 

against SVCV by inhibiting not only the binding of viral particles to host cells, but also the fusion 

of virus and cell membranes. Beta-defensins, an important factor in the antimicrobial barrier 

function of the skin [312], have also been shown to have antiviral activity against another 

rhabdovirus, the viral haemorrhagic septicaemia virus (VHSV) [313]. Furthermore, lysozyme 

[314] and piscidin (PIS) [315] have antiviral activity. However, the scarcity of systemic and 

functional data shows that more research on the antiviral role of fish mucus is required to draw 

clear conclusions and to develop new strategies to treat viral infections.  

5. Omics Techniques as a Promising Tool in Fish Skin Mucus Research 

The field of fish skin mucus research has generally been limited by the complexity of its 

composition, as well as the interactions between its components. Omic techniques have recently 

emerged to provide a holistic approach to cellular components and their interactions, providing 

an effective tool towards a deeper understanding of marine systems [316]. The progress of these 

techniques has allowed the field of studies of fish skin mucus to grow quickly in recent years 

[175]. These techniques have been applied to fish skin mucus research in different topics, such as 

welfare, health, and nutrition. However, the discovery of antimicrobial agents through these 

methods is an underexplored opportunity. Genomics have provided insights into molecular and 

genetic mechanisms in fish. 

Ao et al., (2015) [317] sequenced and assembled the genome of Larimichthys crocea using a 

bacterial artificial chromosome and a whole-genome shotgun hierarchical strategy. They 

identified 159 genes related to mucin biosynthesis and mucus production based on previous 

studies in mammals, thus suggesting that the mucin synthetic pathway is conserved between fish 

and mammals. Carda-Diéguez et al., (2017) [318] searched for genomic and metagenomic 

evidence in wild eel to discover if fish mucus could constitute an adequate niche for the evolution 

of mucosal aquatic pathogens in natural environments. The results obtained suggest that skin 

mucus concentrates in bacteria present in water with abilities to attach, resist innate immunity, 

and compete with other bacteria, and that it favors the exchange of genes encoding these 

functions. 

Transcriptomics provides information on the RNA transcripts produced by the genome, from 

protein coding (mRNA) to noncoding RNA. A recent study examined the efficacy of whole-

transcriptomic profiling of mahi-mahi epidermal mucus as a method for oil exposure detection 

using RNASeq [319]. Transcripts involved in immune response, cardiotoxicity, and calcium 

homeostasis showed differential expression after oil exposure, which indicates that mucus is a 

promising source for noninvasive monitoring techniques. Parida et al., (2018) [320] examined the 

transcriptome of immune-relevant genes in the mucus of infected rohu to characterize mucosal 

immune responses. The results show, in general, the upregulation of immune-related transcripts, 

such as interleukins, toll-like receptor 22, and lysozyme G, which broadens our knowledge of 

mucosa-associated molecular events that occur during infections and reinforces the role of mucus 

as the first line of defense against pathogens. 

Proteomics is the characterization of proteins expressed in an organism. It is the most studied 

omic technique in fish mucus research. Proteomics provides information about the entire effect 

of the gene expression process and encompasses post-transcriptional and post-translational 

protein expression regulation [321]. Proteomic profiles of the skin mucus of gilthead seabream 

[251], Atlantic cod [237], Atlantic salmon [322], mudskipper [323], discus fish (Symphysodon spp.) 

[324], European sea bass [236], and lumpsucker [240] have been published, allowing for the 

possibility of comparative studies to better understand the dynamics of fish mucus. Moreover, the 
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proteomic profile of fish mucus subjected to different types of stress has been studied, such as 

chronic wounds [254], bacterial infection [237,325], parasitic infection [326], artificial stressors 

[327], and sample collection [328]. These types of studies expand our knowledge of proteomic 

changes associated with immune processes, and they can be a starting point to develop a powerful 

tool to identify bioindicators of fish welfare and physiological status via non-invasive methods. 

Metabolomics can be defined as the quantitative complement of all low-molecular-weight 

molecules present in cells in a particular physiological or developmental state [329]. 

Metabolomics is situated downstream of proteomics, transcriptomics, and genomics, thus making 

metabolomics extremely useful for understanding organism responses and for biomarker 

discovery [37]. Analytical methods in metabolomics commonly include mass spectrometry (MS), 

often in conjunction with gas chromatography (GC) and liquid chromatography (LC), and nuclear 

magnetic resonance (NMR). Studies on fish metabolomics cover a wide range of fields of 

knowledge, including fish physiology and development, pollutants’ effects on fish, fish condition 

and disease, and fish as foodstuff [330]. Ekman et al., (2015) [259] characterized fathead minnow 

skin mucus metabolites using LC-MS in order to report a minimally invasive sampling method. 

Results indicate that the metabolome varies between sexes and that it is very sensitive to chemical 

exposure, suggesting that metabolomics is useful for environmental monitoring and surveillance. 

Wen et al., (2020) [331] analyzed discus fish skin mucus metabolites using LC-MS/MS-based 

metabolomics and found changes in metabolite profiles as they entered the stage of parental care; 

those variations were sex-specific in parental fish. Ivanova et al., (2018) [332] employed LC-MS 

metabolomics to detect small metabolites using different sample collection techniques. The 

results suggest that the scraping method to collect mucus is more invasive than other methods due 

to changes in metabolic profiles. 

A combination of different omic techniques pursues the integration of different biological entities 

to understand their interrelation and the functioning of larger systems, and serves to identify new 

biomarkers in specific tissues. For instance, multiomic analysis of gilthead sea bream skin mucosa 

was carried out by measuring the entirety of biomolecules differentially expressed by means of 

skin transcriptomic analyses and the modification in mucus layer exudation by the analysis of the 

mucus proteome [333]. Information on fish mucus at genomic, transcriptional, protein, and 

metabolic levels has significantly moved fish mucus research forward. Applications associated 

with fish health and welfare, monitoring, food safety, and aquaculture production can be achieved 

using omic techniques. Important insights can be found not only within those techniques but also 

through understanding the interactions between them. 

6. Conclusions 

Besides being a key component in several physiological functions, fish skin mucus provides an 

effective chemical and physical barrier against pathogens. The performance of this activity is 

highly dependent on mucus composition. Therefore, the choice of a suitable molecular extraction 

method is crucial for its antimicrobial use in other applications. Indeed, notable differences in 

antimicrobial activity have been shown for the different types of extracts reviewed here, which is 

particularly relevant in those studies comparing different extraction methods on the same samples. 

In general, acidic extracts, followed by organic ones, showed the highest antimicrobial activity. 

This may be because these procedures favor the isolation of cationic and/or amphipathic 

antimicrobial compounds, such as AMPs, their enrichment in the final extracts and, apparently, 

the minimization of molecular inactivation events. 

The general analysis of the studies reviewed here shows that 76% of the authors tested 

antibacterial activity against both Gram-negative and Gram-positive bacteria, while the remaining 

24% used Gram-negative bacteria only. In this sense, E. coli and S. aureus were the most 

commonly used Gram-negative and Gram-positive bacteria, respectively. With regard to the 
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origin (or host target) of the pathogens tested, most studies used both human and fish pathogens 

(57%), while 35% and 8% used only human and fish pathogens, respectively. In some 

experiments, the (mostly acidic and organic) extracts inhibited the replication of Gram-negative, 

but not Gram-positive, bacteria. One of the reasons for this may be the higher affinity of the 

cationic antimicrobial molecules in the extracts for the negatively charged outer membrane of 

gram-negative bacteria, which is not present in gram-positive bacteria. 

Focusing now on the procedures to quantify antimicrobial activity, and, mostly, antibacterial and 

antifungal activity, the most common methods employed are, in order, disc diffusion (46%), agar-

well diffusion (26%), broth dilution (12%), optical density measurement (7%), and broth dilution 

recorded by optical measurement (5%). The disc diffusion and agar-well diffusion assays are 

simple, inexpensive, and intuitive to interpret; however, their low sensitivity makes them 

unsuitable for comparative studies and for determining precise inhibitory factors, such as the 

minimum and half-maximal inhibitory concentration (MIC and IC50, respectively). Therefore, 

and as a preview of the next section, it would be recommended that the methods used to evaluate 

the antimicrobial activity of compounds in this particular area of research be standardized to allow 

for appropriate comparisons. 

7. Recommendations and Future Perspectives 

This review emphasizes the importance of mucus composition for its antimicrobial activity. 

However, this composition may differ notably depending on several factors, such as species, sex, 

age, and environment. Therefore, more information on these factors should be included in such 

studies to improve reproducibility. A practical option could be to focus these studies on animals 

at harvesting stages in order to normalize the results at the most appropriate time for industrial 

exploitation. In this sense, it would also be of great interest to develop efficient technologies for 

the collection of fish skin mucus at harvesting sites. 

However, the momentum needed to accelerate progress in these lines of research and their 

translation into practice requires a substantial increase in the need for these products. The urgency 

for new antimicrobials noted in the introduction to this review is one such need. However, new 

ideas that define the targets against which these compounds could already make a difference 

would greatly accelerate their development.  Examples include the use of marine antimicrobials 

in high ionic strength environments, such as the mucosal tissues of cystic fibrosis patients [334] 

or food preservation [335]. In this line of research, it would also be interesting to study formats to 

increase their stability and to improve their delivery; for example, by encapsulating them in micro- 

or even nanomaterials. 

Finally, it is important to reiterate that the study and understanding of the fish skin mucus 

interactome using omic techniques provides new, unprecedented opportunities for antimicrobial 

drug discovery. Multiomics may also allow for the discovery of clinically important metabolites, 

interactions between components, and the mechanisms by which components exert their 

antimicrobial activity. 
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Table S-1. List of antibacterial studies using aqueous skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 Ref. 
Sensitive Resistant 

Amphiprion clarkii W 

G-: Aeromonas 

hydrophila, 

Pseudomonas 
fluorescens, Vibrio 

alginolyticus, Vibrio 

harveyi, Vibrio 

parahaemolyticus 

G+: Micrococcus 
lysodeikticus, 

Staphylococcus aureus 

BD [264] 

Anabas testudineus AB  

G+: Bacillus subtilis, S. 

aureus 

G-: A. hydrophila, 

Escherichia coli, 

Pseudomonas 

aeruginosa, Salmonella 

spp., Salmonella 

choleraesuis, Serratia 

marcescens 

AWD [336] 

Anguilla anguilla PS 

G+: S. aureus,  
G-: V. alginolyticus, 

Vibrio fluvialis, V. 

parahaemolyticus 

G+: Enterococcus 

faecium, 

Staphylococcus 

epidermidis 

G-: A. hydrophila, E. 
coli, Klebsiella 

pneumoniae, 

Photobacterium 

damselae subsp. 

piscicida, P. 
aeruginosa, Salmonella 

typhi, Vibrio 

anguillarum 

DD [337] 

Arius maculatus PS 

G-: E. coli, P. 
aeruginosa, 

Salmonella spp., 

Shigella spp., Vibrio 

cholerae 

 DD [285] 

Barbonymus 

schwanenfeldii 
W  

G+: Bacillus cereus, S. 

aureus 

G-: Shigella boydii, E. 

coli 

DD [289] 

Catla catla 

PS 

G-: A. hydrophila, 

Aeromonas sobria, P. 

fluorescens, V. 
anguillarum. 

 DD [290] 

PS 

G-: E. coli, K. 

pneumoniae, P. 

aeruginosa, S. typhi, 
V. cholerae 

 DD [291] 

Channa gachua PS 

G-: A. hydrophila, E. 

coli, P. aeruginosa, V. 
anguillarum, Vibrio 

fischeri 

 DD [268] 
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Table S-1. List of antibacterial studies using aqueous skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

Channa marulius PS 

G-: A. hydrophila, E. 

coli, P. aeruginosa, V. 

anguillarum, V. 
fischeri 

 DD [268] 

Channa micropeltes PS 

G-: A. hydrophila, E. 

coli, P. aeruginosa, V. 
anguillarum, V. 

fischeri 

 DD [268] 

Channa punctatus 

PS 

G+: Lactobacillus 

bulgaricus, S. aureus 
G-: E. coli, Klebsiella 

oxytoca, K. 

pneumoniae, P. 

aeruginosa, Proteus 

mirabilis, S. 
paratyphi, S. typhi, V. 

cholerae 

 DD [293] 

PS 

G-: A. hydrophila, E. 
coli, P. aeruginosa, V. 

anguillarum, V. 

fischeri 

 DD [268] 

W 
G+: S. aureus, 

Micrococcus luteus 

G -: E. coli, P. 

aeruginosa, S. typhi 
DD [338] 

Channa striatus 

W G-: A. hydrophila 

G+: B. subtilis 

G-: K. pneumoniae, P. 
aeruginosa, Proteus 

vulgaris, Salmonella 

enteritidis 

DD, BD [299] 

W 

G+: L. bulgaricus, S. 

aureus 

G-: E. coli, K. 

oxytoca, P. 

aeruginosa, K. 
pneumoniae, S. 

paratyphi, S. typhi, P. 

mirabilis, V. cholerae 

 AWD [270] 

PS 

G+: B. subtilis, M. 

luteus, S. aureus, 

Steptococcus 

pyogenes 

G-: E. coli, P. 
vulgaris, P. 

aeruginosa, 

Salmonella 

typhimurium, V. 

cholera, 
Mycobacterium 

smegmatis 

 AWD [271] 

PS 

G-: A. hydrophila, E. 
coli, P. aeruginosa, V. 

anguillarum, V. 

fischeri 

 DD [268] 

Cirrhinus mrigala PS 

G+: L. bulgaricus S. 
aureus 

G-: E. coli, K. 

oxytoca, K. 

pneumoniae, P. 

aeruginosa, P. 
mirabilis, S. 

paratyphi, S. typhi, V. 

cholerae 

 DD [293] 
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Table S-1. List of antibacterial studies using aqueous skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

W 

G-: P. aeruginosa, S. 

paratyphi, S. typhi, V. 

cholerae 

G+: S. aureus, 

 
DD [292] 

Clarias batrachus 

AB 

G+: S. aureus 

G-: A. hydrophila, E. 

coli, K. pneumonia, P. 
aeruginosa, P. 

vulgaris 

G+: Bacillus coagulans DD [339] 

PS 

G-: A. hydrophila, E. 

coli, P. aeruginosa, V. 
anguillarum, V. 

fischeri 

 DD [287] 

Ctenopharyngodon 

idella 

PS 

G+: B. cereus, S. 
aureus, S. epidermidis  

G-: A. hydrophila, E. 

coli, K. pneumoniae, 

P. aeruginosa 

 AWD [294] 

PS 

G-: A. hydrophila, A. 

sobria, P. fluorescens, 

V. anguillarum. 

 DD [290] 

PS 

G-: E. coli, K. 

pneumoniae, P. 

aeruginosa, S. typhi, 

V. cholerae 

 DD [291] 

Cyprinus carpio 

AB  

G+: S. epidermis 

G-: Aeromonas 

salmonicida, E. coli, 

Listonella anguillarum, 
P. aeruginosa, 

Salmonella enterica, 

Yersinia ruckeri 

BD [278] 

PS 

G+: S. epidermis 

G-: A. salmonicida, E. 

coli, L. anguillarum, 

P. aeruginosa, S. 

enterica, Y. ruckeri 

 AWD [294] 

Dentex dentex TBS 

G+: B. subtilis 

G-: E. coli, P. 

damselae, Shewanella 
putrefaciens, V. 

harveyi, V. angillarum 

 OD [272] 

Dicentrarchus 

labrax 

PS G+: S. aureus 

G-: P. damselae subsp. 

piscicida, 
Tenacibaculum 

maritimum, V. 

anguillarum, V. 

damsela 

DD [340] 

PS 

G+: S. aureus 

G-: V. alginolyticus, 
V. fluvialis, V. 

parahaemolyticus 

G+: E. faecium, S. 

epidermidis 

G-: A. hydrophila, E. 

coli, K. pneumoniae, P. 
damselae subsp. 

piscicida, P. 

aeruginosa, S. typhi, V. 

anguillarum,  

DD [337] 

TBS 

G+: B. subtilis 

G-: E. coli, P. 

damselae, S. 

putrefaciens, V. 
harveyi, V. angillarum 

 OD [272] 

Epinephelus 

marginatus 
TBS 

G+: B. subtilis 

G-: E. coli, P. 

damselae, S. 

 OD [272] 



 

70 
 

CHAPTER 1 

Table S-1. List of antibacterial studies using aqueous skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

putrefaciens, V. 

harveyi, V. angillarum 

Epinephelus tauvina AB  

G-: A. hydrophila, E. 

coli, S. typhi, K. 

pneumonia, P. 

mirabilis, P. 
fluorescens, V. 

alginolyticus, V. 

harveyi, V. 

parahemolyticus 

AWD [341] 

Heteropneustes 

fossilis 
PS 

G+: B. subtilis, M. 

luteus, S. aureus, S. 

pyogenes 

G-: E. coli, P. 

vulgaris, P. 
aeruginosa, S. 

typhimurium, V. 

cholera, M. smegmatis 

 AWD [271] 

Hypophthalmichthys 

nobilis 

PS 

G+: B. cereus, S. 

aureus, S. epidermidis  

G-: A. hydrophila, E. 

coli, K. pneumoniae, 

P. aeruginosa 

 AWD [294] 

PS 

G-: A. hydrophila, A. 

sobria, P. fluorescens, 

V. anguillarum. 

 DD [290] 

PS 

G-: E. coli, K. 

pneumoniae, P. 

aeruginosa, S. typhi, 
V. cholerae 

 DD [291] 

PS 

G+: B. cereus, S. 

aureus, S. epidermidis 

G-: A. hydrophilla, E. 
coli, K. pneumonia, P. 

aeruginosa, 

 AWD, APD [295] 

Labeo rohita 

PS 
G-: A. hydrophila, A. 
sobria, P. fluorescens, 

V. anguillarum. 

 DD [290] 

PS 

G-: E. coli, K. 
pneumoniae, P. 

aeruginosa, S. typhi, 

V. cholerae 

 DD [291] 

Labrus bergylta 

W  

G+: B. cereus, B. 
subtilis, Bacillus 

megaterium, S. aureus, 

Streptococcus sp.  

G-: E. coli, K. 

pneumoniae, P. 
vulgaris, P. aeruginosa, 

S. marcescens 

AWD, BD [276] 

W  

G+: B. subtilis, 
Lactobacillus 

plantarum 

G-: A. sobria, 

Citrobacter sp., 

Edwardsiella tarda, E. 
coli, Enterobacter sp., 

L. anguillarum, 

Shewanella baltica, Y. 

ruckeri 

DD [342] 

Melanogrammus 

aeglefinus 
AB  

G+: S. epidermis 

G-: A. salmonicida, E. 

coli, L. anguillarum, P. 

BD [278] 
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Table S-1. List of antibacterial studies using aqueous skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

aeruginosa, S. enterica, 

Y. ruckeri 

Morone saxatilis AB   

G+: S. epidermis 

G-: A. salmonicida, E. 

coli, L. anguillarum, P. 

aeruginosa, S. enterica, 
Y. ruckeri 

BD [278] 

Myxine glutinosa AB  G-: S. enterica BD [278] 

Oreochromis 

niloticus 
W  

G-: V. harveyi, V. 

parahaemolyticus 
BD, OD [343] 

Oreochromis 

mossambicus 
AB 

G+: S. aureus 

G-: A. hydrophila, E. 

coli, K. pneumonia, P. 

aeruginosa, P. 
vulgaris 

G+: B. coagulans 

 
DD [339] 

Pagellus bogaraveo PS 
G-: V. 

parahaemolyticus 

G+: E. faecium, S. 

aureus, S. epidermidis 
G-: A. hydrophila, E. 

coli, K. pneumoniae, P. 

damselae subsp. 

iscicida, P. aeruginosa, 

S. typhi, V. 
alginolyticus, V. 

anguillarum, V. 

fluvialis 

DD [337] 

Periophthalmodon 

schlosseri 
PS 

G+: Bacillus 

anthracis, S. aureus 

G-: E. coli, P. 

mirabilis, P. 

aeruginosa, S. typhi, 
V. cholerae, K. 

pneumoniae 

 DD, BD [283] 

Platichthys flesus W 

G+: B. cereus, B. 

subtilis, B. 
megaterium, S. 

aureus, Streptococcus 

sp.  

G-: E. coli, K. 

pneumoniae, P. 
vulgaris, P. 

aeruginosa, S. 

marcescens 

 AWD, BD [276] 

Pollachius virens W 

G+: B. cereus, B. 

subtilis, B. 

megaterium, S. 

aureus, Streptococcus 

sp.  
G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 

aeruginosa, S. 

marcescens 

 AWD, BD [276] 

Rita rita W 

G+: S. aureus, M. 

luteus 

G -: S. typhi 

G -: E. coli, P. 

aeruginosa 
DD [338] 

Salvelinus alpinus AB  

G+: S. epidermis 

G-: A. salmonicida, E. 

coli, L. anguillarum, P. 

aeruginosa, S. enterica, 
Y. ruckeri 

BD [278] 

Salvelinus fontinalis AB  

G+: S. epidermis 

G-: A. salmonicida, E. 
coli, L. anguillarum, P. 

BD [278] 
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Table S-1. List of antibacterial studies using aqueous skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

aeruginosa, S. enterica, 

Y. ruckeri 

Scaphtalamus 

rhombus 
W 

G+: B. cereus, B. 

subtilis, B. 

megaterium, S. 

aureus, Streptococcus 
sp.  

G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 

aeruginosa, S. 
marcescens 

 AWD, BD [276] 

Scophthalamus 

maximus 
PS 

G+: S. aureus 

G-: P. damselae 

subsp. piscicida, V. 
anguillarum 

G-: T. maritimum, V. 

damsela 
DD [340] 

Solea senegalensis TBS 

G+: B. subtilis 

G-: E. coli, P. 
damselae subsp. 

piscicida, S. 

putrefaciens, V. 

anguillarum, V. 

harveyi 

 OD [298] 

Solea solea W 

G+: B. cereus, B. 

subtilis, B. 

megaterium, S. 
aureus, Streptococcus 

sp.  

G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 
aeruginosa, S. 

marcescens 

 AWD, BD [276] 

Sparus aurata 

PS G+: S. aureus 

G-: P. damselae subsp. 
piscicida, T. 

maritimum, V. 

anguillarum, V. 

damsela 

DD [340] 

TBS 

G+: B. subtilis 

G-: E. coli, P. 

damselae, S. 

putrefaciens, V. 

harveyi, V. angillarum 

 OD [272] 

Umbrina cirrosa TBS 

G+: B. subtilis 

G-: E. coli, P. 

damselae, S. 
putrefaciens, V. 

harveyi, V. angillarum 

 OD [272] 

1: AB: ammonium bicarbonate; PS: physiological saline; W: water; TBS: tris buffered saline 
2: G+: Gram-positive; G-: Gram-negative 
3: APD: agar plate dilution; AWD: agar well diffusion; BD: broth dilution; DD: disc diffusion; OD: optical density 
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Table S-2. List of antibacterial studies using organic skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

Barbonymus 

Schwanenfeldii 
ET, DCM 

G+: Bacillus 

cereus, 

Staphylococcus 

aureus 

G-: Shigella 
boydii, 

Escherichia coli 

 DD [289] 

Cyprinus carpio DCM 
G-: Salmonella 

enterica 
 BD [278] 

Epinephelus 

tauvina 
ET  

G-: Aeromonas hydrophila, E. 

coli, Salmonella typhi, 
Klebsiella pneumonia, 

Proteus mirabilis, 

Pseudomonas fluorescens, 

Vibrio alginolyticus, Vibrio 

harveyi, Vibrio 
parahemolyticus 

AWD [341] 

Gadus morhua 
ACN + 1% 

TFA  

G+: Bacillus 

megaterium 

G-: E. coli 

 AWD, BD [344] 

Labrus bergylta 

DCM 

G-: E. coli, K. 

pneumoniae, 

Proteus vulgaris, 
Pseudomonas 

aeruginosa, 

Serratia 

marcescens 

G+: B. cereus, Bacillus 
subtilis, B. megaterium, S. 

aureus, Streptococcus sp.  

AWD, BD [276] 

DCM  

G+: B. subtilis, Lactobacillus 

plantarum 

G-: Aeromonas sobria, 

Citrobacter sp., Edwardsiella 
tarda, E. coli, Enterobacter 

sp., Listonella anguillarum, 

Shewanella baltica, Yersinia 

ruckeri 

DD [342] 

Melanogrammus 

aeglefinus 
DCM  G-: S. enterica BD [278] 

Morone saxatilis DCM G-: S. enterica  BD [278] 

Myxine glutinosa DCM  G-: S. enterica BD [278] 

Oreochromis 

niloticus 

DCM G-: V. harveyi G-: V. parahaemolyticus BD, OD [343] 

ET G-: V. harveyi  DD, BD [281] 

Periophthalmodon 

schlosseri 
ET 

G+: Bacillus 
anthracis, S. 

aureus 

G-: E. coli, P. 

mirabilis, P. 

aeruginosa, S. 
typhi, Vibrio 

cholerae, K. 

pneumoniae 

 DD, BD [283] 

Platichthys flesus DCM 

G+: B. cereus, B. 

subtilis, B. 

megaterium, S. 

aureus, 

Streptococcus sp.  
G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 

aeruginosa, S. 

marcescens 

 AWD, BD [276] 

Pollachius virens DCM 
G+: B. cereus, B. 

subtilis, B. 
 AWD, BD [276] 
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Table S-2. List of antibacterial studies using organic skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

megaterium, S. 

aureus, 

Streptococcus sp.  
G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 

aeruginosa, S. 

marcescens 

Salvelinus alpinus DCM  G-: S. enterica BD [278] 

Salvelinus 

fontinalis 
DCM G-: S. enterica  BD [278] 

Scaphtalamus 
rhombus 

DCM 

G+: B. cereus, B. 

subtilis, B. 

megaterium, S. 

aureus, 

Streptococcus sp.  
G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 

aeruginosa, S. 

marcescens 

 AWD, BD [276] 

Solea solea DCM 

G+: B. cereus, B. 

subtilis, B. 

megaterium, S. 
aureus, 

Streptococcus sp.  

G-: E. coli, K. 

pneumoniae, P. 

vulgaris, P. 
aeruginosa, S. 

marcescens 

 AWD, BD [276] 

1: ACN: acetonitrile; DCM: dichloromethane; ET: ethanol; TFA: trifluoroacetic acid. 
2: G+: Gram-positive; G-: Gram-negative 
3: AWD: agar well diffusion; BD: broth dilution; DD: disc diffusion; OD: optical density 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

75 
 

CHAPTER 1 

Table S-3. List of antibacterial studies using acidic skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

Anabas 
testudineus 

AA 

G+: Bacillus subtilis, 

Staphylococcus aureus 

G-: Aeromonas 

hydrophila, Escherichia 

coli, Pseudomonas 
aeruginosa, Salmonella 

spp., Salmonella 

choleraesuis, Serratia 

marcescens 

 AWD [336] 

Channa 

punctatus 
AA, TFA 

G+: S. aureus, 

Micrococcus luteus 

G -: E. coli, P. 

aeruginosa, Salmonella 

typhi 

DD [338] 

Channa striatus 

AA 

G+: B. subtilis 

G-: A. hydrophila, 

Klebsiella pneumoniae, 

P. aeruginosa, Proteus 
vulgaris, Salmonella 

enteritidis 

 DD, BD [299] 

AA 

G+: Enterococcus 

faecalis, M. luteus, S. 
aureus,  

G-: A. hydrophila, E. coli, 

K. pneumoniae, P. 

aeruginosa 

 AWD [345] 

Cirrhinus 

mrigala 

AA 

G+: S. aureus, 

G-: P. aeruginosa, S. 

paratyphi, S. typhi, V. 

cholerae 

 DD [292] 

TFA 
G-: S. paratyphi, V. 

cholerae 

G+: S. aureus, 

G-: P. aeruginosa, S. 

typhi 

DD [292] 

Clarias 

batrachus 
AA 

G+: E. faecalis, M. 

luteus, S. aureus  

G-: A. hydrophila, E. coli, 
K. pneumoniae, P. 

aeruginosa 

 AWD [345] 

Cyprinus carpio AA  

G+: Staphylococcus 

epidermis 
G-: Aeromonas 

salmonicida, E. coli, 

Listonella anguillarum, 

P. aeruginosa, 

Salmonella enterica, 
Yersinia ruckeri 

BD [278] 

Epinephelus 

tauvina 
AA 

G-: A. hydrophila, E. coli, 

S. typhi, K. pneumonia, 
Proteus mirabilis, 

Pseudomonas 

fluorescens, Vibrio 

alginolyticus, Vibrio 

harveyi, Vibrio 
parahemolyticus 

 AWD [341] 

Melanogrammus 
aeglefinus 

AA 

G+: S. epidermis 

G-: A. salmonicida, E. 
coli, L. anguillarum, P. 

aeruginosa, S. enterica, 

Y. ruckeri 

 BD [278] 

Morone saxatilis AA  G-: S. enterica BD [278] 

Myxine glutinosa AA 

G+: S. epidermis 
G-: A. salmonicida, E. 

coli, L. anguillarum, P. 

aeruginosa, S. enterica, 

Y. ruckeri 

 BD [278] 
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Table S-3. List of antibacterial studies using acidic skin mucus extracts from different fish species. 

Fish species Extraction1 
Bacteria2 Antimicrobial 

assay3 
Ref. 

Sensitive Resistant 

Oreochromis 

niloticus 

AA G-: V. harveyi 
G-: V. 

parahaemolyticus 
BD, OD [343] 

AA 

G+: E. faecalis, M. 

luteus, S. aureus,  

G-: A. hydrophila, E. 

coli, K. pneumoniae, P. 
aeruginosa 

 AWD [345] 

Puntius sophore AA 
G+: B. subtilis, S. aureus 

G-: E. coli, P. aeruginosa 
 AWD [346] 

Rita rita AA, TFA 

G+: S. aureus and M. 

luteus 

G -: S. typhi 

G -: E. coli, P. 

aeruginosa 
DD [338] 

Salvelinus 

alpinus 
AA  G-: S. enterica BD [278] 

Salvelinus 

fontinalis 
AA 

G+: S. epidermis 
G-: A. salmonicida, E. 

coli, L. anguillarum, P. 

aeruginosa, Salmonella 

enterica, Y. ruckeri 

 BD [278] 

1: AA: acetic acid TFA: trifluoroacetic acid. 
2: G+: Gram-positive; G-: Gram-negative 
3: AWD: agar well diffusion; BD: broth dilution; DD: disc diffusion; OD: optical density 
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Table S-4. List of antibacterial studies using crude skin mucus from different fish species. 

Fish species 
Bacteria1 Antimicrobial 

assay2 
Ref. 

Sensitive Resistant 

Argyrosomus 

regius 

G-: Escherichia coli, 

Pseudomonas 

anguilliseptica, Vibrio 

anguillarum 

 OD [266] 

Channa argus G-: E. coli  OD  

Channa striatus G-: A. hydrophila 

G+: Bacillus subtilis 
G-: Klebsiella pneumoniae, 

Pseudomonas aeruginosa, Proteus 

vulgaris, Salmonella enteritidis 

DD, BD [299] 

Clarias batrachus 

G+: B. subtilis, 
Staphylococcus aureus 

G-: K. pneumoniae, P. 

vulgaris, P. 

aeruginosa, S. 

paratyphi 

 DD [286] 

Ctenopharyngodon 

idella 

G+: Bacillus cereus, S. 

aureus, 

Staphylococcus 
epidermidis  

G-: A. hydrophila, E. 

coli, K. pneumoniae, 

P. aeruginosa 

 AWD [294] 

Cyprinus carpio 

G+: B. cereus, S. 

aureus, S. epidermidis  

G-: A. hydrophila, E. 

coli, K. pneumoniae, 
P. aeruginosa 

 AWD [294] 

Dasyatis pastinaca 

G-: E. coli, K. 

pneumoniae, P. 
aeruginosa 

G+: E. faecalis, S. aureus, 

Streptococcus agalactiae 
CC [296] 

Dicentrarchus 

labrax 

G-: E. coli, V. 

anguillarum 
G-: Pseudomonas anguilliseptica OD [266] 

Oncorhynchus 
mykiss 

 

G+: B. cereus, S. aureus, S. 

pneumoniae 

G-: Citrobacter freundii, Enterobacter 

aerogenes, E. coli, Klebsiella 
oxyttoca, K. pneumoniae, Neisseria 

lactamica, Proteus mirabilis, 

Pseudomonas fluorescens, P. 

vulgaris, P. aeruginosa 

DD [297] 

Sparus aurata 

G-: E. coli, 

Pseudomonas 

anguilliseptica, V. 

anguillarum,  

 OD [266] 

1: G+: Gram-positive; G-: Gram-negative 

2: AWD: agar well diffusion; BD: broth dilution; CC: cell counting; DD: disc diffusion; OD: optical density 
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CHAPTER 2: BOVINE SERUM ALBUMIN AND LYSOZYME NANOFIBERS AS 

VERSATILE PLATFORMS FOR PRESERVING LOADED BIOACTIVE 

COMPOUNDS 

SUMMARY OF RESULTS 

This study presents an innovative approach to encapsulating therapeutic proteins within 

electrospun NFs, using PEO in combination with proteins such as BSA and LYZ. Electrospinning 

was optimized to produce NFs with diameters between 300 and 750 nm, with higher protein 

concentrations yielding more uniform fibers. Protein integrity and structure were confirmed post-

electrospinning using SDS-PAGE and FTIR analysis, showing that the process preserved the 

active forms of BSA and LYZ, which is critical for applications requiring intact protein 

functionality. 

To evaluate the feasibility of the platform for delivering functional bioactives, the study 

incorporated the AMP PIS and antibody HRP-IgG into the BSA and LYZ NFs. These additions 

allowed the team to explore the NFs’ ability to maintain bioactivity post-encapsulation. 

Antibacterial assays revealed that PIS retained its activity within the NFs, effectively inhibiting a 

broad range of bacterial species, including resistant strains such as MRSA. Interestingly, LYZ/PIS 

NFs often demonstrated higher antibacterial efficacy than BSA/PIS NFs, suggesting a potential 

synergistic effect between LYZ and PIS. This synergy could represent a promising avenue for 

developing antimicrobial materials with enhanced potency, especially in medical applications 

where resistance is a concern. 

In addition to antimicrobial efficacy, the study assessed the stability and functionality of the 

antibody encapsulated within NFs. HRP-IgG-loaded NFs maintained notable peroxidase activity, 

particularly in the BSA-based formulations, which appeared to offer a protective effect on the 

antibody, reducing activity loss during storage and processing. This outcome aligns with known 

stabilizing properties of BSA, which help shield proteins from denaturation and enzymatic 

degradation. The study demonstrated that BSA/HRP-IgG NFs retained around 32% of the 

antibody activity, with preserved epitope recognition, a critical feature for therapeutic and 

diagnostic uses. These findings highlight the potential for using protein -enriched NFs as 

encapsulation platforms for complex proteins, enhancing their stability while maintaining their 

biological activity. 

The implications of the study extend to a range of promising applications where controlled release 

and stability are essential. The electrospun PEO-based NFs developed here represent a versatile 

approach, leveraging the biocompatibility and tunable properties of PEO alongside the functional 

diversity of proteins. By adjusting the polymer-protein ratios and electrospinning conditions, the 

research opens doors to custom-designed NFs capable of encapsulating and delivering various 

bioactives, from antimicrobial agents to antibodies and enzymes. Future work may involve 

refining these nanofibrous systems with additional polymer modifications to optimize release 

profiles, enhance bioactivity preservation, and explore new synergistic interactions between 

encapsulated compounds. 
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Bovine serum albumin and lysozyme nanofibers as versatile platforms for 

preserving loaded bioactive compounds 

Rocío Díaz-Puertas, Enrique Rodríguez-Cañas, María Jesús Lozoya-Agulló, Pedro Valentín 

Badía-Hernández, Francisco Javier Álvarez-Martínez, Alberto Falcó, Ricardo Mallavia 

 

Abstract 

In this study, the electrospinning procedure was optimized to create polyethylene oxide (PEO) 

NFs highly enriched in proteins with non-structural functions while preserving their activity. For 

this purpose, several immune-related proteins of low, medium and high molecular weights were 

used as molecular models. Initially, the electrospinning parameters were adjusted using 3 % w/w 

PEO and bovine serum albumin (BSA, 5–20 % w/ w). As determined by FESEM, their average 

diameters ranged from 301 to 752 nm, and those with higher protein content (15–20 %) yielded 

more uniform NFs in both size and morphology terms. Protein integrity remained stable as 

determined by SDS-PAGE and FTIR. Similar results were observed for the polypeptide lysozyme 

(LYZ) when incorporated in NFs under these settings. To further explore the potential of these 

materials, the antimicrobial peptide piscidin (PIS) and an antibody (Ab, HRP-IgG) were used to 

produce BSA/PIS, LYZ/PIS and BSA/ Ab NFs and evaluate the preservation of their activity. The 

antibacterial assays showed that, in most bacterial species, the activity of PIS remained consistent 

after being incorporated into the NFs. Furthermore, the activity of HRP-IgG was maintained 

within the NFs, with enhanced preservation observed in BSA/Ab NFs. These findings expand the 

possibilities of protein utilization across various applications through nanomaterials . 

Keywords: electrospinning; nanofibers; proteins; antimicrobial peptides; antibody. 

1. Introduction 

Natural bioresources offer a vast array of protein structures, collectively representing a rich source 

of important, specific, and often unique bioactivities with potential for exploitation in various 

applications. Through dedicated research and development, there is a significant opportunity to 

harness these functionalities for the prevention, mitigation, and treatment of numerous medical 

conditions. In fact, the successful application of certain proteins in treating severe diseases has 

recently transformed the pharmaceutical and biotechnological industries, sparking growing 

interest in further advancements. As a consequence, there has been a significant increase in the 

number of protein-based drugs approved by the US Food and Drug Administration (FDA) in the 

last decades, reaching about 894 therapeutic proteins in 2024 as it is collected in the THPdb2 

database of all FDA-approved therapeutic proteins [347], what implies nearly 4 times more than 

in its previous version, THPdb (239), released 7 years before  [348]. 

Despite the promising potential of proteins as therapeutics and the growing advances in the field 

of biotechnology, several limitations reducing their therapeutic activity impede the progress of 

many candidates through industrial pipelines. Regardless of their route of administration, 

therapeutic proteins encounter common challenges that compromise their safety and efficacy, 

such as immunogenicity, low solubility, poor stability and short half -life. Additionally, their 

practical use and affordability are limited by factors like short shelf life and high  costs. 

Therapeutic proteins intended for topical applications also face additional constraints such as 

inadequate skin absorption and lack of suitable delivery formats [349]. Innovative strategies such 

as chemical modifications of the active ingredients have contributed to notably meliorate some 

particular limitations, but attention is now focused on excipient development due to the recent 

multiple benefits provided by new forms and compositions of the overall delivery system 

formulation. For topical applications, besides the film-forming and ionic liquid systems [350], the 
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implementation of nanocarriers or nano-delivery systems (i.e., transporters which nanometric size 

confers them with new unique properties) has improved therapeutic performances of several 

drugs. 

Among the different types of nanocarriers, polymeric NFs offer several interesting therapeutic 

advantages for topical applications extensively discussed in the literature [351]. One common 

method for synthesizing polymeric NFs is electrospinning, a technique that produces fibers with 

controlled diameters and high surface area. As for any other nanomaterial, the high surface-to-

volume ratio of NFs increases their loading capacity not only for the specific drug, but also for 

additional adjuvants. In the specific case of polymeric NFs, the molecular rearrangements 

inherent to the electrospinning process, together with the wide availability of different 

biocompatible polymers (and therefore physicochemical conditions), allow the encapsulation of 

poorly soluble compounds, as well as multiple design options to tune the release kinetics as 

desired. This versatility can also be used to enhance the protection and molecular stability of the  

content, thereby extending the shelf life of the formulation and increasing its commercial interest. 

Other advantages of this particular format include the ability of creating favorable physiological 

microenvironments functionally mimicking the natural extracellular matrix to enhance cell 

migration, attachment and proliferation and thus processes such as wound healing and hemostasis 

[352]. Finally, it is also remarkable that these nanoformulations allow more precise dosage control 

and ease of administration at the site of disease, which promotes therapeutic efficacy and patient 

compliance, as well as safe shelf management. 

Despite these advantages, research on encapsulating therapeutic proteins in polymeric NFs 

remains both limited and often biased. A likely explanation for this is that the intricate structural 

complexity of many therapeutic proteins may be compromised during NF fabrication, either due 

to physicochemical conditions and/or direct interactions with the polymer or solvent. This, in turn, 

could impair their activity, as outlined by Anfinsen's dogma. Indeed, most studies in this field 

tend to focus on filamentous proteins, such as collagen [353] elastin [354], gelatin [355], keratin 

[356], and silk fibroin [78], whose structural roles are less dependent on their conformation. By 

contrast, for proteins with a more critical dependence on molecular structure -activity 

relationships, such as enzymes (e.g., lysozyme [357,358], lipase [359], and peroxidase [360]), or 

antibodies [361], their incorporation to NFs is typically achieved through covalent immobilization 

to the polymer used. Fewer studies have explored the free incorporation of these proteins into 

NFs, specially by electrospinning, and then assessed their activity. Among them, BSA stands out 

as one of the most extensively studied globular proteins, valued for its wide availability, low cost, 

and crucial role as a transporter and stabilizing agent. For instance, dressings of 11 % (w/w) 

polycaprolactone (PCL) NFs loaded with 1–3 % (w/w) BSA stimulated wound healing processes 

[362]. In another study, PEO (5 %, w/w) NFs with BSA (0.5 %, w/w) were produced by needleless 

electrospinning without altering the protein structure [363]. LYZ, an important protein of the 

innate immune system with potent antimicrobial activity and which structure-activity relationship 

has been widely described [364], was also encapsulated (0.2 %, w/w relative to polymer mass) 

into NFs of PCL/PEO blends via emulsion electrospinning [365]. Remarkably, in this study it was 

demonstrated that the release of LYZ was facilitated by the hydrophilic nature of PEO, which 

enhanced the diffusion of water into the electrospun NFs [365]. 

PEO, also known as polyethylene glycol (PEG) for molecular weights below 20 kDa, is a 

commercially available polyether that comes in a wide range of molecular weights at relatively 

low cost. Its exceptional resistance to protein adsorption, along with poor cell adhesion and 

minimal toxicity and immunogenicity, has led to its approval by the FDA for various biomedical 

applications. Additionally, it offers high chemical stability and, importantly, high solubility in 

water [366], the ideal solvent (aqueous solutions) for therapeutic proteins. These properties make 

this polymer highly promising for the nanoencapsulation of therapeutic proteins; specifically, in 
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the case of NFs, the higher molecular weight of PEO enhances polymer entanglement [367,368] 

and impermeability [369], thereby improving the stability of the resulting nanomaterial.  

In this study, we aim to further explore this approach by testing the suitability of electrospun PEO 

NFs as a delivery vehicle for therapeutic proteins for potential biomedical applications. To this 

end, we begin by using BSA (approximately 66 kDa) to optimize the electrospinning parameters, 

allowing us to refine the fabrication of NFs with three proteins of quantifiable activity, spanning 

a wide range of molecular sizes and structural complexities: the AMP PIS from European seabass 

(PIS, 2.6 kDa), chicken LYZ (14.3 kDa), and HRP-IgG (nearly 200 kDa). Finally, after analyzing 

the integrity of the encapsulated proteins, we assess their activity in order to determine the 

retainment of activity after the full process. 

2. Materials and methods 

2.1. Materials 

PEO (Mw 600–1000 kg/mol), Standard Fetal Bovine Serum, DMEM and Dulbecco's PBS were 

acquired from Thermo Fisher Scientific (Waltham, MA, USA). LYZ (chicken egg white, 

A3711,0050; Activity 20,780 U/mg) was procured by Panreac, ITW Reagents (Barcelona, Spain). 

BSA (heat shock fraction, pH 7, purity >98 %; A7906-50G), INT, MH agar and HRP-IgG, 

A5278) were obtained from Sigma-Aldrich (St. Louis, MO, USA). MH broth was provided by 

Condalab (Madrid, Spain). PIS (from European sea bass, accession # MT066191, C-terminal 

amidation and purity >90 %) was purchased from Genscript Biotech Corp (Piscataway, NJ, USA). 

TMB was acquired from Bio-Rad Laboratories GmbH, Munich, Germany. 

2.2. Preparation of solutions for electrospinning 

2.2.1. Starting solutions and viscosity determination 

Hereafter all concentrations expressed as percentages will be based on weight/weight (w/w), 

unless stated otherwise. PEO solutions with protein (BSA or LYZ) were obtained by dissolving 

5 to 20 % protein and 3 % PEO in Milli-Q water (solvent compatible with both types of mol- 

ecules, especially proteinic ones). All the solutions were kept stirring for 12 h until their complete 

dissolution and homogenization. The kinematic viscosity (ν) of all blend solutions was performed 

by using a series of calibrated Cannon-Fenske capillary viscometers series 400–450 (Vidra Foc, 

Barcelona, Spain) to elucidate their electrospinnability. Corresponding density (ρ) was measured 

with calibrated volumetric flask, in order to estimate their shear viscosity (η νρ [mPa ⋅s]). The 

average value of three measurements at 313 K was represented as mean and SD.  

2.2.2. Peptide and antibody solutions 

After optimization, an electrospinnable solution containing 15 % of total protein and 3 % of PEO 

was selected to add the peptide and anti- body. The concentrations were chosen based on the 

minimum concentration added at which activity was observed. The chosen peptide was PIS, a 

small 22-residue AMP. PIS was added at 0.1 % in both BSA (BSA/PIS) and LYZ (LYZ/PIS) 

solutions to compare the anti- bacterial activity of both types of NFs. To assess the stability of 

larger and more complex proteins within the NF system studied here there were produced NFs 

loaded with peroXidase-conjugated antibody, in particular an HRP-IgG commonly used as 

secondary antibody for immunolabelling assays. HRP-IgG was added at 1 % in BSA solutions 

(BSA/Ab). 

2.3. Electrospinning 

The solutions were transferred to 2 mL syringes (Becton Dickinson, Franklin Lakes, NJ, USA) 

attached to a blunt-end stainless steel hypo- dermic needle (5 cm in length, outer diameter of 1.27 
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cm and inner diameter of 0.84 cm) (Sigma-Aldrich). Solutions were electrospun at a sustained 

flow controlled by a KDS 100 infusion pump (KD Scientific, Holliston, MA, USA) and using a 

high voltage source (Glassman High Voltage Inc., Whitehouse Station, NJ, USA) as previously 

described [370]. The optimization of the electrospinning conditions was a multi-step process 

involving the fine-tuning of both the polymer solution (i.e., by testing the concentration gradient 

described above) and the electro- spinning parameters. The key parameters that were modified 

included the applied voltage, the tip-to-collector distance, and the flow rate. These parameters 

were systematically varied within the following ranges: voltage from 10 to 20 kV, tip -to-collector 

distance from 12 to 18 cm, and flow rate from 0.2 to 0.5 mL/h. These ranges were chosen based 

on our previous studies, some of which used water as a solvent [370,371]. Through this systematic 

variation, the optimal electrospinning conditions were determined to be an applied voltage of 18 

kV, at a tip-to-collector distance of 17 cm, with a flow rate of 0.25 mL/h, always at 20–40 % 

relative humidity and 25 ◦C. These conditions were found to produce NFs with the most desirable 

morphology and size, including minimization of electrospray, small droplets and NF defects such 

as beads or ribbon-like structures. The obtained NFs were deposited in aluminum foil-coated glass 

slides. After the electrospinning process, which involved solvent evaporation, the protein and 

polymer content varied, as reflected in Table 8. The NFs were not further processed for 

subsequent analyses unless otherwise stated in the corresponding section.  

Table 8. Polymer (PEO) and protein content in the starting polymeric solutions and obtained NFs. 

Polymeric solutions (w/w %) Electrospun NFs (w/w %) 

PEO Protein PEO Protein 

3 

5 37 63 
10 23 77 

15 17 83 
20 13 87 

2.4. Microscopy 

NFs were initially screened using a Microsystems DMI3000B inverted fluorescence optical 

microscope (Leica, Bensheim, Germany) with a Leica EL6000 compact light source and a Leica 

DFC 3000G digital camera. The images were processed using the program Leica Application 

Suite AF 6000 Module Systems. The morphology and size of NFs were later analyzed by FESEM 

with a Schottky cathode model SIGMA 300 VP (Zeiss, Oberkochen, Germany) apparatus after 

chrome metallization. The average diameter of different types of NFs was determined using 

Image J (National Institutes of Health) image processing and analysis software from 100 

measurements for each type of NFs using different FESEM images. The CV was calculated by 

dividing the SD by the mean. 

2.5. Electrophoresis 

The protein integrity after electrospinning was assessed by SDS-PAGE. NFs from 5 to 15 % 

protein solutions were dissolved back in water to reach 10 μg/μL protein concentrations, separated 

by SDS-PAGE (Bio-Rad Laboratories Inc., CA, USA) under denaturing conditions in 4–20 % 

TGX gels (Bio-Rad Laboratories Inc.), and visualized with Brilliant Blue R-250 (Bio-Rad 

Laboratories Inc.). Molecular weight markers (Precision Plus Protein Standards Dual Colour, Bio-

Rad Laboratories Inc.) were loaded in the first well of the gel. 

2.6. Infrared spectroscopy 

FTIR spectroscopy was performed to define the functional groups of all samples using a Spectrum 

Two™ FTIR spectrometer (PerkinElmer, MA, USA). PEO, BSA and LYZ powder samples were 

mixed with KBr and pressed into pellets. Nanofibrous mats were directly measured. Four spectral 
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scans in transmission mode were averaged throughout the spectral range of 4000–450 cm-1 with 

the resolution of 4 cm-1 at room temperature. 

2.7. Antibacterial evaluation 

Aeromonas salmonicida (CECT 894), Bacillus circulans (CECT 10), Bacillus subtilis (CECT 35), 

Escherichia coli (CECT 45), Micrococcus luteus (CECT 243) and Staphylococcus epidermidis 

(CECT 231) bacterial species were obtained from the Spanish Type Culture Collection (CECT, 

Valencia, Spain). S. aureus and MRSA were obtained from clinical samples of patients at the 

General University Hospital of Alicante. Bacteria were cultured in MH broth and incubated at 30 

or 37 ◦C for 24 or 48 h, depending on the species optimal growth conditions. 

Antibacterial activity of commercial LYZ and PIS, and LYZ/PIS and BSA/PIS NFs was 

determined by broth microdilution method by MIC and MBC calculation. The pure compounds 

or the NF mats were first dissolved in Milli-Q water and filtered using sterile CA syringe filters 

with pore size of 0.22 μm. 50 μL were added in 96-well plates at different concentrations 

depending on the sample. A bacterial suspension of 20 μL at 0.5 McFarland were added to each 

well. The volume of each well was brought to 200 μL by adding MH broth. The plates were 

incubated at 30 or 37 ◦C for 24 or 48 h depending on the strain. A volume of 50 μL of INT solution 

at 1 mg/mL was added to each well and allowed to incubate for 30 min. The MIC was defined as 

the minimum concentration where no red colour was observed. To determine the MBC, 50 μL of 

the wells that did not show any signs of bacterial growth were plated and incubated overnight on 

MH agar plates. The lowest concentration at which no colonies were detected was defined as the 

MBC. 

2.8. Peroxidase activity of encapsulated HRP 

Stored samples of HRP-IgG-containing NFs were dissolved back in TBS to reach a final 1:500 

dilution of the initial HRP-IgG stock or equivalently in the case of control NFs without HRP- 

IgG. Two-folded serial dilutions were subsequently prepared from these samples up to 1:16000 

dilution. Equivalent dilutions of the fresh HRP-IgG were also prepared to serve as positive control 

and calibration curve. Then, 5 μL of each were inoculated into MaxiSorp™ 96-well plates 

(NUNC, Rochester, NY, USA) in triplicate and incubated with additional 95 μL of TMB substrate 

commercial solution for 30 min at 37 ºC in the dark. 

Finally, the reaction was stopped with 50 μL of 1 N H2SO4, and the absorbance measured at 450 

nm using an UltraEvolution automatic plate reader (Tecan, Männedorf, Switzerland).  

2.9. Antigen-recognition activity of encapsulated IgG 

The assessment of the viability of the encapsulated HRP-IgGs was carried by adapting a direct 

ELISA procedure. Thus, MaxiSorp™ 96-well plates were coated with 50 μL of a 1:4 dilution of 

an in-house hybridoma supernatant in TBS containing 0.4 mg/ml of protein as determined using 

a Nanodrop 2000c (Thermo Scientific, Wilmington, DE, USA), and incubated overnight at 4 ºC. 

After three washes of 5 min with 200 μL TBS supplemented with 0.05 % (v/v) Tween-20 (TTBS) 

and one with TBS, plates were blocked with 100 μL of 1 % (w/v) BSA in TBS for 1 h at 37 ºC. 

Subsequently, the washing steps were repeated and 50 μL of each dilution of the dissolved NFs 

and corresponding control samples described above were added. Plates were incubated at 37 ºC 

for 1 h and washed again. Finally, the reaction with TMB substrate (100 μL/well) and the 

absorbance measurement were carried out as described above.  
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2.10. Data analysis 

All experimental data are expressed as mean values ± SD. Data manipulation, analysis and graph 

creation were carried out using Prism v8 software (GraphPad software, La Jolla, CA, USA), 

depending on each particular experimental design. 

3. Results 

3.1. Solution viscosity and electrospinning 

Firstly, the viscosity of different PEO solutions at concentrations ranging from 2 to 5 % was 

evaluated to determine the optimal concentration for NFs formation and their molecular weight. 

The viscosity of PEO solutions increased with concentration and ranged from 189 ± 3 mPa⋅s at 2 

% to 8060 ± 113 mPa⋅s at 5 % (Figure 15A). In basis on these viscosity results, the nominal 

molecular weight of PEO was estimated around 580–620 kg/mol.  

Only PEO solutions with a concentration of 4 % or higher (viscosity of 3515 ± 25 mPa ⋅s) were 
able to form continuous NFs without beads. Although the 3 % PEO solution (viscosity of 749 ± 

37 mPa⋅s) was not able to form fibers on its own, when the protein was added at concentrations 

of 5 to 20 %, it was able to be electrospun. Therefore, a 3 % concentration of the building polymer 

was chosen to synthesize the protein NFs. Figure 15B shows the viscosities of the BSA and LYZ 

solutions, which increased with protein concentration. 

 

Figure 15. Viscosity of polymeric solutions containing different concentrations of PEO (A) and 

containing 3 % PEO and different concentrations of BSA and LYZ (B). Relative error < 5 % for n = 3 

3.2. Morphology of nanofibers 

The morphology of the electrospun NFs was analyzed using FESEM. Figure 16 displays both the 

detailed FESEM images and the frequency histograms of the diameter distribution of the NFs of 

BSA and LYZ at different concentrations. The general images of the NFs at lower magnification 

can be observed in Figure S-1. 

As can be observed in Figure 16, the diameter of the NFs increased with increasing protein 

concentration and CVs were within the range of 11–24 % in both cases. The appearance of the 

NFs from 15 and 20 % of protein solutions (BSA and LYZ) was smooth and uniform, without 

any visible deformities or irregularities. However, the NFs produced from 5  % solutions, 

especially 5 % BSA NFs, displayed certain irregularities such as small droplets, fused fibers or 

beads. Based on these results, the 15 % protein solutions were selected to further functionalize 

this NFs, as it was the lowest concentration at which no fused NFs, deformations, or excessive 

electrospray were observed. 
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3.3. Protein integrity 

SDS-PAGE was conducted to verify that the proteins have not undergone alterations affecting 

their size, such as degradative processes or covalently stabilized aggregations, as these could have 

implications for their activity. To do so, the amount of protein present in the NFs was estimated 

and normalized to the same amount of protein. Figure 17 shows the bands revealed in the gels 

with BSA and LYZ NFs. It was found that the electrophoretic mobility of the electrospun BSA 

and LYZ NFs was equivalent to that of the commercially available BSA and LYZ. The gel 

analysis of BSA NFs revealed a consistent molecular weight of approximately 65 kDa in all lanes, 

which corresponds to the expected molecular weight of BSA (lane 1). The band density observed 

in lanes 2–5 was around 100 % compared to the control protein (lane 1). On the other hand, for 

LYZ gel, the molecular weights of all lanes were approximately 12 kDa, consistent with the 

expected molecular weight of LYZ (lane 1), and the band densities in lanes 2–4 were also close 

to 100 % compared to lane 1 or LYZ control. 

The FTIR spectra of the electrospun NFs were obtained to investigate their chemical composition 

and are shown in Figure 18, together with their starting components prepared in pellets. Hence, 

they exhibit characteristic bands of the base polymer (PEO) corresponding to the frequencies 

1103 cm-1 (C-O-C stretching) and 956 and 840 cm -1 (asymmetric CH2 rocking motion). These 

spectral features were also discernible in the spectra of the NFs containing proteins, as depicted 

in the inset of the spectral figures. Furthermore, there is no discernible alteration in the amide 

bands of the native proteins under investigation (BSA and LYZ). In both cases, the predominant 

presence of these proteins in the NFs closely resembles that observed in the unprocessed source 

material. Consequently, the stability and constancy of amide I at 1657 cm -1, as well as amide A, 

amide II, and amide III (at 3303 cm-1, 1540 cm-1, and 1240 cm-1, respectively) is noteworthy. 

Finally, the integrity of the LYZ NFs was also evaluated in terms of maintaining their antibacterial 

activity. Initially, a screening of commercial LYZ against all bacteria used in this study was 

conducted, and it was observed that it was only capable of inhibiting B. circulans. Subsequently, 

the antibacterial capacity of the LYZ NFs (5–20 %) was evaluated, and it was observed that the 

antibacterial activity was maintained at the same level as the free LYZ (Table S-5). 
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Figure 16. FESEM images and diameter frequency histograms of electrospun NFs containing PEO and 

different concentrations of BSA and LYZ. Representative FESEM micrographs and corresponding 

diameter frequency histograms for BSA (5–20 %) and LYZ (5–20 %) are shown. Prot. refers to the 

BSA and LYZ proteins, as appropriate. Histogram data were obtained from multiple micrographs (100 

individual measurements). Best-fit adjustments to a Gaussian distribution are indicated in red. Average 

diameter (X) ± SD, as well as coefficient of variation (CV, %) are also stated. Scale bar: 200 nm.  

 

Figure 17. SDS-PAGE results of BSA (left) and LYZ (right) NFs. In each lane, NFs corresponding to 

10 μg of protein were loaded. M: marker; Lane 1: protein (BSA or LYZ) control; lane 2: 5 % protein 

NFs; lane 3: 10 % protein NFs; lane 4: 15 % protein NFs; M: marker. 
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Figure 18. FTIR spectra of BSA, PEO and BSA/PEO NFs (top) and LYZ, PEO and LYZ/PEO NFs 

(bottom). The PEO and unprocessed protein samples were prepared into KBr pellets. The NFs were 

prepared from 15 % protein and 3 % PEO solutions, and the mats were measured in their unprocessed 

state. Inset: enlarged detail of 840 cm-1 band corresponding to the PEO asymmetric CH2 rocking 

motion. 

3.4. Preparation of PIS NFs and determination of antibacterial activity 

First, a screening of the antibacterial activity of PIS against Gram-negative bacteria A. 

salmonicida and E. coli, and Gram-positive bacteria B. circulans, B. subtilis, M. luteus, S. aureus 

(including MRSA) and S. epidermidis was conducted, and it was able to inhibit all tested bacteria. 

Therefore, PIS was incorporated into both BSA and LYZ NFs. The synthesized NFs can be 

observed in Figure 19. In both cases, the NFs were uniform, and the diameters were 625 ± 58 nm 

for the BSA/PIS NFs and 618 ± 73 nm for the LYZ/PIS NFs. FESEM images of the NFs at lower 

magnification can be found in Figure S-2. 

Subsequently, the antibacterial potential of BSA/PIS and LYZ/PIS NFs against all bacterial 

species was assessed. Table 9 shows the results of the 96-well microdilution assays of the free 

PIS and the proportional part to the PIS of the BSA/PIS and LYZ/PIS NFs.  

In this study, free PIS was capable to inhibit all bacteria tested with MIC values ranging 3.9–15.6 

μg/mL and MBC from 7.8 to 62.5 μg/mL. Regarding the BSA/PIS and LYZ/PIS NFs, all of them 



 

92 
 

CHAPTER 2 

also showed antibacterial activity against all tested bacteria. In bacterial species M. luteus, S. 

aureus, MRSA and S. epidermidis, the MIC remained unchanged. However, in A. salmonicida, 

B. circulans, B. subtilis and E. coli, both the MIC and the MBC were increased, especially in the 

BSA/PIS NFs. Additionally, in most cases, the activity of the LYZ/PIS NFs was greater than that 

of the BSA/PIS NFs, even surpassing that of the free PIS in some species, as highlighted in bold 

in Table 9. 

 

Figure 19. FESEM images and diameter frequency histograms of BSA/PIS (left) and LYZ/PIS (right) electrospun NFs. 

Histogram data were obtained from multiple micrographs (100 individual measurements). Best-fit adjustments to a 

Gaussian distribution are indicated in red. Average diameter (X) ± SD, as well as coefficient of variation (CV, %) are 

also stated. Scale bar: 200 nm.  

 

Table 9. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of commercial PIS 

and the proportion of PIS contained in the BSA/ PIS and LYZ/PIS NFs against A. salmonicida, B. circulans, B. subtilis, 

E. coli, M. luteus, S. aureus, MRSA and S. epidermidis. 

Microorganism MIC (μg/mL) MBC (μg/mL) 

PIS BSA/PIS LYZ/PIS PIS BSA/PIS LYZ/PIS 

A. salmonicida 7.8 31.3 7.8 15.6 249.6 15.6 

B. circulans 15.6 62.6 5.0 15.6 249.6 7.8 

B. subtilis 15.6 31.3 7.8 31.3 62.6 31.3 

E. coli 31.3 62.6 31.3 62.6 124.8 124.8 

M. luteus 15.6 15.6 7.8 31.3 124.8 62.6 

S. aureus 31.3 31.3 31.3 62.6 62.6 62.6 

MRSA 15.6 15.6 7.8 31.3 31.3 31.3 

S. epidermidis 3.9 3.9 2.0 7.8 7.8 2.0 

 

3.5. Preparation of Ab NFs and activity analysis of peroxidase-

conjugated antibody 

To test the feasibility of the system with larger and more complex proteins with non-structural 

functions, the repertoire of proteins to be encapsulated was extended. A commercial combination 

of peroxidase and antibody, i.e., HRP-IgG, was incorporated into the BSA NFs. Figure 20 

displays an image of the synthesized BSA/Ab NFs as well as the frequency histogram of 

diameters. The synthesized NFs were homogeneous, with an average diameter of 513 ± 70 nm. 

Figure S-3 shows general images of these NFs at lower magnification. 

PEO and PEO/BSA NFs with HRP-IgG and without HRP-IgG (control) were used to test the 

retained activity of HRP-IgG. After 1 month of storage at   20 ºC, NFs were dissolved in TBS to 

a final dilution of 1:500 of the initial HRP-IgG stock, or an equivalent volume for control NFs, 

and 2-fold serially diluted up to 5 times. The retained peroxidase activity in these samples was 

then determined together with corresponding dilutions of the HRP-IgG fresh stock, which was 

found to adjust to a linear correlation (Y = 1963 X - 0.02739; R2 = 0.9979) (Figure 21A). Thus, 

it is 
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observed that, in comparison to HRP-IgG controls, the peroxidase activity of the HRP was 

reduced up to 7.4 ± 0.5 folds in NFs without BSA, but just only about 4 folds (precisely, 3.9 ± 

0.26) in BSA NFs, meaning a residual activity of 13.5 ± 0.9 % and 25.7 ± 1.7 %, respectively. 

Considering this result, in a follow-up ELISA assay targeting mouse IgG detection using these 

samples (Figure 21B), obtaining lower signals relative to the peroxidase activity would indicate 

a reduced epitope recognition activity of the antibody. However, this was not the case for NFs 

with BSA and encapsulated HRP-IgG. At least three dilutions from these samples showed signals 

above the assay's detection limit (0.0147 ± 0.003 a.u. of A450). On average, these NFs retained 

31.9 ± 0.9 % of their activity compared to controls (which adjusted to a quadratic correlation: Y 

= 71854 X2 + 199.3 X - 0.0247; R2 = 0,9989). For the NFs without BSA, only the lowest dilution 

(1:500) gave a signal within the detection limit of the assay (0.0111 ± 0.0042 a.u. of A 450). The 

average activity retention of HRP-IgG from these NFs was 8.5 ± 0.9 % compared to the control. 

 

Figure 20. FESEM image and diameter frequency histogram of BSA/Ab electrospun NFs. Histogram 

data were obtained from multiple micrographs (100 individual measurements). Best-fit adjustments to 

a Gaussian distribution are indicated in red. Average diameter (X) ± SD, as well as coefficient of 

variation (CV, %) are also stated. Scale bar: 200 nm. 

 

 

Figure 21. Peroxidase and antigen-recognition activity of NF-encapsulated HRP-IgG. Two-fold serial 

dilutions starting in 1:500 (i.e., 0.002 dilution) of experimental and control samples were tested for 

enzymatic peroxidase (A) and antigen-recognition (B) activity. Represented sample groups include 

HRP-IgG as positive control (Ab (+)), and BSA/PEO (negative control, BSA NF (—)), HRP-IgG-

loaded PEO (Ab NF), and HRP-IgG-loaded BSA/PEO (BSA-Ab NF) NFs. Data is presented as means 

± SD of absorbance values at 450 nm in arbitrary units (A450, a.u.) from representative experiments, 

each performed in triplicate. 

4. Discussion 

This study represents the first report on the production and characterization of NFs with high 

content of two non-structural proteins, i.e., BSA and LYZ. To date, BSA and LYZ have been 

incorporated into NFs in combination with PEO in certain studies [362,372,373]. Nevertheless, in 

most of these studies, they have been utilized in limited amounts as model proteins to examine 

drug release, rather than serving as the primary constituent of the NFs. PEO was selected as the 

copolymer based on previous studies that identified PEO (nominal 600 kg/mol PEO) as an 
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interesting polymer for electrospinning due to its optimal biocompatibility and biodegradability 

properties [363]. 

The present study has identified viscosity of the solutions as a crucial factor in the formation of 

NFs. Previous reports have also highlighted the notable impact of viscosity on morphology and 

size during the electrospinning process [374]. Some studies indicate that viscosity ranges of 300 

to 2000 mPa⋅s in polymeric PEO solutions are considered appropriate for electrospinning [374-

376]. However, the optimal viscosity range may differ based on the specific conditions and 

electrospinning setup being utilized. As shown in Figure 15, viscosity increased with protein 

concentration and LYZ solutions showed higher viscosity than BSA solutions, which could be 

attributed to the repulsion that PEO induces between LYZ molecules [377], leading in turn to an 

increase in resistance to flow [378]. Another notable aspect is that the viscosities of all 

electrospinnable protein solutions are below 2300 mPa⋅s. However, PEO solutions with such 
viscosities were not able to be electrospun. This suggests that the addition of proteins can 

significantly improve the electrospinnability of the PEO solutions, acting as stabilizing agents. 

The addition of proteins in electrospinning solutions has been shown to increase conductivity 

[379], which in turn can enhance the uniformity of the electrospun fibers [380].  

The NFs from solutions with lower protein concentration displayed certain defects, such as small 

droplets, which could be attributed to a combination of electrospraying and electrospinning, 

possibly resulting from the low viscoelasticity of the solution [381]. Overall, all NFs showed 

uniformity in diameter, as confirmed by CVs. A low CV suggests that there is less variation and 

greater consistency in a measured characteristic. Normally, a CV above 30 % indicates a high 

variability and therefore issues in the experiment [382]. In this case, all calculated CVs were 

within the range of 11–24 %, indicating high similarity in diameters within each sample. 

The structure of the proteins within the NFs remained intact, as confirmed by SDS-PAGE and 

FTIR spectroscopy studies. Specifically, the electrophoretic mobility of the samples indicates that 

the proteins did not undergo any significant molecular conformation alterations during the 

electrospinning and solution preparation processes, as there were no significant indications of 

aggregation or hydrolysis [383]. On the other hand, the FTIR spectroscopy results showed distinct 

peaks for PEO, BSA, and LYZ, which agreed with previous findings [362,384]. BSA and LYZ 

NFs also exhibited these characteristic peaks, confirming the correct incorporation of protein in 

the NFs and indicating that the protein was not significantly altered during the electrospinning 

process. Finally, the structure of LYZ also demonstrated its preservation within the NFs, as the 

antibacterial activity was maintained at comparable levels to those of the free protein.  

Once the integrity and stability of the synthesized NFs were demonstrated, the potential of these 

platforms as encapsulation and preservation systems for bioactive compounds was explored. To 

this end, proteins from the immune system with specific functions whose activities were easily 

evaluable were selected. 

PIS was chosen for its loading into NFs due to its potent antimicrobial activity and because its 

incorporation into NFs had not been previously described. Its inclusion was carried out in both 

BSA and LYZ NFs to determine if there were differences in the antibacterial activity when 

evaluating it alongside a protein with and without activity. The NFs synthesized with PIS, i.e., 

BSA/PIS and LYZ/PIS, showed homogeneity and diameters of 625 ± 58 nm and 618 ± 73 nm, 

respectively. Their antibacterial activity was determined against pathogenic bacteria and an ARB 

(MRSA). The results obtained with free PIS are consistent with studies conducted by Pan et al., 

where MICs ranging from 3 to 50 μg/mL were obtained against Gram-negative bacteria [385]. 

Regarding the activity of the BSA/PIS and LYZ/PIS NFs, the MICs were calculated taking into 

account the proportion of PIS present in the NFs. It was observed that all NFs showed antibacterial 

activity, to a greater or lesser extent. In some species, the activity decreased compared to the free 
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PIS, especially in the BSA/PIS NFs, with a higher MIC or MBC being observed. The lower 

activity observed in BSA/PIS NFs may be related to the use of BSA as a protective agent in NFs, 

aiding in the controlled and sustained release of drugs and thus preventing their initial burst 

releases [386,387]. In some other bacterial species, it was observed that the MIC or MBC of 

LYZ/PIS NFs was lower than that of BSA/PIS or even free PIS, even though these bacteria were 

not susceptible to LYZ. This suggests a potential synergy between LYZ and PIS, which could be 

a promising avenue for future research. 

So far, the potentially therapeutic proteins incorporated into the NF system developed here have 

been of low/medium molecular weight, and therefore with relatively simple and renaturable 

higher structures (i.e., secondary and tertiary). Consequently, it was decided to incorporate more 

complex proteins, such as antibodies, specifically the HRP-IgG antibody. This strategy also 

allowed the evaluation of both the enzymatic and antigen recognition activity of a protein complex 

that is larger (almost 200 kDa) than its components (about 44 kDa for HRP and 150 kDa for IgG). 

Based on the results obtained, NFs without BSA exhibited a significant decrease in both 

peroxidase activity and epitope recognition, possibly attributed to antibody denaturation 

occurring during electrospinning or storage [388,389]. Conversely, the inclusion of BSA in NFs 

appears to suggest a potential protective effect on the peroxidase activity of HRP-IgG. Despite 

the reduced peroxidase activity, the epitope recognition of the antibody in NFs with BSA 

remained relatively intact. This observation aligns with the well-documented stabilizing 

properties of BSA, which can act to prevent enzyme inactivation and protect proteins from 

unfolding or degradation [390,391]. The inclusion of BSA within the NFs likely creates a more 

favorable microenvironment for HRP-IgG, mitigating the potential stresses of encapsulation and 

storage. Future studies will focus on this direction, as well as on tuning the polymer composition 

to optimize the release kinetics, with special attention to the potential synergistic effects of blends 

of PEO and other polymers. Such modifications could pave the way for improved control over 

the release profiles, which is critical for applications in drug delivery. 

5. Conclusions 

The study successfully synthesized BSA and LYZ NFs as stable encapsulation platforms based 

on high protein amounts. Besides facilitating electrospinning, this platform serves as a 

stabilization system for the incorporation of other bioactive compounds. The uniform appearance 

of proteins in the NFs, as well as their structural integrity, which remained intact even at higher 

concentrations, indicate the potential of the synthesized NFs for effective biomedical applications. 

The antibacterial activity of PIS was generally maintained compared to free PIS, with LYZ/PIS 

NFs being more active than BSA/PIS NFs. The Ab activity was preserved in the NFs 

incorporating HRP-IgG, with preservation being notably higher in the NFs containing BSA. 

These findings support the viability of NFs as platforms for bioactive drug administration, 

highlighting their ability to maintain biological activity while enhancing stability.  
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Supplementary material 

Bovine serum albumin and lysozyme nanofibers as versatile platforms for 

preserving loaded bioactive compounds 

Rocío Díaz-Puertas, Enrique Rodríguez-Cañas, María Jesús Lozoya-Agulló, Pedro Valentín 

Badía-Hernández, Francisco Javier Álvarez-Martínez, Alberto Falcó, Ricardo Mallavia 

 

 

 

Figure S-1. FESEM images of electrospun NFs containing PEO and different concentrations of BSA 

and LYZ (5-20%). Scale bar: 20 µm (images on the left) and 1 µm (images on the right). 

 

Table S-5. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of commercial 

LYZ and LYZ NFs from solutions containing 5-20% w/w of LYZ against B. circulans. 

 MIC (µg/mL) MBC (µg/mL) 

LYZ 7.5 12.5 

5% NFs 10 17.5 

10% NFs 7.5 15.0 

15% NFs 5 12.5 

20% NFs 5 12.5 

 

BSA NFs

5%

10%

15%

20%

LYZ NFs% prot. 

(w/w)
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Figure S-2. FESEM images of electrospun BSA/PIS and LYZ/PIS NFs.  Scale bar: 20 µm (images on 

the left) and 1 µm (images on the right). 

 

 

Figure S-3. FESEM images of electrospun BSA/Ab NFs.  Scale bar: 20 µm (left) and 1 µm (right). 

BSA/PIS NFs LYZ/PIS NFs
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CHAPTER 3: VIRICIDAL ACTIVITY OF THERMOPLASTIC 

POLYURETHANE MATERIALS WITH SILVER NANOPARTICLES 

SUMMARY OF RESULTS 

This research paper explores the antiviral activity of TPU materials embedded with ceramic-

coated AgNPs, aiming to limit virus transmission via surface contact. This study leverages 

favorable properties of TPU—durability, flexibility, and biocompatibility—enhancing them with 

AgNPs for added antiviral functionality.  

The development process involved characterizing the structure of the composite and ion-release 

profile. FESEM and EDX analysis confirmed the successful integration of AgNPs within the 

TPU, identifying silver particles averaging 54 nm in size. These particles were found within a 

ceramic matrix containing phosphorus, magnesium, and aluminum, a composition designed to 

stabilize the AgNPs and modulate their ion release. ICP-MS measured ion-release rates, finding 

that silver and aluminum ions were released at approximately 4 ppm/h, while magnesium was 

released at seven times higher rate, indicating a steady availability of bioactive ions in aqueous 

environments that could effectively interact with viral particles.  

The biological assays revealed significant antiviral effects. Against SVCV, the AgNP-TPU 

composite reduced viral infectivity by approximately 75 % after a 24-hour incubation. This 

viricidal activity was found to increase with higher temperatures and longer exposure times. For 

example, SVCV infectivity reduction was 45 % at 5 °C, 52.4 % at 10 °C, and 74.1 % at 20 °C, 

indicating that the antiviral effect strengthens as ion release accelerates with temperature. SARS-

CoV-2 showed a similar reduction in infectivity, with AgNP-TPU materials reducing viral titers 

by approximately 80.7%. The study suggests that silver ions likely disrupt viral integrity or 

interfere with viral attachment, as reported in previous research on antiviral mechanisms of silver, 

which include binding to viral proteins and RNA, ultimately inhibiting replication.  

In addition to viricidal activity, the study examined the safety profile of the AgNP-TPU materials. 

Cytotoxicity tests in EPC and Vero E6/TMPRSS2 cell lines showed no significant decrease in 

cell viability when exposed to the AgNP-TPU eluate, supporting its effectivity for safe application 

in environments requiring antiviral protection. The cytotoxicity findings align with prior studies 

suggesting that AgNP concentrations up to 100 ppm are generally non-toxic to certain cell types. 

This confirms that while the AgNP-TPU composite releases sufficient ions to exhibit antiviral 

activity, it does not release them at levels harmful to surrounding biological tissues.  

These findings underscore the potential of AgNP-TPU composites in creating safer, antiviral 

surfaces that can reduce the transmission of pathogens in healthcare and public environments. 

The stability of TPU combined with the sustained release of viricidal silver ions from embedded 

AgNPs makes this material a viable candidate for use in any area where high-contact surfaces are 

at risk for viral contamination.  
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Viricidal Activity of Thermoplastic Polyurethane Materials with Silver 

Nanoparticles 

Rocío Díaz-Puertas, Enrique Rodríguez-Cañas, Melissa Bello-Pérez, Marta Fernández-Oliver, 

Ricardo Mallavia, and Alberto Falcó 

 

Abstract 

The use of diverse Ag-based nanoparticulated forms has shown promising results in controlling 

viral propagation. In this study, a commercial nanomaterial consisting of ceramic-coated silver 

nanoparticles (AgNPs) was incorporated into thermoplastic polyurethane (TPU) plates using an 

industrial protocol, and the surface composition, ion-release dynamics and viricidal properties 

were studied. The surface characterization by FESEM-EDX revealed that the molar composition 

of the ceramic material was 5.5 P:3.3 Mg:Al and facilitated the identification of the embedded 

AgNPs (54.4 ± 24.9 nm). As determined by ICP-MS, the release rates from the AgNP–TPU into 

aqueous solvents were 4 ppm/h for Ag and Al, and 28.4 ppm/h for Mg ions. Regarding the 

biological assays, the AgNP–TPU material did not induce significant cytotoxicity in the cell lines 

employed. Its viricidal activity was characterized, based on ISO 21702:2019, using the Spring 

viraemia of carp virus (SVCV), and then tested against the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2). The results demonstrated that AgNP–TPU materials exhibited 

significant (75%) and direct antiviral activity against SVCV virions in a time- and temperature-

dependent manner. Similar inhibition levels were found against SARS-CoV-2. These findings 

show the potential of AgNP–TPU-based materials as a supporting strategy to control viral spread. 

Keywords: 3D nanomaterials; thermoplastic polyurethane; ceramic; Ag nanoparticles; viricidal 

activity. 

1. Introduction 

Infectious diseases are a major global health concern and can have a significant negative socio-

economic impact, particularly in developing countries. According to the World Health 

Organization (WHO), infectious diseases are a leading cause of morbidity and mortality, 

responsible for approximately 25 % of all fatalities worldwide [392]. In particular, viruses can 

infect a wide range of hosts, including animals, plants and microorganisms. In humans, they can 

cause multiple diseases with a wide ranging severity of prognoses from the common cold to more 

critical conditions such as acquired immune deficiency syndrome (AIDS) [393], Ebola virus 

disease (EVD) [394], Middle East respiratory syndrome (MERS) [395] or severe acute respiratory 

syndrome (SARS) [396]. In this sense, it is worth mentioning the recent global COVID-19 

pandemic caused by SARS-CoV-2 and initiated in December 2019, which officially resulted in 

more than 250 million infected people and 5 million deaths within less than two years [397]. 

Viruses can be transmitted through various routes including direct or physical contact, oral 

(ingestion), sexual, vertical, vector-borne, aerosol (airborne) and fomites (contaminated 

inanimate objects) [398]. In the latter case, especially through frequently used objects in crowded 

and healthcare settings [399], fomites can be an important contributor to the spread of viruses such 

as human adenoviruses (HAdV) [400], rotavirus [401], human rhinovirus (hRV) [402], norovirus 

[403], influenza A virus (IFV-A) [404], SARS coronavirus [405], MERS-CoV [406] or SARS-

CoV-2 [407]. 

The viability of the viral particles on fomites depends on the stability of their components and 

structural arrangements, which can be affected by environmental factors occurring over time such 

as humidity, temperature and irradiation [399]. For this reason, DNA and non-enveloped viruses 
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are usually more resistant to adverse environments [408,409]. Associated with this, the chemical 

nature of the fomites also plays an important, sometimes crucial, role. For instance, SARS-CoV-

2 shows less stability on porous materials (e.g., cotton) in comparison to non-porous surfaces 

(glass, plastic, metal, etc.), where infective virions were detected for 4 to 21 days [410]. 

In addition to new disinfection systems such as more sophisticated germicidal light irradiation 

treatments [411], new strategies to limit fomite-mediated virus transmission are focused on the 

development and implementation of new materials with upgraded viricidal properties [412]. 

Advances in the field of nanotechnology, such as nanomaterial coating strategies or NP-based 

antiviral agents, offer new approaches to prevent the spread of viruses [413]. NPs have emerged 

as antimicrobial materials due to their high surface-to-volume ratio and the specific chemical and 

physical properties with which they can be designed [414]. The use of metallic NPs as viricidal 

agents has grown rapidly due to their ability to target different molecular sites in viruses and, 

therefore, minimize resistance development events [128]. Two main mechanisms have been 

proposed to explain how metallic NPs, usually AgNPs, interfere with viral replication: (i) via 

sulfur-bearing residues on cell and virus surface glycoproteins, preventing the attachment and 

entry of the virus into the host cell, and (ii) via cell membrane penetration and effectively blocking 

internal cellular factors necessary for the proper assembly of viral progeny [415]. Recently, the 

ability of AgNPs to inhibit SARS-CoV-2 has been investigated [416,417]. AgNPs (diameter: 2–

15 nm) were capable of inhibiting extracellular SARS-CoV-2 virions and preventing their entry 

to host cells by disturbing viral integrity [416]. 

AgNP preparations in liquid environments limit their use for antiviral applications; however, great 

progress is being made in the use of AgNPs in solid and semi-solid preparations [418]. Recently, 

the incorporation of AgNPs into electrospun nanofibrous membranes of  TPU and polyvinyl 

alcohol (PVA) for the manufacture of personal protection equipment was studied, and their 

antiviral activity against Human immunodeficiency virus-1 (HIV-1) and SARS-CoV-2 was 

evaluated. Briefly, AgNP-loaded TPU (AgNP–TPU) NFs were found to be more effective in 

inhibiting HIV-1 and SARS-CoV-2 than those made of PVA [419]. In this sense, TPU’s 

interesting properties such as ease of processability, high durability, flexibility, excellent 

biocompatibility and great abrasion resistance make it suitable for a wide range of applications 

[420]. However, to the best of our knowledge, the use of TPU as a matrix scaffold for AgNPs for 

antimicrobial and, especially, antiviral applications has only been reported in the form of NFs. 

The development of 2D and 3D AgNP–TPU nanomaterials as antimicrobial coatings for 

implementation in strategic areas to support public health could help slow the spread of some 

viral diseases. In this work, the viricidal ability of AgNP–TPU materials produced by an industrial 

protocol was assessed according to the general methodology described in the ISO 21702:2019 

international standard, compliance with which is obligatory to certify this quality for plastics and 

other non-porous surfaces, but rarely addressed in scientific reports. Additionally, the surface and 

inner morphology of the materials were characterized, as well as their composition, including the 

release dynamics of metal ions in contacting aqueous solutions. Taken together, this study also 

aims to provide useful descriptions of methodological approaches to evaluate the potential 

implementation of experimental materials in virus protection applications.  

2. Materials and Methods 

2.1. Materials 

Commercial additive 746-3BV (Esenttia, Bogotá, Colombia) consisting of AgNPs encapsulated 

in a polyethylene ceramic material (D98 < 40 μm) at 16 % w/w in molten polypropylene (0.91 

g/cm3, Duraflon®) was homogeneously mixed in a 1:16 ratio with molten thermoplastic 

polyurethane (TPU) (1.22 g/cm3, Ultimaker BV) at 220 °C to produce the AgNP–TPU material. 
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Control TPU material was fabricated in the same way without adding the commercial AgNP 

additive. All products were supplied and assembled by Soorim 3D Solutions S.L. (Alicante, 

Spain), which is also the holder of the patent for the use of these materials f or antimicrobial 

applications (patent number: U202031871). 

2.2. Experimental Design 

The experimental design of the analytical and biological trials was carried out by following the 

general guidelines described in ISO 21702:2019: “Measurement of antiviral activity on plastics 

and other non-porous surfaces”. Thus, the materials to be tested and their respective controls were 

molded to meet the dimensions required by this procedure (5 × 5 × 0.5 cm plates). Figure 22 

shows schematic and visual representations of the disposition of the materials. Briefly, the AgNP–

TPU and control TPU plates were placed in sterile Petri dishes and 400 µL of test inoculum was 

added onto the surface of the materials. Then, 4 × 4 cm polypropylene cover films were placed, 

covering and spreading the test inoculum towards the film edges without letting it leak beyond. 

The incubations were performed in such an arrangement inside humid chambers and at constant 

temperature. The temperature and duration of the incubations, as well as the type of test inoculum, 

varied depending on each particular test. All experiments were performed in triplicate.  

 

Figure 22. Schematic representations of the top (a) and side (c) views of the material and cover film layout, 

and corresponding example pictures ((b) and (d), respectively).  

2.3. Characterization of the Material Surface, the Released AgNPs and the Ion-

Release Dynamics 

The TPU plates were visualized using a Schottky-type Sigma 300 VP FESEM with a coupled 

energy dispersive X-ray system (EDX) to determine their element composition (Carl Zeiss 

Microscopy GmbH, Oberkochen, Germany). Images were generated using both backscattered 

electron (BSE) and variable pressure secondary electron (VPSE) detectors.  

The average HDD and the PDI of the AgNPs potentially released from the experimental materials 

into Milli-Q water inocula (co-incubated for 24 h at 20 °C) were determined by DLS using a 90 

Plus Nanoparticle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA) 

[371]. All measurements were performed three times at 25 °C. 

The ionic composition of the moieties released from the TPU plates was determined by ICP-MS 

(ICPMS-2030, Shimadzu Company, Kyoto, Japan) calibrated with 107 Ag, 27 Al and 24, 25 and 

26 Mg standards, being regression coefficient values (R2) equal or higher than 0.9996 for all 
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calibration curves. The test inoculum used for this assay consisted of Milli-Q water samples 

incubated with the corresponding TPU plates at 20 °C for 2 and 8 h, as well as 24 h, which is the 

incubation time indicated by ISO 21702:2019 for testing the antiviral activity. Prior to analysis, 

these samples were diluted 1:30 (v/v) with nitric acid 1 % (v/v), reaching a final volume of 3 mL. 

The non-diluted and non-treated water inocula, dried over silicon wafers, were also analyzed by 

FESEM-EDX (Carl Zeiss Microscopy GmbH) for this purpose. 

2.4. Cells and Virus 

The potential viricidal activity of the experimental TPU materials was tested with the fish 

pathogen SVCV (isolate 56/70) in EPC cells (American Type Culture Collection ref.: CRL-2872) 

[421] and SARS-CoV-2 in Vero E6/TMPRSS2 cells [411]. 

EPC cell monolayers were grown at 28 °C in a 5 % CO2 atmosphere in a Dutch modified RPMI 

1640 medium (Sigma, St. Louis, MO, USA) containing 10 % FBS (BioWhittaker, Inc., 

Walkersville, MD, USA), 1 mM sodium pyruvate (Sigma), 2 mM glutamine (Sigma), and 50 

µg/mL gentamicin (Thermo Fisher, Waltham, MA, USA). 

Vero E6/TMPRSS2 cell monolayers were grown at 37 °C in a 5 % CO2 atmosphere in DMEM 

(Sigma), supplemented with 10 % FBS (BioWhittaker), 2 mM l-glutamine (Sigma), 1 % non-

essential amino acids (Sigma), and 100 units/mL penicillin and 100 µg/mL streptomycin (Thermo 

Fisher). 

2.5. Cytotoxicity Assays 

In compliance with ISO 21702:2019, prior to assessing the viricidal activity of the TPU materials, 

the potential citotoxicity of the moieties released from them when incubated with aqueous inocula 

was tested on EPC and Vero E6/TMPRSS2 cells. Thus, their corresponding culture media were 

used as test inocula and incubated at 20 °C (EPC medium) or 30 °C (Vero E6/TMPRSS2 medium) 

for 24 h, with both control and AgNP–TPU materials. Cell viability changes were determined by 

the reduction of MTT (Panreac AppliChem, Barcelona, Spain) assay. Briefly, confluent cell 

monolayers in 96-well plates were treated with the collected inocula at 1:10 and 1:100 dilutions 

in corresponding fresh media (100 µL/well). After 24 h of incubation at each cell-type growing 

conditions, treatments were replaced by a cell medium containing 0.5 mg/mL MTT (from ten-

fold concentrated stocks in PBS (Gibco, Thermo Fisher)); in fresh media (100 µL/well) was used 

to replace treatments. MTT solutions were incubated with cells under the same conditions for 2 h 

and then carefully removed. The colored formazan product was dissolved in 100 µL of DMSO 

(Sigma) and the absorbance at 570 nm (and 620 nm as reference) was measured by means of a 

Cytation™ 3 cell imaging multi-mode microplate reader (BioTek Instruments, Inc., Winooski, 

VT, USA). Optical density is expressed in percentages relative to the control group consisting of 

untreated cells. Therefore, cell viability was calculated by the formula: 100× treated cell 

absorbance/untreated cell absorbance. 

2.6. In Vitro Viral Infections 

SVCV was used for the general characterization of the viricidal properties of the experimental 

TPU materials. Thus, SVCV inocula at 105 focus-forming units (ffu) per mL in 2 % FBS culture 

medium (SVCV infection medium) were incubated with the TPU plates, as described above, 

testing different temperatures (5, 10, and 20 °C for 24 h) and time periods (2, 8, and 24 h at 20 

°C). Regarding SARS-CoV-2, inocula at 5 × 105 plaque-forming units (pfu) per mL were tested 

at 30 °C for 24 h. For each condition, corresponding virus inocula were incubated with control 

TPU plates. Virus inactivation was determined as the viral titer reduction in percentage relative 

to control samples. SVCV and SARS-CoV-2 titers were determined by the focus-forming 

[311,421] and plaque assay [411] methods, respectively. All the experiments involving SARS-
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CoV-2 were performed in biosafety level 3 (BSL-3) facilities at CNB-CSIC according to the 

guidelines of the institution. 

2.7. Statistical Analysis and Graphics 

Data are shown as mean and SD (n = 3, unless stated otherwise). Prism v7 (GraphPad software, 

La Jolla, CA, USA) and Microsoft Excel from the Microsoft Office Professional Plus 2019 

package (Microsoft Corporation, Redmond, WA, USA) were used for creating the graphs. Prism 

v7 was used for performing the statistical analysis depending on each particular experimental 

design. Significant differences are indicated as: * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).  

3. Results and Discussion 

3.1. Physicochemical Characterization of the Experimental TPU Materials 

3.1.1. Morphology and Composition 

According to the FESEM images (Figure 23a–e) and the EDX analysis (Figure 23f) from the 

surface of the experimental materials, most of the elements are carbon and oxygen and correspond 

to the TPU moiety of both control TPU and AgNP–TPU materials, which is their matrix 

component and is visualized as dark background in the BSE images (Figure 23b,d,e). In these 

images, irregular light-grey granulation is also observed in the surface of the AgNP– TPU plates 

(Figure 23b,d), which belongs to the ceramic additive since it is associated to the presence of 

magnesium, aluminum and phosphorus, as determined by EDX spectroscopy (Figure 23f). Within 

such granule-like forms of 9.9 ± 6.4 µm (average value for 25 granules from different FESEM 

images), bright dots corresponding to AgNPs of 54.4 ± 24.9 nm (average value for 25 NPs from 

different granules) were also detected (Figure 23e,f). 

It is worth mentioning that such a pattern is also shown along the entire cross section of the AgNP–

TPU plates, as can be observed in the FESEM image from Figure 24. Several general EDX 

analyses across the surface of the section (Figure 24) confirm the composition described above, 

as well as the presence of traces of other elements, due to the much higher area analyzed (around 

140 µm2) for each spectrum in comparison to the spectra shown in Figure 24 (punctual 

measurements). 

The chemical composition of the components released from the AgNP–TPU material into 

contacting solutions was also studied by EDX spectroscopy. For this purpose, Milli-Q-water 

samples were incubated over the experimental materials, as described in the Material and Methods 

section herein and the ISO 21702:2019. Incubations were carried out at 20 ºC for different time 

periods (2, 8 and 24 h). Thus, no differential major elements were found in the composition of the 

inocula incubated with control TPU plates in comparison to that of the original solution. In 

contrast, the ceramic components (P, Mg and Al) and Ag were detected in the inoculum samples 

from AgNP–TPU materials. It is worth highlighting the noteworthy non-release into the inocula 

(i.e., the absence) of those trace elements found in the general composition of the solid materials 

described in Figure 24: mainly S and Ba ions corresponding to barium sulphate molecules that 

are usually employed as filler additive in TPU materials. 
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Figure 23. Representative FESEM images of the surface of the TPU (a,b) and AgNP–TPU (c–e) 

materials using VPSE (a,c) and BSE (b,d,e) detectors. The dark background in BSE images corresponds 

to the TPU moiety, the grey granules to the ceramic additive and the bright dots to the AgNPs. Scale 

bar of 20 µm for images (a–d) and 500 nm for image (e). (f) EDX analysis of the surface of the 

experimental materials. Three representative spectra for each type of material are shown. The analysis 

sites for the control material were randomly chosen, for the AgNP–TPU materials were restricted to the 

granulated regions. a.u., arbitrary units. 

Figure 25 shows a ternary diagram displaying the relative amounts of P, Mg and Al ions detected 

in the surface of AgNP–TPU plates and the inocula at each time point. The ratio between the 

indicated components was found to be 5.5 P: 3.3 Mg: Al (table inset in Figure 25) or, in atomic 

composition, 4.8 P: 3.7 Mg: Al for the AgNP–TPU solid material. Similar percentages were found 

for the inocula, although with a notable increase in P, probably as a consequence of its higher 

partial solubility in aqueous solutions. 
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Figure 24. EDX analysis of the surface composition of the cross section of the AgNP–TPU material.  

a.u., arbitrary units. Scale bar: 200 µm. 

DLS analysis confirmed the absence of NPs in the inocula recovered from control TPU materials. 

On the contrary, they were detected in the inocula incubated with AgNP–TPU plates. Their mean 

HDD and PDI values were 1032 ± 148 and 0.382 ± 0.152  nm, respectively (Figure S-4). 

Regarding PDI values, they range from 0 to 1 and indicate the breadth of the particle size 

distribution. PDI values below 0.3 typically indicate a uniform distribution of particle sizes [422]. 

The values obtained are slightly higher than this threshold, which can be attributed to mild 

aggregation events that are common in MNPs and depend on several chemical parameters of their 

immediate environment [423,424]. This may explain why particle size measurements obtained by 

this technique are much larger than expected. 

3.1.2. Ceramic Component Degradation Dynamics and Ion Release Rate 

The same water inocula incubated with the materials and previously characterized by EDX were 

also analyzed by ICP-MS for a more precise quantitation of relevant components released from 

the NPs (Ag) and the ceramic matrix (Al and Mg) of the AgNP–TPU materials. According to 

these data (Figure 26), there is a significant increment of ions in the co-incubated inocula along 

time (F = 7.234; p < 0.01), as well as a significant difference of cumulated ions between the 

elements studied (F = 10.45; p < 0.001). In these regards, there are several conditioning factors 

such as, mainly, the ability of each element to be released from the source material and their 

solubility in water. In comparison to other studies, similar delivery trends associated with the 

degradation of ceramic components have already been described [425,426]. In quantitative terms 

for each particular element, the release rate of Ag and Al ions was approximately 4 ppm/h for 

each one, while that of Mg was about six times higher (28.4 ± 5.7 ppm/h).  
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Figure 25. Ternary diagram of the relative populations of the ceramic components (P, Mg and Al) from 

the commercial additive in the experimental materials (square symbols) and the corresponding inocula 

(circular symbols) after incubation for 2, 8 and 24 h at 20 ◦C. Data obtained by EDX spectroscopy. 

Results shown as the mean value from three independent measures, relative error lower than 0.5%. 

 

 

Figure 26. Time evolution of the concentration of Ag, Al and Mg (ppm) cumulated in the aqueous 

inocula released from AgNP–TPU materials after their incubation for 2, 8 and 24 h at 20 ◦C. Analysis 

performed by ICP-MS. The results are represented as means ± SD (n = 3). Statistically significant 

differences between groups (two-way ANOVA with Tukey’s multiple comparisons correction) are 

shown on binding braces. **, p < 0.01. 

3.2. Biological Properties 

3.2.1. Cytotoxicity Assays 

The potential cytotoxicity of the moieties released from the experimental materials was assessed 

before determining their viricidal activity. For this purpose, EPC and Vero E6/TMPRSS2 media 

were incubated with the TPU plates at 20 ºC and 30 ºC, respectively, for 24 h. Then, they were 

used at different dilutions to treat the corresponding cells for 24 h before performing the MTT 

assay. Thus, as shown in Figure 27, no significant viability changes were observed in any of the 

cases (F = 0.873 and p = 0.4929 for EPC; and F = 0.9511 and p = 0.4576 for Vero E6/TMPRSS2). 
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Figure 27. Cytotoxicity in EPC and VeroE6/TMPRSS2 cells of culture media previously incubated 

with the experimental materials. The inocula were tested undiluted, 1:10 and 1:100 diluted in cells. The 

results correspond to four independent experiments and are represented as means with SD in viability 

percentages in comparison to the viability obtained from the treatment of cells with culture medium 

incubated independently with no contact of any of the materials. Statistically significant differences  

between groups were calculated by using two-way ANOVA with Tukey’s multiple comparisons 

correction; however, no statistically significant differences were found. 

Although this aspect has been extensively studied for AgNPs in different cell lines, there is no 

consensus on their particular cytotoxic concentration since this is affected by several factors such 

as particle size, medium type, temperature, surface functionalization and particle crystallinity 

[427]. Based on our ICP-MS analysis, the Ag concentration in the non-diluted inocula was about 

100 ppm (i.e., 100 µg/mL) after 24 h of incubation with the experimental materials. Therefore, 

these cytotoxicity results are consistent with previous studies showing that AgNPs at a 

concentration of up to 100 µg/mL do not decrease the viability of progenitor human adipose-

derived stem cells [428]. Neither did Carrola et al. (2016) observe cytotoxicity in HaCaT 

keratinocytes after 48 h of treatment with Ag nanoprisms and spherical AgNPs at a concentration 

of 100 ppm [429], or Rogers et al. (2008) with 100 ppm of 10-nm AgNPs in Vero cells [430]. 

Nevertheless, other authors did observe cytotoxicity at equal or lower concentrations in HEK293 

[431], HT22 [432], Calu-3 and Vero E6/TMPRSS2 [416] cells. 

It is important to note here that the mechanisms underlying the toxicity of AgNPs, which are also 

largely related to their antimicrobial activity, operate at different molecular and cellular levels 

and are still under investigation. Therefore, although these nanomaterials are already present in a 

wide range of consumer products; due to their potential impact on the environment and public 

health; further studies are needed in this regard to ensure their safety, in particular for 

environmental, health, food and textile applications [433]. 

3.2.2. Viricidal Activity 

Once it was verified that the inocula previously incubated with the experimental materials did not 

exert relevant cytotoxic effects on the host cells, we proceeded to determine whether they were 

endowed with viricidal properties and, if so, the specific source of such activity within the material 

(Figure 28). Thus, SVCV inocula showed an about 75% titter reduction when directly incubated 

with the AgNP–TPU plates in comparison to the titters determined for the incubations with the 

control material. We then revealed that such antiviral activity comes from the moieties of the 

material that are released into the inoculum during the incubations; since when they consist of 

just medium and are used to treat SVCV,virus infectivity is inhibited to the same extent as in 

SVCV-material direct incubations. Finally, it was also demonstrated that this effect is not due to 

a reduction in the sensitivity of cells to viral infections, since the treatment of host cells with 

culture medium that had been previously incubated with the materials did not confer antiviral 

protection on them. We note that all incubations and treatments were performed at 20 ◦C for 24 h 
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Figure 28. Potency and origin of the antiviral activity against SVCV of the experimental materials. To 

assess the type of antiviral activity exerted by the materials, three different pretreatment arrangements  

were performed (in order): direct incubation of the virus inoculum with the material; and the treatment 

(prior to infection) of either virus stocks or host cells with 2% FBS culture medium that had been 

previously incubated with the materials. The results correspond to three independent experiments and 

are represented as means ± SD of the infectivity inhibition associated with AgNP–TPU materials (black 

bars) in percentages relative to corresponding control groups (i.e., viricidal activity of control TPU 

materials, grey bars). Statistically significant differences between corresponding control and AgNP–

TPU groups (two-way ANOVA with Tukey’s multiple comparisons correction) are shown: ***, p < 

0.001. 

To further characterize the viricidal activity of the materials, different incubation periods (24 h as 

stated in the ISO 21702:2019, but also 2 and 8 h) at 20 ºC were tested. The results obtained (Figure 

29a) indicate that the incubation time has an effect in this regard by reducing the virus infectivity 

along time (one-way ANOVA, F = 12.87, p < 0.01). The inhibition of the infectivity was 

significant in virus inocula incubated for 8 (44.4 ± 19.3 %) and 24 h (74.1 ± 12.8 %) with the 

AgNP–TPU plates, in comparison to control groups (Student’s t-test, p < 0.05). In addition, such 

time-dependent inhibition of virus infectivity coincides with the Ag release trend shown before 

for the AgNP–TPU materials (Figure 26). 

Several studies have reported the antiviral activity of AgNPs against a range of viruses such as 

herpes simplex virus (HSV) [434], HIV [435], IFV-A [436], monkeypox virus (MPV) [430], 

Newcastle disease virus (NDV) [437], respiratory syncytial virus (RSV) [415] or SARS-CoV- 2 

[424]. Particularly, in the study of Rogers et al. (2008), a concentration of 100 ppm of 10  nm 

AgNPs decreased the plaque formation of the MPV by 79 % in Vero cells [430]. In a recent study, 

inhibitions of 64 to 79 % in the replication of NDV using AgNPs at concentrations of 80 to 320 

ppm [437] were also shown. Altogether, these results are consistent with the data obtained in this 

study since the exposure of the inocula to the AgNP–TPU material for 24 h delivered Ag ions up 

to a concentration of around 100 ppm into them, thus conferring in them the ability to inhibit 

SVCV infectivity by up to about 74%. 

Similarly, the viricidal activity of the AgNP–TPU materials was also found to depend on the 

temperature of incubation (Figure 29b, one-way ANOVA, F = 11.16, p < 0.01). For these assays, 

incubation temperatures of 5 and 10 ºC were tested, in addition to 20 ºC. The exposure time was 

set at 24 h, as specified by ISO 21702:2019. Ultimately, incubation with the AgNP–TPU material 

reduced SVCV infectivity by 45 ± 8.7 % at 5 ◦C, 52.4 ± 8.2 % at 10 ºC, and 74.1 ± 6.4% at 20 

ºC. These results are in line with previous studies describing that the dissolution of AgNPs in an 

aqueous solution increases with temperature [438,439]. The temperature also affects the release 

profile of several metallic ions from NPs in the same way, due to the temperature dependence of 

the ionic diffusion coefficient. Indeed, Zhang et al. (2011) developed a kinetic model using the 
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Arrhenius equation (Equation S-1) to explain the release of Ag ions based on the hard sphere 

theory [440]. According to this equation, the higher the temperature, the higher the release rate of 

Ag ions. 

 

Figure 29. Effect of (a) the incubation time (2, 8 and 24 h) at 20 ºC and (b) the incubation temperature 

(5, 10 and 20 ºC) for 24 h, in the viricidal activity against SVCV of the AgNP–TPU materials. The 

results correspond to three independent experiments and are represented as means ± SD of the 

infectivity inhibition in percentages relative to corresponding control groups. Statistically significant 

differences between groups (one-way ANOVA with Tukey’s multiple comparisons correction) are 

shown on binding braces. Statistically significant differences compared to their respective control 

groups (two-tailed unpaired Student’s t-test with Welch’s correction) are shown above each column. *, 

p < 0.05; **, p < 0.01. 

Finally, the viricidal activity of the experimental materials was also tested against a clinically 

relevant virus, SARS-CoV-2. For these assays, the virus inocula were incubated with the TPU 

materials at 30 ºC for 24 h prior to their titration. According to the data, the AgNP–TPU plates 

reduced the SARS-CoV-2 infectivity in 80.77 ± 14.73% in comparison to the TPU control (two-

tailed Mann-Whitney U test, n = 4, p = 0.0286), and, therefore, this was similar to the inhibition 

ranges determined against SVCV. 

4. Conclusions 

This study aimed to evaluate the viricidal ability (by following the general guidelines of ISO 

21702:2019) against SVCV (virus model) and SARS-CoV-2 of a composite material consisting 

of a TPU matrix with embedded AgNPs. Thus, this material exerts a viricidal activity of about 75 

% directly through the AgNPs released into the inoculum with which it is incubated. In addition, 

such activity is shown to be time- and temperature-dependent, probably due to the release trend 

over time of Ag ions from the AgNP-materials shown here. The compounds released by the 

AgNP–TPU materials do not present significant levels of cytotoxicity in EPC and Vero 

E6/TMPRSS2 cells under the tested conditions. These findings postulate TPU–AgNP as 

promising candidate materials for viricidal applications to decrease the spread of viruses such as 

SARS-CoV-2. 
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Figure S-4. Hydrodynamic diameter (HDD) determined by dynamic light scattering (DLS) of NPs 

released into Milli‐Q water inocula incubated with AgNP‐TPU materials for 24 h at 20 °C. Results from 

three independent experiments, each shown in a different color. 
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Equation S-1: Kinetic model based on the hard sphere theory using the Arrhenius equation. γAg+: Ag+ 

release rate; kb: Boltzmann constant (1.38x10‐23 J/K); T: temperature (298 K); mB: molecular weight of 

oxygen or protons; Ea: activation energy (J); [Ag]r: released Ag+ concentration. Developed by Zhang 

et al. (2011) [440].  
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CHAPTER 4: PHYTOCHEMICAL-BASED NANOMATERIALS AGAINST 

ANTIBIOTIC-RESISTANT BACTERIA: AN UPDATED REVIEW 

SUMMARY OF RESULTS 

This review paper titled explores innovative solutions for combating ARB through the integration 

of phytochemicals with nanotechnology. This review highlights the potential of 

phytochemicals—bioactive compounds derived from plants—as antimicrobial agents, especially 

when incorporated into nanomaterials like polymeric NFs and NPs, which enhance their 

effectiveness against ARB by improving properties such as bioavailability, stability, and 

controlled release. 

The motivation behind this study is the urgent need to address AMR, a significant global health 

threat that causes millions of fatalities annually due to infections that are increasingly difficult to 

treat with standard antibiotics. The slow pace of new antibiotic development and overuse of 

existing antibiotics have led to the emergence of ARB strains, making alternative solutions 

critical. Phytochemicals such as polyphenols, alkaloids, and terpenoids, known for their 

antimicrobial properties, serve as effective agents against ARB. However, limitations like low 

potency and poor pharmacokinetics restrict their clinical application. Nanotechnology provides a 

solution by enabling the creation of nanomaterials, including polymeric NFs and NPs, which 

improve the phytochemicals' bioavailability, mechanical stability, and release properties.  

NFs are fine, one-dimensional fibers with diameters in the nanometer range. Due to their high 

surface area-to-volume ratio, NFs provide a unique structure that can enhance the delivery and 

controlled release of antimicrobial agents, including phytochemicals, when applied in biomedical 

contexts. The primary method of synthesizing NFs is electrospinning, which involves loading a 

polymer solution and extruding it through a charged needle. Variants of electrospinning, such as 

blend, coaxial, and emulsion electrospinning, are used to encapsulate phytochemicals in NF 

matrices, either by dispersing them uniformly within the NF or by embedding them within a core-

shell structure. Key polymers used in NFs include gelatin, PVA and PCL. Phytochemicals like 

curcumin have shown broad-spectrum antibacterial activity through mechanisms such as 

disrupting bacterial membranes, inducing oxidative stress, and inhibiting biofilm formation. In 

NFs, efficacy of curcumin is further enhanced by its sustained release, improving its interaction 

with bacterial cells and thereby enhancing its antimicrobial effects.  

NPs, including polymeric and MNPs, are advantageous in delivering phytochemicals due to their 

small size, large surface area, and modifiable surface properties. Phytochemical-loaded polymeric 

NPs are effective in precisely targeting bacteria and sustaining release, which is critical in fighting 

persistent infections caused by ARB. Polymeric NPs can be produced from synthetic polymers 

like PLA and PVA or from natural polymers like chitosan, which has intrinsic antibacterial 

properties. The most common synthesis methods include dispersion of preformed polymers, 

polymerization of monomers, and ionic gelation. On the other hand, MNPs are extensively 

researched for their antimicrobial properties. The green synthesis approach uses plant extracts as 

reducing and stabilizing agents, creating eco-friendly NPs. MNPs often employ a multifaceted 

approach against bacteria, including ion release, ROS generation, and physical disruption of cell 

walls. 

The review concludes that while phytochemical-based NFs and NPs present a promising solution 

against ARB, challenges remain in standardizing synthesis methods, ensuring consistent 

antibacterial efficacy, and minimizing toxicity for clinical use. Moving forward, research should 

focus on optimizing NP and NF properties for maximum therapeutic efficiency, standardizing 

antibacterial testing, and conducting in vivo studies to validate their clinical plausibility.  
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Abstract 

Antibiotic-resistant bacteria (ARB) is a growing global health threat, leading to the search for 

alternative strategies to combat bacterial infections. Phytochemicals, which are naturally 

occurring compounds found in plants, have shown potential as antimicrobial agents; however, 

therapy with these agents has certain limitations. The use of nanotechnology combined with 

antibacterial phytochemicals could help achieve greater antibacterial capacity against ARB by 

providing improved mechanical, physicochemical, biopharmaceutical, bioavailability, 

morphological or release properties. This review aims to provide an updated overview of the 

current state of research on the use of phytochemical-based nanomaterials for the treatment 

against ARB, with a special focus on polymeric nanofibers (NFs) and nanoparticles (NPs). The 

review discusses the various types of phytochemicals that have been incorporated into different 

nanomaterials, the methods used to synthesize these materials, and the results of studies 

evaluating their antimicrobial activity. The challenges and limitations of using phytochemical-

based nanomaterials, as well as future directions for research in this field, are also considered 

here. Overall, this review highlights the potential of phytochemical-based nanomaterials as a 

promising strategy for the treatment against ARB, but also stresses the need for further studies to 

fully understand their mechanisms of action and optimize their use in clinical settings.  

Keywords: nanotechnology; nanofibers; nanoparticles; green synthesis; electrospinning; plants; 

antimicrobial 

1. Introduction 

Bacterial infections pose a major threat to human health worldwide, especially when resistant to 

conventional antibiotics. In 2019, over 4.95 million fatalities worldwide were associated with 

AMR illnesses, among which 1.27 million were directly linked by them, i.e., fatalities that could 

have been prevented if the infections had been susceptible to antibiotics, thereby becoming a 

leading cause of death worldwide in low-resource environments [87]. Due to the alarming 

appearance of ARB on multiple antibiotics, their rapid spread, and the slow discovery of new 

antibiotics, conventional therapies are gradually losing effectiveness [441]. There are several 

factors contributing to the development of ARB, including: (i) the overuse and the misuse of 

antibiotics[442], often as a consequence of a lack of new ones [443], (ii) poor infection control 

measures [444], (iii) genetic factors, and (iv) environmental factors [445]. 

Alternative and complementary treatments to antibiotics have been steadily pursued in the last 

few decades to address this issue [96]. In this sense, it is predicted that natural sources still harbor 

a huge number of bioactive molecules that are yet to be discovered, particularly within plants 

(kingdom Plantae) [446]. Plant extracts can contain a wide variety of phytochemicals such as 

polyphenols, alkaloids, and terpenoids with proven antibacterial capacity, even against ARB 

[134,447]. Phytochemicals are usually less potent than traditional antibiotics, although often 

endowed with therapeutically interesting properties such as molecular promiscuity or AMR-

modifying capacities. Not in vain, plant extracts have been used by human communities since 

ancient times, when scientific knowledge was practically nil and only reduced to trial-and-error 

screenings [448]. Nowadays, the development of modern technology can help to optimize the use 
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of these phytochemicals and to enhance their benefits for human health, as is the case for 

nanotechnology. 

In recent years, the use of nanotechnology in biomedical applications has been increasing rapidly, 

observing a pronounced upward trend in the number of scientific articles published in this regard. 

Nanomaterials such as NFs and NPs can tackle limitations related to traditional approaches [449] 

and provide beneficial morphologies and surface features to fight bacteria [450]. In addition, the 

characteristics of these nanomaterials, i.e., size, shape, constituents, and surface, can adjust their 

mechanical, biological, and physicochemical properties to match the required needs [451]. The 

polymeric matrices of nanomaterials can result in desirable characteristics, such as small size and 

high surface-to-volume ratio. These properties can enhance the permeability and solubility of 

drugs encapsulated within them, making them ideal for drug delivery. Phytochemicals could 

potentially utilize these features to exert their antimicrobial effects [452]. These features can also 

improve the biopharmaceutical properties of the final products, with a special interest on low 

bioavailable compounds [453]. 

The present study reviews the recent advancements in the development of polymeric NFs and 

NPs loaded or synthesized with phytochemicals as promising tools to fight against ARB.  

2. Study Design 

The Scopus and MedlinePlus databases were used to perform a bibliographic search using the 

following keywords: “nanomaterials” OR “nanoparticles” OR “nanofibers” AND “antibacterial” 

AND “resistance” AND “plant extract” OR “essential oil” OR “phytochemical”. Among the 378 

results retrieved, about 77% (224) corresponded to publications from the last 5 years. A selection 

was made among the publications from 2014 onwards. The inclusion criteria for articles were: (i) 

published in English; (ii) in peer-reviewed journals; and (iii) focused on the use of phytochemical-

based nanomaterials for the treatment of ARB. A total of 170 articles were included in the final 

review. From those, 34 publications were experimental studies focused on phytochemical-based 

nanomaterials against ARB, from which 18 belonged to the last two years. The remaining 136 

publications were included in the body of the article, i.e., Introduction and other sections not 

directly related to experimental studies. 

3. Antimicrobial Capacity of Phytochemicals 

As briefly mentioned above, poultices and infusions have been prepared from local plants for 

medicinal purposes since ancient times, including curing bacterial infections [448]. Since the 

discovery and implementation of antibiotics in the middle of the 20th century, the use of plants 

as antimicrobials has been drastically reduced. However, the rise of ARB has pushed researchers 

to search for new antimicrobial compounds from various sources, thus revisiting the plant world 

as it represents a large reservoir of bioactive molecules with therapeutic potential yet to be 

explored in depth [454]. 

One of the main advantages of the use of phytochemicals for antimicrobial purposes is their 

multifactorial capacity or molecular promiscuity. While traditional antibiotics usually act on a 

specific bacterial molecular target with great efficacy, phytochemicals can bind to several, but 

generally with less affinity than that of antibiotics. Such promiscuity or multitarget affinity 

potentially hinders the generation of possible resistance mechanisms in the bacteria [455]. As it is 

schematized in Figure 30, the different bacterial molecules targeted by phytochemicals include 

cell wall [456] and the cell membrane components [457] as well as proteins with diverse locations 

and functions [458], and thus with the ability of even interfering in the nutrient metabolism and 

motility [459]. In addition to these pharmacological direct activities, it has been shown that there 

are phytochemicals, such as certain polyphenols, that are capable of sensitizing ARB by reversing 

their resistance mechanisms and making them more susceptible to traditional drugs [460,461]. 
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Figure 30. Main bacterial molecular targets of phytochemicals with antibacterial activity. 

Phytochemicals may also act in synergy with antibiotics, such as antibiotic adjuvants [462], 

enhancing their antimicrobial activity and potentially reducing the amount of antibiotic needed to 

treat an infection [463]. This combination may help to slow the development of AMR, as well as 

to minimize their adverse effects and environmental impact [464]. Additionally, phytochemicals 

may help to boost the immune system and improve the overall health of an individual, conferring 

protection to infection [465]. 

To date, the literature on AMR to phytochemicals is limited. One example is a study linking 

genetic changes in Lysteria monocytogenes (deletion of the sigB gene) with increased resistance 

to carvacrol, thereby showing that it is feasible for bacteria to develop resistance to specific 

polyphenols with unique or few molecular targets [466]. Another example of AMR to botanicals 

is the presence of “tannin-resistant” Gram-positive bacteria (Streptococcus sp.) at sites of high 

exposure to these polyphenols, such as goat, sheep, and deer rumens [467]. This type of bacteria 

is thought to protect ruminants from possible tannin anti-nutritional dietary influences [468]. 

Mechanisms by which bacteria overcome the inhibitory effects of tannins on growth include 

substrate modification, dissociation of tannin-substrate complexes, formation of extracellular 

polysaccharides, cell membrane modification, and metal ion chelation [469]. Importantly, bacteria 

prevalent in ruminant gastrointestinal tannin media may not themselves be resistant. This 

resistance may be more related to improve the nutrient accessibility of bacteria in the special 

microenvironment of the ruminant stomach [470]. However, drug resistance seems unlikely to 

develop when complex mixtures of polyphenols affecting multiple molecular targets on bacterial 

cells are used [471,472], and so it occurs for plant extracts that contain an amalgam of 

phytochemicals [473]. 

One of the main limitations for the use of phytochemicals as antibacterial agents is the low 

availability and poor pharmacokinetic properties. Widely studied phytochemicals such as 

quercetin [474] and curcumin [475] present these limitations. The use of drug delivery systems, 

such as nanomaterials, could help to overcome these limitations [476]. In the following sections, 

the combinations of phytochemicals and different types of nanomaterials will be described.  

4. Nanofibers 

NFs are one-dimensional nanomaterials whose properties make them suitable for a wide range of 

applications, including drug delivery [477,478], tissue engineering [479], water/air filtration [480], 

energy storage [481], protective clothing [482], sensors or photocatalytics [483], among others 

[484,485]. One of the key features of NFs is their large surface area to volume ratio, which allows 
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them to interact with their surroundings in ways that are not possible with larger fibers [486]. This 

can make them more effective at adsorbing or filtering small molecules or particles [487]. 

NFs can be prepared from natural or synthetic polymers, metals, ceramics, semiconducting, 

composite, and carbon-based materials [488]. Synthetic and natural polymers are particularly used 

in the synthesis of NFs for biomedical applications due to their biocompatibility, biodegradability, 

and processability [370,450]. Synthetic polymers include PEG, a water-soluble biocompatible 

polymer with good drug-carrying capacity [489]; PVA, a water-soluble biocompatible polymer 

[490]; polyvinylpyrrolidone (PVP), a water-soluble polymer with high biocompatibility [491]; 

PCL, a biocompatible and biodegradable polymer [492]; poly(lactic acid) (PLA), a biocompatible, 

biodegradable polymer that is often used in drug delivery applications [493]; or polyethyleneimine 

(PEI), a cationic polymer with good drug-carrying capacity and ability to evade the immune 

system [494]. The most widely used natural polymers for the synthesis of NFs in drug delivery 

applications are chitosan (CS), a biocompatible, biodegradable polymer derived from chitin [495]; 

gelatin, a protein derived from collagen, which is a natural polymer found in connective tissue 

[496]; alginate, a natural polymer derived from brown seaweed, brown algae (Ochrophyta, 

Phaeophyceae) and bacteria (Azotobacter vinelandii and Pseudomonas species) [497]; hyaluronic 

acid, a natural polymer found in connective tissue [498]; or dextran, a natural polymer derived 

from glucose [499]. Natural polymers are biocompatible and have good drug-carrying capacity, 

making them useful in drug delivery and tissue engineering applications [500]. Overall, the choice 

of polymer for NF synthesis for drug delivery applications depends on the specific requirements 

of the application, including the desired drug-carrying capacity, biocompatibility, and other 

factors. As for other nanomaterials, it is also important to consider the intended route of 

administration and the stability of the drug in the polymer matrix [501]. 

4.1. Synthesis of Polymeric NFs 

Polymeric NFs can be synthesized using different technologies, such as electrospinning, self-

assembly, template-based synthesis, polymerization or sonochemical synthesis [488]. Among the 

different methods that exist to produce them, electrospinning is the most used because it is simple, 

cheap, versatile, reproducible, and scalable [502]. Recently, the term “green electrospinning” has 

emerged as a method for synthesizing NFs using environmentally-friendly and sustainable 

materials and processes. It involves the use of biodegradable, biocompatible, and renewable 

materials, as well as energy-efficient and low-waste production methods. It is based on the use of 

natural or biosynthetic biodegradable polymers and the use of non-toxic solvents [503]. 

Electrospinning allows NFs to be created by loading and expelling a polymer solution through a 

needle subjected to a high-voltage electric field. The solution with the desired polymer is drawn 

into a syringe attached to a needle and pumped at low speeds until a drop forms at the tip of the 

needle. Subsequently, the solution is subjected to a high electrical charge produced by a high 

voltage source. As the voltage increases, the drop at the tip of the needle begins to deform until it 

begins to exert a magnitude of force, such as the surface tension of the solution itself. At this time, 

a cone shape with convex sides and a rounded tip, known as Taylor cone, begins to form [504]. 

When a certain voltage threshold is reached, a jet of liquid begins to be emitted. During the 

movement of the jet between the needle and the collector, the solvent evaporates and a solid 

polymer fiber is collected. The collector is also connected to the high voltage source and is usually 

made of conductive metal [505]. 

Drug encapsulation in NFs can be performed by electrospinning using methods such as blend 

electrospinning, coaxial electrospinning, and emulsion electrospinning (Figure 31). In blend 

electrospinning, the drug is mixed with the polymeric solution before the electrospinning process. 

Therefore, the drug is expected to be dispersed in the polymeric matrix and uniformly distributed 

in the NFs [91]. Coaxial electrospinning is based on the co-spinning of two solutions using two 
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needles located coaxially, one with the polymeric solution and the other with the therapeutic 

solution. Core-shell fibers are obtained, where normally the polymeric matrix is found in the outer 

core and the therapeutic agent is incorporated in the inner core [450]. Emulsion electrospinning 

solutions are based on two or more immiscible liquid phases that will be electrospun together 

using the same set up as blend electrospinning [91]. The distribution of the compounds in the NFs 

depends on their molecular weight. It has been observed that high molecular weight compounds 

tend to form core-shell structures, while low molecular weight compounds are distributed 

throughout the NFs [506]. 

 

Figure 31. Diagram of electrospinning process for the manufacturing of NFs loaded with plant extracts.  

4.2. Antibacterial Properties of Polymeric NFs 

NFs can exert their antibacterial activity per se through a variety of mechanisms depending on 

the specific properties of the NFs, polymers used, and the type of bacteria being targeted. NFs 

with a small pore size or high surface area can physically entrap bacteria, preventing them from 

growing or spreading [507]. The surface chemistry of NFs can also affect their ability to interact 

with bacteria. For example, NFs with a positive charge may be able to attract and kill negatively 

charged bacteria, while those with a hydrophobic surface may be able to inhibit the growth of 

hydrophilic bacteria [450]. NFs can be designed to release antimicrobial agents, which can kill or 

inhibit the growth of bacteria [371]. NFs can also stimulate the immune system, helping to fight 

off bacterial infections [508]. In addition, by utilizing a polymer with antimicrobial capabilities, 

such as CS, NFs can exhibit their antibacterial activity. The antibacterial activity of CS can be 

attributed to its adsorptive characteristics to bacterial cells due to electrostatic in teractions 

between the polycationic structure of CS and the anionic groups found on the bacterial cell surface 

[509]. This causes permeabilization of the cell membrane and the loss of essential constituents as 

enzymes, nucleotides, ions, and death of the bacterial cell.  

4.3. Plant-Based NFs against ARB 

The use of phytochemicals for the formulation of polymeric NFs is in continuous development 

and has attracted attention especially for their enhanced antimicrobial and wound healing 

activities [510]. Therefore, these formulations can be promising alternatives to treat ARB 
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infections. The combinations of polymers and phytochemicals for the synthesis of loaded NFs 

with antimicrobial application against ARB are summarized in Table 10. 

Table 10. Electrospun polymer NFs loaded with phytochemicals against ARB. 

Polymer Extract/Phytochemical 
Diameter 

(nm)* 

Electrospinning 

Synthesis 

Antibacterial 

activity* 
Reference 

Gelatin 
Phaeodactylum 

tricornutuen extract 
700 Blend  

99.9 % inhibition 

(MRSA) 
[511] 

PCL/gelatin Gymnema sylvestre LE 302-340 Coaxial  
ZOI 17.1 mm 

(MRSA) 
[512] 

PCL/gelatin Melia dubia extract 256 Blend  
ZOI 23 mm 

(MRSA) 
[513] 

PCL/PVP Curcumin 880-740 Coaxial  
37 % inhibition 

(MRSA) 
[514] 

PVA 

Myrrh extract 220 

Blend  

ZOI 13.33 mm (DR 
S. aureus) 

[515] 

Thymus vulgaris extract 167 
ZOI 10 mm 

(MRSA) 

[516] 
Salvia officinalis folium 

extract 
143 

ZOI 10 mm 

(MRSA) 

Hyperici herba extract 137 
ZOI 10 mm 

(MRSA) 

PVA/CS Curcumin 125 Blend/coaxial 
92 % inhibition 

after 6 days 

(MRSA) 
[517] 

PVP Emodin 692 Coaxial  
Growing ZOI 

(MRSA) 
[518] 

P(HEMA) Curcumin 20-110 Blend  

ZOI 17 mm 

(MRSA), 18 mm 

(ESBL Escherichia 
coli)  

[519] 

Silk 

fibroin/PEO 
Manuka honey 843-2229 Blend  

ZOI 0.7-6.7 mm 

(MRSA) 
[520] 

DR: drug-resistant; ESBL: extended-spectrum beta-lactamases; LE: leaf extract; MRSA: methicillin-resistant Staphy- 

lococcus aureus. PCL: polycaprolactone; PEO: polyethilene oxide; PVA: polyvinyl alcohol; PVP: polyvinylpyrroli- 

done; P(HEMA): poly(2-hydroxyethyl methacrylate); ZOI: zone of inhibition. * Mean values or a range of values are 

indicated in studies employing various conditions or concentrations. 

Thamer et al. (2022) recently fabricated PVA/tragacanth gum (TG) NF mats loaded with an 

aqueous extract of myrrh (myrrh@PVA/TG NFs) [515]. Results showed that 15%-

myrrh@PVA/TG NFs had a mean diameter of 220 nm and displayed antibacterial activity against 

drug-resistant (DR) S. aureus with 13.33 mm of inhibition zone. In a study by Ramalingam et al. 

(2021), core-shell NFs were synthesized by coaxial electrospinning using PCL/gelatin as shell 

structure [512]. G. sylvestre leaf extracts were added to the core and the antibiotic minocycline 

hydrochloride was added to the shell. Results prior to the synthesis of NFs showed synergism 

between plant extracts and minocycline against Gram-positive bacteria. The incorporation of G. 

sylvestre extract to the PCL/gelatin solution resulted in a reduction in the diameter of the ensuing 

NFs from 443 to 302–340 nm. In addition, the NFs were able to inhibit MRSA in a disc diffusion 

assay with inhibition zones of 15.2–19.1 mm. 

There are many different polymers used to manufacture NFs, with PVP and PCL being the only 

ones used in combination with more than one phytochemical among the selected studies. These 

polymers are widely used in biomedicine thanks to their particular properties. PVP is water-

soluble, pH-stable, temperature-resistant, non-toxic, biodegradable, and biocompatible [521]. 

PCL, a polyester, has been employed extensively in the field of tissue engineering due to its 

accessibility, reasonable cost, and appropriateness for modification. It can be utilized under 

difficult mechanical, physical, and chemical conditions without suffering a major loss of its 

qualities because its chemical and biological properties, physicochemical state, degradability, and 

mechanical strength can all be altered [492]. 
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In the selected studies, the most used technique for the fabrication of NFs loaded with 

phytochemicals against ARB was blend electrospinning, most likely because it is a simpler 

process compared to coaxial or emulsion electrospinning, which can be more complex and require 

specialized equipment [522]. 

There is a great variety in the phytochemicals used in the NFs, curcumin being the only one that 

appears in different studies. Numerous investigations revealed that curcumin had antibacterial 

effects on both Gram-positive and Gram-negative bacteria. Curcumin’s antibacterial properties 

include bacterial membrane rupture, oxidative stress induction, suppression of bacterial virulence 

factor synthesis, and biofilm formation [523]. These qualities also help to explain why curcumin 

functions as a broad-spectrum antibacterial adjuvant, as demonstrated by the substance’s 

pronounced additive or synergistic interactions with numerous conventional antibiotics and non-

antibiotic substances [524]. 

In some studies, the addition of phytochemicals or their concentration increase resulted in a 

reduction in the diameter of the fibers [513,515,516,518]. This phenomenon is attributed to the 

higher charge density and conductivity. Previous studies indicate that a higher charge density in 

the Taylor cone makes its radius of curvature smaller, causing a concentration of electrical stress 

at the tip. This occasions the initial jet to emerge from a smaller area and mass deposition 

decreases [525]. Therefore, the addition of phytochemicals can be advantageous, since smaller 

diameters more similar to the size of the bacteria can enhance bacterial attachment and inhibition 

[526]. 

Several types of NFs containing phytochemicals have been shown to have antibacterial activity 

against ARB. MRSA is the most studied bacteria in antibacterial assays employing NFs 

containing phytochemicals. Its widespread prevalence and ability to cause a range of infections, 

as well as its AMR to antibiotics, make MRSA a useful model organism for studying antibacterial 

agents and mechanisms of action [527]. 

Most assays employed to determine antibacterial activity of NFs were Kirby–Bauer. This can lead 

to difficulties when comparing different studies, since although the diameter of the inhibition zone 

is provided, in many cases data on the mass of NFs used for the test are not disclosed. Thus, there 

is a lack of information on the amount of phytochemicals released into the medium. This fact 

makes it difficult to compare the results with other studies that provide specific MIC [528]. 

5. Nanoparticles 

NPs represent a relatively new strategy to tackle ARB. Its unique characteristics are a result of its 

physical properties, which are often interrelated. Their very high specific surface area results in 

enhanced reactivity, increased solubility in certain solvents, improved drug-carrying capacity and 

enhanced catalytic activity [6]. In addition, they have high mobility in free state and in porous 

media, which can allow them to more easily reach their target site, interact with their 

surroundings, disperse in a particular medium and increase their sensitivity to certain factors, such 

as temperature or pH [529]. Finally, NPs of 10 nm or less exhibit quantum confinement effect due 

to the restriction of charge carrier motion to a small volume [6]. The quantum confinement of 

electrons in NPs can enhance optical and electronic properties and increase stability and reactivity 

[530]. 

NPs can be classified into carbon-based, metal, ceramics, semiconductor, polymeric and lipid-

based NPs [531]. Among them, polymeric and MNPs are widely used for antimicrobial 

applications. Polymeric NPs offer advantageous properties for the encapsulation of antimicrobial 

drugs, such as controlled release of antimicrobial agents [532], target delivery [494], 

biocompatibility [533], improvement of bioavailability [534], possibility of reducing the 

administered dose [535], permanence in the circulatory system for longer periods [536] and 
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customizability [537]. On the other hand, MNPs have shown to possess bactericidal capacity by 

themselves using mechanisms that will be described in subsequent sections. During the last few 

years, a multitude of phytochemicals have been used for the green synthesis of MNPs [538]. 

5.1. Polymeric NPs 

Polymeric NPs can be made of synthetic or natural polymers. Synthetic polymers employed for 

NPs synthesis include PVA, poly(N-isopropylacrylamide) (PNIPAM), poly(lactic-co-glycolic 

acid) (PLGA), PLA, PCL, or PEG [501]. Natural polymers include CS, alginate, albumin, 

hydroxyapatite, pectin, or hyaluronic acid [539]. Polymeric NPs can also be classified into 

nanospheres and nanocapsules, depending on their morphological structure. Nanospheres are 

formed by a solid polymeric framework with a spherical structure in which the drugs are 

embedded or attached to its surface. Nanocapsules are formed by a polymeric shell that surrounds 

an interior space where the drugs of interest are located [540]. In addition, nanocapsules are 

typically smaller and have a higher drug-carrying capacity and a slower release rate compared to 

nanospheres [541]. 

5.1.1. Synthesis of Polymeric NPs 

Three main methods can be used to create polymeric NPs: the dispersion of preformed polymers, 

polymerization of monomers, and ionic gelation/coacervation of hydrophilic polymers. The 

different methods for the synthesis of polymeric NPs are described in Figure 32. The synthesis 

strategy will depend on the type of drug to be encapsulated, its administration, area of application, 

or size requirements, among other factors [452]. 

 

Figure 32. Schematic diagram of the different methods of synthesis (dispersion of preformed polymers, 

polymerization of monomers, coacervation/ionic gelation, green synthesis) of polymeric NPs. 

In the synthesis by polymerization of monomers, the NPs are synthesized by techniques 

such as emulsion polymerization, interfacial polymerization, interfacial polycondensation, 

controlled/living radical polymerization, or molecular inclusion [452]. Polymeric NPs can 

also be synthesized by the dispersion of preformed polymers using techniques such as 

nanoprecipitation, salting-out, emulsification diffusion, emulsification evaporation, and 

double emulsion solvent evaporation [542]. 
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The ionic gelation/coacervation method is based on the mixture of a polymer and a 

coacervating agent, which is usually a polyelectrolyte. As the coacervating agent is added, 

it begins to interact with the polymer, causing the polymer chains to coacervate and form 

NPs. The size and shape of the NPs can be controlled by adjusting the concentration of the 

polymer and coacervating agent, as well as the pH and temperature of the solution [543]. 

Recently, the synthesis of chitosan NPs 

 (CSNPs) using biological systems was described for the first time. This new methodology 

is based on the mixture of a chitosan solution at 1.08% with an extract solution of 

Pelargonium graveolens and its incubation for approximately 1 h at 50 °C. The plant P. 

graveolens was selected as a bioconverting agent due to its nonhazardous and 

environmentally friendly character [544]. 

5.1.2. Antibacterial Properties of Polymeric NPs 

Polymeric NPs have suitable characteristics for use in drug delivery applications of 

antimicrobial agents, such as low toxicity, biocompatibility, biodegradability, or surface 

modification for specific targeting, among others [540]. These characteristics make it 

possible to improve the therapeutic index of drug loads in this type of system and to carry 

out a therapy focused on the infection site [545]. Some polymers, such as CS, have intrinsic 

antimicrobial activity, thus being able to kill bacteria or inhibit their growth by disrupting 

their cell membranes or inhibiting their metabolism [509]. Polymeric NPs can also coat 

surfaces and prevent bacteria from adhering to them. This can be useful for preventing the 

formation of biofilms, which are layers of bacteria that can be difficult to remove [546]. 

When exposed to light, polymeric NPs can produce ROS, which can damage bacterial cells 

and inhibit their growth, thus being beneficial for photodynamic therapy, a type of 

treatment that uses light and photosensitizers to kill bacteria [547]. Polymers can also be 

modified to incorporate cationic and hydrophobic moieties such as peptides, small 

molecules, carbohydrates, antibodies, proteins, nucleic acids or antimicrobial drugs. This 

facilitates entry into the bacterial membrane, since cell walls are normally negatively 

charged [548]. Another possible mode of action of polymeric NPs is through the release of 

antimicrobial agents. Polymeric NPs can be loaded with antimicrobial agents, which are 

then released in a controlled manner when the NP comes into contact with the bacterial cell 

[549]. This can enhance the efficacy of the antimicrobial agent by allowing it to accumulate 

at the site of infection for a longer period of time [550]. 

There are several parameters that affect the antimicrobial activity of polymeric NPs, for 

example, crosslinking, micellization, molecular weight, polymer type and concentration, 

size, surface area, surface chemistry, or surface charges. The effects of these parameters on 

the antimicrobial activity can be seen in Table 11. 

Table 11. Parameters affecting antimicrobial activity of polymeric NPs. 

Parameters Effects References 

Crosslinking 
Crosslinked NPs may be more resistant to degradation and may release the 

antimicrobial agent more slowly. 
[551] 

Micellization 

High critical micelle concentration can lead to higher antimicrobial activity 

due to due to the greater activity of the polymeric chains as free molecules 

in solution 
[552] 

Molecular weight 

High molecular weight polymers have shown greater antimicrobial activity 

against Gram-negative bacteria, due to the entrapment of the polymers by 

the peptidoglycan layer 
[553] 

Polymer type and 

concentration 

Some polymers, such as CS or PEI, have intrinsic antimicrobial activities 

and higher concentration may lead to a greater antimicrobial effect.  
[554] 

Size 
Smaller sizes can enhance antimicrobial activity due to internalization to 

bacterial cells 
[555] 
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Table 11. Parameters affecting antimicrobial activity of polymeric NPs. 

Parameters Effects References 

Surface area 
Larger surface-to-volume NPs provide more active sites for bacterial 

interaction 
[556] 

Surface chemistry 

Type and density of functional groups in NPs surfaces can affect their 

antibacterial capacity by influencing their interactions with the bacterial cell 
surface. 

[557] 

Surface charges 
Cationic charges increase antibacterial activity due to interaction with 

bacterial cell walls. 
[558] 

CS: chitosan; NPs: nanoparticles; PEI: polyethyleneimine. 

5.1.3. Plant-Based Polymeric NPs against ARB 

The use of polymeric NPs loaded with phytochemicals offers a promising strategy for the 

treatment against ARB, as it combines the antimicrobial activity of the phytochemicals with the 

controlled release and targeted delivery capabilities of the nanoparticles. Table 12 summarizes 

studies focused on polymeric NPs loaded with phytochemicals against ARB.  

Table 12. Polymeric NPs loaded/synthesized with phytochemicals against ARB. 

Polymer 
Phytochemical or 

extract 
Synthesis 

Diameter 

(nm)* 
Antibacterial activity Reference 

CS Cardamom EO Ionic gelation 50-100 
Growth control for 2 days 

(MRSA, ESBL E. coli) 
[559] 

CS 
Eucalyptus globulus 

LE 
Green synthesis 7-10 

ZOI of 12-30 (MDR 

Acinetobacter 
baumannii) 

[560] 

CS/HPMC 

Schinopsis 

brasiliensis LE / 
Ceftriaxone 

Polyelectrolytic 

complexation 
150-500 

MIC of 15 µg/ml (ESBL, 

KPC) 
[561] 

PLA/PVA 
Pistacia lentiscus 

var. chia EO 

Solvent 

evaporation 
240-665 

MIC higher than 3.4 

mg/ml (DR Bacillus 
subtilis sub. spizizenii) 

[562] 

CS: chitosan; DR: drug-resistant; EO: essential oil; ESBL: extended-spectrum beta-lactamases; HPMC: hydrox- 

ypropyl methylcellulose; LE: leaf extract; MDR: multi-drug-resistant; MRSA: methicillin-resistant S. aureus; PLA: 

polylactic acid; PVA: polyvinyl alcohol; ZOI: zone of inhibition. * Mean values or a range of values are indicated in 

studies employing various conditions or concentrations. 

Jamil et al. (2016) encapsulated cardamom essential oil (EO) in CSNPs using ionic gelation 

process. The size of the NPs was 50–100 nm and their antibacterial activity was tested against 

MRSA and ESBL E. coli. CSNPs loaded with cardamom EO could control bacterial growth for 

up to 7 days, while empty CSNPs could only maintain their antibacterial activity for 48 h [559]. 

Recently, CSNPs loaded with E. globulus leaf extract were synthesized via green synthesis 

method. The polymeric NPs were spherical with a diameter ranging 6.92–10.10 nm. Their 

antibacterial activity was tested against biofilm forming A. baumanii, and zones of inhibition of 

12, 16, and 30 mm were recorded using concentrations of 12.5, 25, and 50 mg/mL, respectively. 

In addition, damage to the bacterial cell membrane, leaks of the cytoplasmic content into the 

extracellular medium, and the appearance of coagulations in the cytoplasm were observed [560]. 

CS is the most used polymer to make polymeric NPs loaded/synthesized with phytochemicals 

against ARB among studies included in Table 12. CS is a popular polymer for making NPs 

because of its biocompatibility and biodegradability [563]. This means that it is non-toxic to living 

cells and can be safely disintegrated by the body after it is no longer needed. CS can also form 

stable NPs with a range of different compounds, including both hydrophilic and hydrophobic 

molecules [564]. In addition, CS is a relatively inexpensive and widely available material, which 

makes it an attractive choice for use in NPs production [565]. Overall, the combination of these 

properties makes CS a popular choice for making polymeric NPs in a variety of applications.  
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The heterogeneity in the rest of the parameters included in Table 12, as well as the scarcity of 

existing studies that use phytochemical-loaded polymeric NPs against ARBs, hinder the direct 

comparison of the remaining information. 

5.2. Metal NPs 

MNPs are nanomaterials formed from pure metals (eg Au, Ag, Cu, Fe, Pt, Pd, Ti, or Zn) or their 

compounds (e.g., CuO, Fe3O4, TiO2, ZnO) and have dimensions in the nanometer range (1–100 

nanometers). MNPs have unique physical and chemical properties that are different from those 

of bulk metals, due to the influence of their small size and high surface area-to-volume ratio [95]. 

Currently, they are widely used in biomedical sciences and engineering due to their enhanced 

properties, such as high mechanical and thermal stability, high surface area, and high optical and 

magnetic properties [112]. 

5.2.1. Synthesis of MNPs 

MNPs synthesis methods can be divided into two types: top-down and bottom-up approaches. 

Top-down approaches use destructive methods to break down a larger molecule into nanometer-

sized particles in successive steps. This can be achieved through techniques such as grinding, 

attrition, sputtering, and laser ablation, among others [566]. Bottom-up approaches refer to 

methods in which MNPs are formed from simpler substances by self-assembly. Methods based 

on chemical reactions are widely used in this approach. Some examples are sol-gel, 

physical/chemical vapor deposition, spray/flame pyrolysis, chemical reduction, 

hydrothermal/solvothermal methods, or biological methods [6]. 

MNPs synthesis can also be classified according to the generation method. Thus, they can be 

generated by physical, chemical, and biological approaches. The physical methods of synthesis 

of MNPs mostly employ top-down strategies. Although physical and chemical can produce high 

purity MNPs, elevated energy consumption or the use of toxic chemical agents limit the 

applications of these methods [567]. Biological or “green” synthesis employs biological routes 

from bacteria, fungi, or plants for the synthesis of NPs [538]. Some of its advantages include the 

minimization of waste, the use of safer solvents as well as renewable feedstock, its simplicity, 

and its cost-effectiveness [568]. Plants are especially used for the synthesis of NPs, since they are 

non-pathogenic and have biomolecules, such as proteins, amino acids, polysaccharides, terpenes, 

alkaloids, phenolics, saponins, and vitamins [538], capable of reducing and stabilizing metal salts 

into NPs (Figure 33). The presence of MNPs within living plants after uptake of metal ions has 

been reported in species such as Aloe vera, Medicago sativa, or P. graveolens, among many others 

[569]. 
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Figure 33. Schematic representation of the methodology used in the green synthesis of metallic 

nanoparticles using plant extracts. 

5.2.2. Antibacterial Properties of MNPs 

Although the exact mechanism of action of MNPs in bacterial cells remains unknown, some 

mechanisms have been proposed over the years. These include: the release of ions, which can 

disrupt the bacterial cell membrane and inhibit bacterial growth [570]; the production of ROS 

within microorganisms, damaging bacterial cells and inhibiting their growth [571]; the disruption 

of vital enzymes of the respiratory chain through microbial plasma membranes, damaging [572] 

or physically damaging bacterial cells due to their size and shape [573]. The mechanism of action 

of AuNPs against E. coli was studied by Cui et al. (2012). They demonstrated that AgNPs were 

capable of membrane collapse potential, inhibiting ATPase activities to decrease the ATP level, 

and inhibiting the subunit of ribosome from binding tRNA [574]. The ability of AgNPs to inhibit 

S. aureus bacterial growth was investigated by Li et al. (2011). They found that AgNPs were able 

to cross the cell wall and interfere with cell metabolism from the cell membrane. They were also 

able to cross the membrane and condense DNA to prevent it from replicating and cells from 

reproducing, producing the subsequent bacterial destruction [575]. 

5.2.3. Plant-Based MNPs against ARB 

The use of plant parts, such as extracts or EOs from leaves, fruits, roots, stems, or seeds for the 

biosynthesis of NPs in vitro is being widely studied due to the biocompatibility, safety, and 

environmental harmlessness that this method presents [576]. The use of MNPs in combination 

with phytochemicals can be an effective strategy to combat ARB. Although there is evidence that 

bacteria can develop resistance strategies against MNPs, their nonspecific mode of action toward 

multiple cellular components suggests that development of resistance is less likely to occur 

compared to traditional antibiotics [146]. The use of phytochemicals to synthesize MNPs involves 

a more environmentally friendly approach for the fight against ARB. Table 13 shows NPs 

synthesized using phytochemicals for antimicrobial applications against ARB. 
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Table 13. Green-synthesized MNPs using phytochemicals against ARB. 

NPs 
Phytochemical or 

extract 

Diameter 

(nm)* 
MIC (µg/ml)* Reference 

AgNPs 

Aloe vera extract 38.9 4.9-9.8 (KPC) [577] 

Cinnamomum 
tamala LE 

10-12 
12.5 (MDR E. coli), 10 (MDR K. pneumoniae, 

12.5 (MDR S. aureus) 
[578] 

Cotyledon 

orbiculate LE 
106-137 40 (MRSA) [579] 

Flavopunctelia 

flaventior powder 
69 

0.156 (MRSA), 0.078 (VRE), 0.019 (MDR 

Pseudomonas aeruginosa), 0.078 (MDR E. coli) 
[580] 

Mespilus 

germanica LE 
17.6 6.25-100 (MDR K. pneumoniae) [581] 

Momordica 

charantia extract 
9.6-16.4 4 (CR A. baumannii), 4 (IR A. baumannii) [582] 

Periploca 

hydaspidis extract 
68.6- 114.2 

10 (MDR K. pneumoniae), 10-20 (MDR S. 

aureus),10 (MDR E. coli), 5 (MRSA) 
[583] 

Stenocereus 

queretaroensis PE 
60-200 0.313 (MRSA) [584] 

Syzygium cumini 
LE 

10-15 8 (MRSA), 20 (VRSA) [585] 

Vaccinium 

macrocarpon 
powder 

1.4-8.6 18.3-39.5 (MRSA), 9.9-12.7 (MDR P. aeruginosa) [586] 

Xanthoria parietina 

powder  
145 

0.078 (MRSA), 0.156 (VRE), 0.039 (MDR P. 

aeruginosa), 0.156 (MDR E. coli) 
[580] 

AuNPs 

Anabaena spiroides 80 
25 (MDR Klebsiella oxytoca), 30 (MDR 

Steptococcus pyogenes), 20 (MRSA) 
[587] 

Punica granatum 

extract 
39.4 15.6 (MRSA) [588] 

CuNPs 
Syzygium cumini 

LE 
30-31 14 (MRSA), 16 (VRSA) [585] 

CuONPs 

Camellia sinensis 

extract 
61 125 (CREC), 125 (CRKP), 30 (MRSA) 

[589] 
Prunus africana 

BE 
68 125 (CREC), 125 (CRKP), 30 (MRSA) 

FeNPs 
Syzygium cumini 

LE 
40-46 11 (MRSA), 13 (VRSA) [585] 

PdNPs 
Padina boryana 

extract 
8.7 

125 (MDR S. aureus), 62.5 (MDR E. fergusonii), 
62.5 (MDR A. pittii), 62.5 (MDR P. aeruginosa), 

62.5 (MDR A. enteropelogenes), 125 (MDR P. 

mirabilis) 

[590] 

TeNPs Aloe vera extract 20-60 11.61 (MRSA), 3.53 (MDR E. coli) [591] 

ZnONPs 

Acacia nilótica 
extract 

94 0.45 (KPC) [592] 

Bougainvillea FE 10-50 128 (MRSA), 128 (MREC) [593] 

BE: bark extract; CR: colistin-resistant; CREC: carbapenem-resistant E. coli; CRKP: carbapenem-resistant K. 

pneumoniae; FE: flower extract; IR: imipenem-resistant; KPC: K. pneumoniae carbapenemase; LE: leaf extract; MDR: 

multi-drug-resistant; MREC: methicillin-resistant E. coli; MRSA: methicillin-resistant S. aureus; NPs: nanoparticles ; 

PE: peel extract; VRE: vancomycin-resistant Enterococci; VRSA: vancomycin-resistant S. aureus. * Mean values or a 

range of values are indicated in studies employing various conditions or concentrations. 

Among the MNPs used in in vitro antibacterial activity assays against ARB, AgNPs are the most 

studied. Tyavambiza et al. (2021) used C. orbiculate leaf extract, a succulent plant indigenous to 

Southern Africa, to synthesize AgNPs. The AgNPs were formed using three different 

concentrations, 6, 3, and 1.5 mg/mL, whose mean diameters were 106, 110, and 137 nm, 

respectively [579]. Therefore, the average size of the AgNPs decreased as the concentration of the 

C. orbiculate extract increased, which was attributed to the presence of more reducing agents and 

a faster AgNO3 reduction to form AgNPs. MIC and minimum bactericidal concentration (MBC) 

against MRSA were 40 μg/mL and 80 μg/mL, respectively. Lichen extracts were used as 

bioreducing agents to form AgNPs of 1–40 nm sizes in a study by Alqahtani et al. (2020) [580]. 

AgNPs inhibited the growth of both tested Gram-negative and Gram-positive multi-drug-resistant 

(MDR) strains with MIC and MBC values ranging between 0.019–0.156 and 0.039–0.625 
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mg/mL, respectively. Moorthy et al. (2021) produced AgNPs using aqueous and ethanolic bitter 

gourd (M. charantia) extracts (A-BG-AgNPs and E-BG-AgNPs, respectively) [582]. They found 

that E-BG-AgNPs were much smaller in size and showed greater agglomeration than the aqueous 

ones. A-BG-AgNPs showed better antibacterial performance than E-BG-AgNPs and both types 

of NPs produced morphological changes in E. coli, S. aureus, and A. baumanii cells. 

Some studies used plant extracts for the biosynthesis of MNPs other than silver. Asghar et al. 

(2020) synthesized iron, copper, and silver NPs using S. cumini leaves extract [585]. The average 

diameters of Fe-, Cu-, and Ag-NPs were 58, 45, and 32 nm, respectively. Moreover, the 

antibacterial properties were found to be Ag- > Cu- > Fe-NPs, which showed that the size of NPs 

is an important factor in the effect of antibacterial activity, as stated in Table 11. Ssekatawa et al. 

(2022) used C. sinensis extract (CSE) and P. africana bark extract (PAE) to synthesize CuONPs 

[589]. The mean diameter for CSE and PAE NPs was 6 and 8 nm, respectively. Their antibacterial 

activity was significantly more extensive in MRSA, with lower MIC and MBC (30 μg/mL and 

125 μg/mL, respectively) compared to MDR E. coli and K. pneumoniae. Palladium NPs with a 

diameter of 8.7 nm were synthesized using brown seaweed P. boryana extract in a study by 

Sonbol et al. (2021). They found that phytochemical compounds, such as tricosanoic acid, 2-

methoxymethyl ester, 2-palmitoylglycerol, oleic acid chloride, oleic acid glycidyl ester, glycol 

stearate, monoolein, 9,12-octadecadienoyl chloride and oleic acid, 3-hydroxypropyl ester, were 

involved in the surface capping and stabilization of PdNPs. PdNPs were capable to inhibit Gram-

positive and Gram-negative species and cause damage to the bacterial cell membrane 

permeability [590]. 

AgNPs stand out as the most used NPs, bringing together more than half of the total reports in 

Table 13. AgNPs have attracted a lot of attention in recent years, as evidenced by the significant 

demand for and investment in associated research [594]. AgNPs have seen steady market growth 

over the past 15 years, with an estimated 500 tons of NPs produced annually to meet demands 

across various industries. The research of their biological activity and safety, as well as the 

clarification of their precise mechanisms of action, have become matters of concern due to the 

rise of the NPs market globally [595]. 

The majority of the selected studies focus on DR strains of S. aureus, probably due to its use as a 

model bacteria in scientific research, as previously stated. It is followed by DR K. pneumoniae 

and DR E. coli strains, which are both common types of bacteria that can cause a range of 

infections, including urinary tract infections, pneumonia, and sepsis [485]. Some of the studies 

observed that Gram-negative bacteria showed greater sensitivity to NPs than Gram-positive ones 

[580,586,590,591], while other studies found the opposite case [578,589]. DR P. aeruginosa was 

used in various studies and its inhibition was especially remarkable compared to other ARB. The 

lower susceptibility of Gram-negative bacteria to the action of MNPs could be explained by 

cellular differences. Gram-positive bacteria have a thicker cell wall and more peptidoglycan, so 

they can become more resistant to the action of metal ions. Furthermore, the presence of 

negatively charged lipopolysaccharides in the cell wall of Gram-negative bacteria can promote 

the adhesion of MNPs [596]. 

Antibacterial activity was also shown to be dose-, size-, and shape-dependent [580]. Smaller 

MNPs are associated with an easier anchoring and penetration into bacterial cells. Furthermore, 

rod shape MNPs are related to a greater antibacterial capacity since they provide greater surface 

area [585]. The Z-potential is also a key parameter when determining antimicrobial activity. It has 

been observed that MNPs bind more efficiently to bacteria with a more negative Z-potential, 

which would also explain the greater susceptibility of Gram-negative bacteria [597]. 
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In contrast to NFs, all studies of MNPs found used microdilution techniques to determine the MIC 

of the nanomaterials against ARB. These methods facilitate the comparison between different 

studies and their reproducibility. 

6. Other Plant-Based Nanomaterials 

Some studies used phytochemicals for synthesis or incorporation into nanomaterials other than 

NPs and NFs, which are summarized in Table 14. Qamar et al. (2020) synthesized CuO nanorods 

(NRs) via green synthesis using aqueous extracts of Momordica charantia. The synthesized NRs 

had a mean diameter of 61.48 nm in diameter and a length of 400–500 nm. In addition, CuO NRs 

were able to significantly inhibit MDR B. cereus, Corynebacterium xerosis, E. coli, K. 

pneumoniae, Proteus vulgaris, P. aeruginosa, S. aureus, Staphylococcus epidermidis, 

Streptococcus mutans, S. pyogenes, and Streptococcus viridans with the highest efficacy being 

observed against MDR B. cereus [598]. ZnO–CuO nanocomposites were biosynthesized using 

Calotropis gigantea extract in a study by Govindasamy et al. (2021). The rod-shaped binary NPs 

had a diameter of 7.5 nm and a length of 8.1 nm. In addition, they were able to inhibit ARB K. 

pneumoniae and P. aeruginosa and MRSA with MIC values of 0.625, 0.156, and 0.156 mg/mL, 

respectively [599]. Azizi et al. (2017) fabricated hydrogel beads based on κ-Carrageenan loading 

biosynthesized Ag-NPs using Citrullus colocynthis seed extract [600]. The mean diameter of the 

synthesized NPs was 23 nm, while dried bio-nanocomposite hydrogel beads were spherical with 

a diameter of about 1 mm. The bio-nanocomposite hydrogel showed an inhibition zone of 11 mm 

against MRSA. 

Table 14. Nanomaterials other than NPs or NFs manufactured using phytochemicals with antimicrobial activity against 

ARB. 

Nanomaterial Phytochemical 
Mean 

Size (nm) 
Synthesis Antibacterial activity Reference 

CuO NRs 
Momordica 

charantia PE 
61.5 x 450 Green synthesis 

ZOI of 28. 66 (MDR 

S. aureus, S. mutans, 

C. xerosis), 25.66 
(MDR E. coli, P. 

aeruginosa, S. 

pyogenes), 27.33 

(MDR S. viridans), 23 

(MDR S. epidermidis), 
31.66 (MDR B. 

cereus), 24.66 (MDR 

K. pneumoniae) and 

26.33 (MDR P. 

vulgaris) mm 

[598] 

κ-

Carrageenan/AgNPs 

hydrogel beads 

Citrullus 

colocynthis SE 
25 

Green 

synthesis/Blending 

ZOI of 11 mm 

(MRSA) 
[600] 

ZnO–CuO 

nanocomposites 

Calotropis 

gigantea 

extract 

8.1 x 7.5 Green synthesis 

MIC of 0.16 (MDR P. 
aeruginosa and 

MRSA) and 0.63 

(MDR K. pneumoniae) 

mg/ml 

[599] 

FE: flower extract; MDR: multi-drug-resistant; MIC: minimum inhibitory concentration; MRSA: methicillin- resistant 

S. aureus; NRs: nanorods; SE: seed extract; ZOI: zone of inhibition. 

7. Future Perspectives and Conclusions 

The need to find new antibacterial agents that are effective against ARB is imperative. In this 

review, plant extracts and phytochemicals have been shown to play an important role in this 

matter in combination with nanotechnology. Polymeric NFs and NPs are  valuable tools to 

encapsulate these compounds, ensuring their stability and controlled release, protecting them 

from degradation. On the other hand, the synthesis of MNPs with these compounds through the 
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so-called “green synthesis” represents a more environmentally friendly approach that allows these 

tools to be used to fight ARB while limiting the use of toxic solvents and consumption of energy. 

Many types of nanomaterials loaded or synthesized with a wide variety of natural compounds 

have shown activity against ARB. Among the polymers most used for the synthesis of NPs is CS, 

which shows intrinsic antibacterial properties and whose green synthesis has been recently 

described. In the case of NFs, the most used polymers are PCL and PVP, two biocompatible 

polymers. Silver NPs have been shown to be the most widely used MNPs for their study against 

ARB. It has been seen that the modulation of the properties of these nanocomposites (size, surface 

area, chemistry, porosity, etc.) can affect their antimicrobial activity.  

Curcumin appears to be the most promising phytochemical for use in future developments, as it 

has been identified in three distinct studies in combination with electrospun NFs. The utilization 

of A. vera extract in two separate studies for the green synthesis of MNPs is also noteworthy. 

However, the effects of plant extracts are highly variable and dependent on several factors, such 

as their composition, which in turn can vary based on the extraction/purification method and the 

original raw materials used. These variables contribute to the multitude of antibacterial 

mechanisms that they possess, thereby rendering it challenging to identify any single extract as 

more significant than the others. Further research is needed in this direction to fully understand 

the mechanisms of action and potential limitations of this approach, evaluate the safety and 

toxicity of these combined phytochemical-nanomaterials, move on to the next phase of in vivo 

studies to discover the real therapeutic potential of these new biomedical tools, and be able to 

apply them onto practical biomedical applications. The fact that most of the studies found on this 

matter date from the last 5 years indicates the novelty and promising future of this technology, 

which can be decisive when developing tools to fight ARB. The innovativeness of this method 

explains the limited amount of information regarding the scale-up of green-synthesized 

nanomaterials. The next research steps should focus on optimizing various synthesis parameters 

to achieve the maximum yield possible while maintaining their desirable properties in the upscale 

process. 
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CHAPTER 5: AN INNOVATIVE APPROACH BASED ON THE GREEN 

SYNTHESIS OF SILVER NANOPARTICLES USING POMEGRANATE 

EXTRACT FOR ANTIBACTERIAL PURPOSES. 

SUMMARY OF RESULTS 

This research chapter presents a study on the green synthesis of AgNPs using PGE from the 

“Mollar de Elche” variety as a sustainable reducing agent. The research aimed to develop a 

method that combines the natural properties of pomegranate with the high antibacterial 

effectiveness of AgNPs. The synthesis process was optimized using a BBD to streamline 

experiments and determine the ideal synthesis conditions based on three key variables: silver 

nitrate concentration, PGE concentration, and temperature. This method minimized the number 

of experimental trials while allowing for a systematic study of variable interactions.  

The study demonstrated that PGE, rich in punicalagin and other polyphenolic compounds, serves 

as an effective bioreductant in AgNPs synthesis. Characterization of the optimized AgNPs 

showed that they were successfully created, as verified through techniques like UV-vis 

spectrophotometry, FTIR, and XRD. FESEM further confirmed that the AgNPs displayed 

anisotropic shapes and sizes. 

The BBD analysis highlighted specific conditions under which the NPs exhibited ideal 

properties—such as optimal HDD, low PDI, and most negative ZP—ensuring the stability and 

uniform distribution of the AgNPs in solution. These parameters significantly enhance the ability 

of AgNPs to penetrate and disrupt bacterial cell walls, a critical feature in antibacterial efficacy. 

Testing revealed that the optimized AgNPs displayed substantial antibacterial activity against E. 

coli and S. aureus, representing Gram-negative and Gram-positive bacterial models, respectively. 

The AgNPs disrupted bacterial cells effectively, with MIC observed to be between 2.5 and 10 

µg/mL. For E. coli, exposure to the AgNPs caused cellular membrane damage, which was visible 

through wrinkling and structural deformation in treated cells. In contrast, S. aureus cells 

developed surface vesicles and exhibited internal penetration, suggesting that AgNPs disrupted 

cell viability by interfering with intracellular processes. 

As a proof of concept for future biomedical applications, the AgNPs were incorporated into 

nanofibrous scaffolds using an electrospinning method, creating AgNPs-loaded NFs. Although 

the incorporation slightly reduced antibacterial effectiveness due to lower NP concentration in the 

fibers, the scaffolds maintained partial antibacterial activity. These NFs represent a promising 

application in wound dressings or other medical materials requiring sustained antimicrobial 

properties. 

This research emphasizes the viability of PGE as a green, cost-effective reducing agent in NP 

synthesis, aligning with sustainability goals. The application of BBD facilitated efficient 

optimization, reducing resource and time consumption and establishing a reproducible protocol 

for the green synthesis of nanomaterials. Future research may focus on enhancing the uniform 

distribution of AgNPs in NFs and adjusting other critical parameters to enhance their effectiveness 

in antimicrobial applications. 
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An innovative approach based on the green synthesis of silver nanoparticles using 

pomegranate extract for antibacterial purposes. 

Rocío Díaz-Puertas, Francisco Javier Álvarez-Martínez, Enrique Rodríguez-Cañas, Fernando 

Borrás, Artur JM Valente, José A Paixao, Alberto Falcó, Ricardo Mallavia  

 

Abstract 

This study describes a green synthesis method for silver nanoparticles (AgNPs) using 

autochthonous “Mollar de Elche” pomegranate peel extract and optimized through a Python 

programmed Box-Behnken Design (BBD) created specifically for the work. The bioactive 

compounds in pomegranate, particularly punicalagin, serve as effective reducing and stabilizing 

agents. BBD was used to analyze the effects of dependent variables like silver nitrate 

concentration, pomegranate extract concentration and temperature on responses such as 

hydrodynamic diameter, polydispersity index and zeta potential, minimizing experimental trials 

and highlighting variable interactions. Optimal conditions were experimentally validated and 

agreed well with the predicted values. The optimized AgNPs were characterized via ultraviolet-

visible spectrophotometry, Fourier transform infrared spectroscopy, X-ray diffraction, and field 

emission scanning electron microscopy. These AgNPs demonstrated substantial antibacterial 

activity against Escherichia coli and Staphylococcus aureus. Furthermore, the AgNPs were 

incorporated into nanofibrous scaffolds as a proof of concept for potential biomedical 

applications, where their antibacterial activity was partially retained post-incorporation. This 

study highlights the potential of pomegranate extract as a sustainable medium for AgNP synthesis 

with promising antibacterial applications, and the ability of the BBD as a useful tool for efficient 

optimization of multivariable processes, including the synthesis of nanomaterials.  

Keywords: Box-Behnken, green synthesis, Punica granatum, response surface methodology, 

silver nanoparticles, antibacterial activity. 

1. Introduction 

MNPs play an essential role in the area of nanotechnology and materials science due to their 

excellent physicochemical properties, such as remarkable mechanical and thermal stability, high 

surface area, and notable optical and magnetic properties [6]. These distinctive properties make 

MNPs highly valuable in diverse applications across various fields, including catalysis, medicine, 

electronics and environmental remediation [601]. In particular, AgNPs have garnered 

considerable scientific interest, primarily due to their unique chemical, physical, and biological 

characteristics. In particular, AgNPs have demonstrated substantial potential in biocidal and 

antimicrobial applications, exhibiting efficacy against both Gram-negative and Gram-positive 

bacterial strains [602]. 

AgNPs can be synthesized through physical, chemical, and biological approaches. While physical 

and chemical methods yield high-purity AgNPs, their drawbacks, such as high energy 

consumption and the use of toxic agents, restrict their applicability [603]. The pursuit of innovative 

AgNP synthesis now focuses on improving quality and properties while prioritizing 

environmental responsibility. In this context, "green" or biological synthesis has emerged as a 

promising sustainable alternative to traditional methods [604]. This environmentally friendly route 

uses microbial, plant, fungi or algae derived products as reducing and capping agents [605] and 

offers several advantages, including waste reduction, the utilization of safer solvents and 

renewable feedstock, simplicity, and cost-effectiveness [606]. 
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The use of plant extracts/molecules in the green synthesis of AgNPs offers additional advantages 

to produce NPs with precise dimensions, morphology, and composition, including less hazardous 

procedures and a vast repertoire of biomolecules [607]. These extracts contain a diverse array of 

bioactive compounds, including proteins, amino acids, polysaccharides, terpenes, alkaloids, 

phenolics, saponins and vitamins [538]. This diverse set of biomolecules acts as highly effective 

reducing and capping agents, playing a central role in the transformation of Ag ions to assemble 

AgNPs [116]. Such compounds may enable the synthesis of AgNPs with unique properties, 

diverse shapes, sizes and functionality, which can be precisely tailored by adjusting the plant 

source, extraction conditions and synthesis process parameters [608,609]. Moreover, green 

synthesis using plant-based materials is associated with reduced cytotoxicity and improved 

biocompatibility of the resulting AgNPs, as demonstrated by different authors, making them ideal 

candidates for antimicrobial applications [610,611]. 

Pomegranate (Punica granatum), a fruit extensively cultivated in the Mediterranean region, has 

long been employed for its therapeutic properties, including its antioxidant, antibacterial and 

antitumor potential [134,612]. These activities are primarily attributed to the presence of bioactive 

tannins. Notably, the ellagitannin punicalagin and its derivative ellagic acid, prevalent in 

pomegranate peel, are key antioxidant constituents, boasting remarkable free radical-scavenging 

capabilities [613]. These compounds, in conjunction with several other polyphenols, proteins or 

sugars found in pomegranate peels, offer an exceptional blend of reducing and stabilizing agents, 

ideal for the green synthesis of various MNPs, including AgNPs [614-616], AuNPs [615] or ZnNPs 

[617] and metal oxide NPs such as ZnONPs [618,619]. 

Optimization of MNP synthesis is a critical step in achieving desired features. However, it is both 

resource-intensive and time-consuming, requiring a substantial number of trials and the detailed 

overlooking of potential interactions between the process factors [620]. These limitations can be 

more effectively addressed by employing a multi-level statistical design, such as the response 

surface methodology (RSM). RSM not only reduces the overall number of experiments but also 

facilitates the creation of appropriate models for process optimization, resulting in a more 

comprehensive understanding of the interactions between the variables [621]. Furthermore, RSM 

quantifies the relationship between the controllable input parameters and the resulting response 

surfaces [622]. One notable type of RSM is the BBD, which is renowned for its effectiveness in 

establishing correlations between response outcomes and the relevant factors through a carefully 

structured sequence of experiments, ultimately leading to the identification of the most favorable 

responses [623]. 

The present study focuses on the optimization of the green synthesis of AgNPs using PGE as the 

reducing and stabilizing agent. A BBD analysis for three factors is performed using a Jupyter 

Notebook hosted by Colab programmed in Python language created specifically for the work. It 

employs BBD to systematically investigate and fine-tune the process variables, including 

temperature, AgNO3 concentration and PGE concentration, to enhance the quality and 

reproducibility of AgNPs production. The optimized AgNPs were thoroughly characterized, and 

their antimicrobial activity was evaluated. Finally, as a proof of concept, the AgNPs were 

incorporated into NFs, demonstrating their potential as a platform for targeted delivery.  

2. Experimental section 

2.1.  Reagents and materials 

Silver nitrate (AgNO3), aluminum chloride (AlCl3), Folin–Ciocalteu’s phenol reagent, ABTS, 

gallic acid, glucose, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 

potassium bromide (KBr), potassium persulfate (K2S2O8), Coomassie Brilliant Blue G-250, DNS, 

sodium potassium tartrate, phenol, sodium metabisulfite and INT were purchased from Sigma-
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Aldrich (St. Louis, MO, USA). Punicalagin molecular standard was supplied by Merck 

(Darmstadt, Germany). Müller-Hinton (MH) broth was provided by Condalab (Madrid, Spain). 

Bacterial species Escherichia coli and Staphylocuccus aureus were obtained from Spanish Type 

Culture Collection (CECT, Valencia, Spain). 

2.2. Extract preparation and characterization 

2.2.1. Preparation of Punica granatum extract 

The PGE employed in this study was prepared in the laboratory from organic pomegranate peel 

of the "Mollar de Elche" variety collected in Elche (Alicante, Spain), which holds Protected 

Designation of Origin (PDO) status. First, the peels were washed, dried at 60 °C in an ZHWY-

100B incubator oven (Zhicheng Instruments, Shanghai, China) and grounded using a MF10 basic 

mill (IKA, Staufen, Germany) to obtain uniform particle sizes of 1 -2 mm. Afterwards, an 

ultrasound-assisted extraction was performed by providing an energy of 100 J/mL to the 

extraction medium, which consisted of distilled water at 60°C, using a UP400St ultrasonicator 

(Hielscher, Teltow, Germany). After one hour of agitation, the extract was filtered using a 

Colombo plate filter with V4 filters (Rover Pompe, Polverara, Italy), taken to a R-220 Pro rotary 

evaporator (Büchi, Flawil, Switzerland) to concentrate, and finally dried to powder form using a 

B-290 spray-dryer (Büchi). 

2.2.2. Phenolic content determination 

The total phenolic content of the extracts was measured by using the Folin-Ciocalteu method in 

96-well plates as previously described [624]. Briefly, 10 μL of each sample was mixed with 50 

μL of Folin–Ciocalteu’s phenol reagent. After 1 min, 100 μL of Na2CO3 solution (20 %, w/v) 

and 840 μL of distilled water were added to the mix. The reaction was kept in dark for 30 min. 

Plate absorbance was measured at 700 nm using a BioTek Synergy HTX Multi-Mode Microplate 

Reader (Agilent Technologies, Santa Clara, CA, USA). A standard curve of gallic acid was used 

for calibration, and results were expressed as gallic acid equivalents (g GAE/100 g of dry extract). 

2.2.3. Total flavonoids quantification 

The quantification of flavonoids was performed using the aluminum chloride (AlCl3) colorimetric 

method [625], which involves the formation of a flavonoid-aluminum complex producing a yellow 

color measurable by spectrophotometry.. Briefly, 0.5 mL of PGE was mixed with 4.5 mL of 0.2 

% AlCl3 methanolic solution containing 0.1 mL of potassium acetate 1M and allowed to react for 

30 minutes at room temperature. The absorbance of the resulting solution was measured at 415 

nm using a BioTek Synergy HTX Multi-Mode Microplate Reader. A standard curve was 

generated using quercetin as a reference, and the flavonoid content in the samples was expressed 

as g of quercetin equivalents per 100 g of dry extract.  

2.2.4. High-performance liquid chromatography (HPLC) 

The molecular composition of the PGE was analyzed by HPLC using an Agilent LC 1100 series 

(Agilent Technologies). Briefly, HPLC instrument was equipped with a pump, autosampler, UV–

vis diode array detector (DAD), and column oven. The HPLC instrument was co ntrolled by 

Chemstation software. The chromatographic column used was an Agilent Poroshell 120 RP - C18 

column (4.6 × 150 mm, 2.7 µm). The method used for PGE components separation consisted of 

a linear gradient of 1 % formic acid (A) and acetonitrile (B). Gradient started at 5 % of B, 

increasing to 25 % of B at 30 minutes, to 45 % of B at 45 minutes, then 5 % of B at 51 minutes 

and for an additional 5 minutes for column re-equilibration purposes. The flow rate was constant 

at 0.5 mL/min. The diode-array detector was set at 280, 320 and 340 nm.  
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Identification of the main compounds was performed by HPLC-DAD analysis using a home-

made library of phenolic compounds and comparing the retention times and UV spectra data of 

the peaks in the samples with those of authentic standards or data reported in the literature. 

Punicalagin molecular standard was used to identify the main component of PGE. The 

interpretation of the spectra and identification of the main compounds was carried out using 

OpenChrom 1.4 software (Lablicate GmbH, Hamburg, Germany).  

2.2.5. Antioxidant determination 

The antioxidant capacity of the PGE was determined by the TEAC (Trolox Equivalent 

Antioxidant Capacity) assay. In this method, the radical precursor ABTS, pre -treated with 

potassium persulfate, produced the radical cation (ABTS•+) after 12−24 h of incubation at room 

temperature. For the study of extract, the ABTS•+ solution was diluted with water to an absorbance 

of 0.70 (± 0.02) at 734 nm (approximately 45 μM). ABTS•+ underwent a reduction process 

proportional to the antioxidant capacity of each extract sample. This reaction involves a loss of 

color intensity that was quantified at a wavelength of 734 nm. A calibration curve was prepared 

with different concentrations of Trolox up to 10 μM. Results are presented in mmol of Trolox 

equivalents per 100 g of dry extract [624]. 

2.2.6. Protein quantification 

The protein content of PGE was quantified using the method described by Bradford (1976) [136] 

with some modifications. The method is based on the binding of Coomassie Brilliant Blue G-250 

dye to proteins, which results in a shift of the dye's absorbance maximum from 465 nm to 595 

nm. A standard curve was generated using known concentrations of BSA to determine the protein 

concentration in the samples. A volume of 200 μL of Coomassie Brilliant Blue G-250 was added 

to each standard curve or sample tube to achieve a total volume of 1 mL. Absorbance readings at 

595 nm were measured using a BioTek Synergy HTX Multi-Mode Microplate Reader.  

2.2.7. Total reducing sugars quantification 

The quantification of reducing sugars was carried out using the DNS method described by Miller 

(1959) [137] with some modifications. This colorimetric assay relies on the reduction of DNS by 

free aldehyde or ketone groups present in reducing sugars, resulting in the formation of 3-amino-

5-nitrosalicylic acid, which exhibits a reddish-brown color. DNS reagent was prepared by 

dissolving 1.87 g of 3,5-dinitrosalicylic acid and 3.48 g of NaOH in distilled water. To this 

solution, 53.9 g of sodium potassium tartrate, 1.34 mL of phenol, and 1.46 g of sodium 

metabisulfite were added. The final volume was adjusted to 250 mL with distilled water. A 

standard curve was established using known concentrations of glucose as a reference. In the assay, 

1 mL of the standard or PGE samples was mixed with 1 mL of DNS reagent and incubated in a 

boiling water bath for 5 minutes to allow the reaction to proceed. After cooling to room 

temperature, the absorbance of the resulting solution was measured at 540 nm using a BioTek 

Synergy HTX Multi-Mode Microplate Reader.  

2.3.  AgNPs synthesis 

A 0.1 M AgNO3 stock solution and a 50 mg/mL pomegranate extract stock solution were initially 

prepared in Milli-Q water. To synthesize the AgNPs, different volumes of the PGE (ranging from 

0.16 to 0.48 mL, equivalent to 0.16 to 0.48 mg/mL in the final reaction) were added into solutions 

of 5 to 15 mM AgNO3, which were derived from the initial stock solution. The total volume of 

the reaction mixtures consistently remained at 50 mL. The solution was stirred with the help of a 

magnetic stirrer, with temperatures maintained within the range of 20 to 80 °C, depending on the 

experiment, for 24 hours. Following this, the AgNPs were subjected to centrifugation at 15,000 

rpm for 30 min. The supernatant was discarded and precipitated AgNPs were redissolved in Milli-
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Q water and sonicated for 15 min. This process was repeated twice. The resulting AgNPs were 

subjected to freeze-drying to facilitate subsequent characterization requiring solid material.  

2.4.  Response Surface Methodology 

A three-factor, three-level BBD was employed to optimize AgNPs using a Jupyter Notebook 

hosted by Colab programmed in Python language created specifically for the work. The program 

uses Python DOEPY (Design of Experiment Generator in Python) library. The BBD comprised 

15 experimental trials, incorporating three replicated central points. The independent variables 

consisted of AgNO3 concentration (X1), PG extract concentration (X2), and reaction temperature 

(X3). These three variables were manipulated at three different levels: low, medium and high. The 

upper and lower limits for the experimental factors were determined based on existing literature 

and preliminary experiments. The responses or dependent variables under investigation 

encompassed HDD (Y1), PDI (Y2), and ZP (Y3). The optimization of AgNPs synthesis was based 

on achieving the minimum possible values for each of the responses. The variations in the process 

parameters are summarized in Supplementary Table S-6. 

2.5.  Nanoparticle characterization 

2.5.1. Microscopy 

A single drop (approximately 10 µL) of the different AgNPs solutions was dispensed onto a 

silicon wafer and allowed to dry. The morphological structure of the optimal synthesized AgNPs 

were analyzed by FESEM with a Schottky hot cathode field emission model Sigma 300 VP 

apparatus (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) with a coupled energy 

dispersive X-ray system (EDX) to determine their element composition. Samples were imaged 

under 1 or 20 kV EHT and using a secondary electron detector (SE2) or a backscattered electron 

detector (AsB), depending on the sample. 

2.5.2. UV-vis spectrophotometry 

The UV-vis spectrum of the synthesized aqueous AgNPs was acquired using a 1 cm path length 

quartz cell on a Shimadzu UV-1700 (Kyoto, Japan) UV-vis spectrophotometer. The absorbance 

of the solutions was measured at room temperature in the 250–800 nm range with a resolution of 

1 nm. 

2.5.3. Dynamic light scattering (DLS) 

Particle size and surface charge analyzer Zetasizer Nano-ZS ZEN 3600 (Malvern Instruments 

Limited, Worcestershire, United Kingdom) was used to determine the HDD and PDI through 

DLS. AgNPs samples were placed into U-shaped capillary cells for ZP analysis. The analysis was 

done at 25 ºC in triplicate. Prior to the analysis, the AgNPs were suspended in Milli-Q water and 

sonicated for 10 min. 

2.5.4. Fourier transform infrared (FTIR) spectroscopy 

The chemical composition of the samples was assessed through FTIR spectroscopy using a 

Spectrum Two™ FTIR spectrometer (PerkinElmer, Waltham, MA, USA). Two milligrams of the 

dried samples were pulverized with KBr salt at 25 ºC and compressed into a mold to create a 

pellet. The spectra were captured within a wavelength range of 450–4000 cm-1 at a resolution of 

4 cm-1. 

2.5.5. X-Ray diffraction analysis (XRD) 

The XRD pattern was collected on a D8 Advance diffractometer (Bruker, Karlsruhe, Germany) 

equipped with a 1D LynxEye detector, using Ni-filtered Cu Kα radiation. The powder sample 
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was mounted in a low background off-cut silicon crystal sample holder. The X-ray diffraction 

pattern was collected using Bragg–Brentano geometry, at room temperature, by scanning in the 

angle range 5◦ ≤ 2θ ≤ 80 º with a step of 0.01 º and a dwell of 1 s per step. 

2.6.  Antibacterial Assays 

The antibacterial efficacy of AgNPs and AgNP-loaded NFs was assessed through the broth 

microdilution technique to determine the MIC. To determine the MIC, dried AgNPs were initially 

dissolved in Milli-Q water. Subsequently, 50 µL of this solution was added to the wells of a 96-

well plate, with concentrations starting from 80 µg/mL and serially diluted by half. Additionally, 

20 µL of a bacterial suspension at 0.5 McFarland was added to each well. MH broth was added 

to reach a total volume of 200 µL in each well. The plates were then incubated at 37 ºC for 24 

hours. Following incubation, 50 µL of a 1 mg/mL INT solution was introduced into each well and 

allowed to incubate for 30 minutes. The MIC was defined as the lowest concentration at which 

no red color was observed. 

2.7.  Observation of bacterial cell morphology after AgNPs exposure 

Bacterial cells, both untreated and treated with the MIC for 24 hours, were fixed on borosilicate 

cover glass slides according to the protocol described by Pulingam et al. (2019). Briefly, the cells 

were treated with 4 % glutaraldehyde (GLA) for 30 minutes, washed with PBS, and further fixed 

with 1 % osmium tetroxide for an additional 30 minutes. Samples were progressively dehydrated 

using ethanol (30, 50, 70, 80, 90, and 100 % for 15 minutes each). Micrographs of the bacteria 

were captured using a Sigma 300 VP FESEM (Carl Zeiss, Germany) at 1 kV without coating. 

EDX was employed to determine the presence of AgNPs inside the bacterial cells.  

2.8.  Nanoparticle incorporation into nanofibers 

The optimized AgNPs (AgNPs-OPT) were selected to be incorporated into NFs as proof of 

concept, to evaluate their potential as scaffolds for biocidal applications. AgNPs (0.2 % w/w) 

were added to a PEO (3 % w/w) and BSA (15 % w/w) solution in distilled water, as previously 

described [626]. The solutions were left stirring overnight. Finally, the NFs were synthesized via 

electrospinning. For that purpose, the solutions were loaded into 2 mL syringes (Becton 

Dickinson, Franklin Lakes, NJ, USA) connected to a blunt-end stainless steel needle (5 cm long, 

outer diameter of 1.27 mm and inner diameter of 0.84 mm, Sigma-Aldrich). Electrospinning was 

conducted with a controlled flow rate of 0.25 mL/h using a KDS 100 infusion pump (KD 

Scientific, Holliston, MA, USA), a voltage of 18 kV using high voltage source (Glassman High 

Voltage Inc., Whitehouse Station, NJ, USA) and a tip-to-collector distance of 17 cm, under 

conditions of 20-40 % relative humidity and 25 °C. The obtained NFs were deposited in glass 

slides and characterized through FESEM after chrome coating (Q150T S plus, Quorum Tech., 

UK). The average diameter of the NFs was determined using Image J (National Institutes of 

Health, Bethesda, MD, USA) image processing and analysis software from 100 measurements 

using different images. 

2.9.  Data analysis 

All experimental data from BBD were collected in triplicate and expressed as mean values ± SD. 

Graphs were carried out using Prism v8 software (GraphPad software, La Jolla, CA, USA), unless 

stated otherwise. 
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3. Results and discussion 

3.1.  PGE characterization 

The total polyphenolic content of PGE, as determined by the Folin-Ciocalteu method, showed a 

value of 29.94 ± 0.36 g of GAE per 100 g of dry extract. This significant concentration indicates 

a robust presence of phenolic compounds, which are known for their antioxidant properties. 

Comparatively, green coffee extract typically exhibits polyphenolic content around 25 to 31 g 

GAE/100 g dry weight [627], and olive oil shows approximately 31 to 39 g GAE/100 g dry weight 

[628]. These values underscore the substantial polyphenolic concentration found in pomegranate 

peel when compared with other known polyphenolic-rich matrices. 

To accurately determine the polyphenolic profile of PGE, different HPLC analysis were 

performed. The chromatograms of PGE at concentrations of 1 mg/mL and 3 mg/mL can be 

observed in Figure 34A and 34B, respectively. 

 

Figure 34. PGE chromatogram obtained by HPLC. PGE samples were analyzed at a concentration of 

(A) 1 mg/mL and (B) 3 mg/mL. 

To identify and quantify the main components of the PGE chromatogram, a punicalagin molecular 

standard was used. This standard was chosen based on previous experience of the group and 

bibliography. The chromatograms of the punicalagin molecular standard analyzed at different 

concentrations, as well as the regression line (R2 = 0.9961) calculated based on the areas of the 

peaks obtained, can be observed in Figures S-5 and S-6, respectively. 

The analysis of the retention times and DAD of the molecular standard demonstrated that the 

main polyphenol present in the PGE is punicalagin, representing 29.45 ± 1.76 % of the total dry 

weight of the extract. This value means that punicalagin accounts for most of the total polyphenols 

measured by the Folin-Ciocalteu assay, which is consistent with the chromatograms obtained, in 

which the peaks corresponding to punicalagin are those that show greater intensity and area. These 

results agree with previous studies on pomegranate peel extracts, in which hydrolyzable tannins 

quantified as punicalagin equivalents by HPLC represented 30.46 % of the total dry weight of the 

extract [134]. The flavonoid content of PGE was determined, revealing a total of 5.15 ± 0.33 g of 

quercetin equivalents per 100 g of dry extract. This value is consistent with the chromatographic 

profile obtained from PGE, in which the major peaks belong to hydrolysable tannins such as 

punicalagin and the minor peaks could be related to flavonoids.  

The PGE used in this work exhibits a remarkably high antioxidant capacity, quantified at 1379 ± 

40 mmoles TROLOX equivalents per 100 g of dry extract. This value is notably higher when 
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compared to other plant extracts. For instance, the antioxidant capacity of green tea extract, a 

well-known antioxidant source, is around 460 mmoles TROLOX equivalents per 100 g, and other 

extracts of popular herbs such as the ones from Ilex paraguariensis (mate) or Salvia rosmarinus 

(rosemary) range from 128 to 154 mmoles TROLOX equivalents per 100 g [629]. The high 

antioxidant capacity of PGE can be attributed to the presence of highly active phenolic 

compounds such as punicalagins [630]. The analysis of total reducing sugars in PGE showed a 

concentration of 57.2 g glucose equivalents per 100 g of dry extract. This finding is consistent 

with the overall composition of pomegranate peel, which is known to be rich in various sugars  

[631]. The total protein concentration in PGE was 0.84 ± 0.07 g BSA equivalents per 100 g of dry 

extract, accounting for 0.84 ± 0.07 % of the PGE. This value is lower than other pomegranate 

peel extracts, which report values between 3.08 ± 0.02 % [632] and 4.98 ± 0.50 % [631]. These 

differences can be attributed to differences between pomegranate varieties and extraction 

methods. 

3.2.  Box-Behnken Design 

3.2.1. Response surface plot 

Response surface analysis was conducted employing 3D response surface plots and 2D contour 

plots to elucidate the contribution of independent variables to various response variables. Figure 

35 illustrates the response surface analysis plots for HDD, PDI, and ZP.  

Regarding HDD, it can be observed that at moderate temperatures (around 50 °C), the parameter 

is minimized in both temperature-PGE and temperature-AgNO3 plots. The effect of PGE and 

AgNO3 concentrations shows an increase in HDD with the rise in concentration in both cases.  

For PDI, the relationship between temperature and PGE exhibits a curvilinear trend, showcasing 

minimal levels at lower temperatures alongside moderate to high PGE concentrations, followed 

by a decrease and subsequent increase at higher temperatures and moderate to low PGE 

concentrations. The relationship between temperature and AgNO3 indicates that PDI is minimized 

at high temperatures and high concentrations of AgNO3. Finally, the correlation between PGE 

and AgNO3 unveils two separate minimum points: one occurring at moderate PGE concentrations 

and high AgNO3 concentrations, and the other at high PGE concentrations and moderate AgNO3 

concentrations. 

As for ZP, it appears to be the most minimized response in all cases. The relationship between 

temperature and PGE shows minimal ZP values under almost all conditions, although it is favored 

at medium to high temperature values and medium to low concentrations of PGE. The 

temperature-AgNO3 relationship demonstrates that at intermediate temperature values (50-60 °C), 

ZP is minimized without influence from AgNO3 concentration. Finally, the plot of PGE and 

AgNO3 concentrations displays minimal ZP values at intermediate concentrations in both cases. 
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Figure 35. 3D response Surface plots and 2D contour plots of Box–Behnken statistical experimental 

design showing the interactions effects of temperature, PGE concentration and AgNO3 concentration 

on HDD, PDI and ZP as response variables. 

Hydrodynamic diameter (HDD)

Polydispersity index (PDI)

Z potential (ZP)
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3.2.2. Polynomial model for each response 

The obtained data were used to define polynomial models for each response (Y1, HDD; Y2, PDI; 

Y3, ZP), which demonstrate interaction among all the analyzed variables and are described in 

Supplementary Table S-7.  

Furthermore, a prediction-response comparison was performed, as shown in Figure 36. All 

parameters exhibited a Pearson correlation coefficient (r) greater than 0.9, with values of 0.971, 

0.956, and 0.911 for HDD, PDI, and ZP, respectively. These values indicate a strong association 

among the variables, thus indicating a good fit of the data to the selected model [633]. 

 

Figure 36. Comparison between the results predicted by the model (orange line) and the empirical 

results obtained in the 15 trials (blue line). r corresponds to Pearson correlation coefficient. 

3.2.3. Optimal AgNPs production conditions 

The study aimed to identify optimal conditions that would minimize all investigated responses 

simultaneously. A particular focus was placed on minimizing the HDD of the AgNPs. Smaller 

NPs possess a larger surface area to volume ratio, which facilitates increased interaction with 

bacteria [634], thereby enhancing their antibacterial properties. Additionally, minimization of PDI 

was also pursued since values below 0.2 generally indicate a monodisperse distribution, which is 

desirable for consistent material properties [635]. Finally, a ZP below -30.0 mV was sought as it 

signifies stable AgNP dispersions [636]. These optimized NPs were designated as AgNPs-OPT. 

Additionally, conditions that optimized each parameter individually were also investigated. These 

include the smallest possible HDD (AgNPs-HDD), the lowest PDI (AgNPs-PDI), and the most 

negative ZP (AgNPs-ZP). Supplementary Table S-3 summarizes the conditions required to 

achieve optimal results in each case. 

Subsequently, AgNPs were synthesized using the predicted conditions to validate the obtained 

results. The root-mean-square error (RMSE) was also calculated to allow evaluation of the 

predictive accuracy of the employed optimization model compared to other developed models in 

the future. These results are presented in Table 15. The graphical representations of the obtained 

experimental values can be found in Supplementary Figure S-7. As observed, the experimental 

values closely align with the model's predictions, demonstrating a strong fit of the selected design. 
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Table 15. Predicted and experimentally obtained values, as well as the RMSE for each of the responses related to the 

optimized conditions. 

 Response Predicted value Experimental value RMSE 

AgNPs-OPT 

HDD (nm) 131.3 130.3±12.0 9.9 

PDI 0.147 0.149±0.018 0.015 

ZP (mV) -46.0 -48.3±0.6 2.3 

AgNPs-HDD HDD (nm) 96.7 96.4±0.5 0.5 

AgNPs-PDI PDI 0.092 0.115±0.006 0.024 

AgNPs-ZP ZP (mV) -46.3 -44.6±1.8 2.2 

 

3.3. Nanoparticle characterization 

3.3.1. Microscopy 

The morphology of the synthesized AgNPs was characterized using FESEM microscopy, as 

represented in Figure 37. The images confirmed that the synthesized NPs were within the 

nanoscale range and exhibited mixed anisotropic morphologies, including spherical, quasi-

spherical, triangular, and hexagonal shapes. This observation aligns with the literature, as green-

synthesized AgNPs are known to exhibit diverse shapes and sizes, with the most common forms 

being spherical, triangular, and hexagonal [637]. Furthermore, EDX analysis confirmed the 

presence of silver associated to each AgNP in all samples (Supplementary Figure S-8). 

 

Figure 37. FESEM images (SE2 detector, EHT=1 kV) of the AgNPS-OPT, AgNPs-HDD, AgNPs-PDI 

and AgNPs-ZP. Scale bar: 200 nm. 

3.3.2. UV-vis spectrophotometry 

UV-vis spectrophotometry was employed to investigate the absorption spectrum of the optimized 

green synthesized AgNPs, as it provides information about the correct formation of the NPs. 

Spherical AgNPs typically exhibit a surface plasmon resonance (SPR) band extending in the range 

from 380 to 460 nm [138]. In the case of the AgNPs synthesized and optimized in this study 

(Figure 38), the maximum of the SPR band was observed in the range of 435-455 nm, closely 
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resembling the commercial AgNPs spectrum (AgNPs-control), which displays two distinct peaks 

at 415 and 462 nm. Their absorption spectrum is associated with the typical spectrum of NPs with 

a diameter close to 100 nm, as larger spheres tend to show increased scattering, leading to 

broadening and shifting of peaks towards longer wavelengths, a phenomenon known as red-

shifting [638,639]. Furthermore, the AgNPs synthesized via green synthesis using PGE exhibit 

more than one SPR band, indicating their anisotropic nature [106]. 

 

Figure 38. UV-vis spectrum of the four types of optimized green synthesized AgNPs and Punica 

granatum extract (PGE). 

3.3.3. FTIR 

The FTIR analyses were conducted to identify the functional groups of the potential biomolecules 

involved in the capping and stabilization of the AgNPs synthesized with PGE. The FTIR spectra 

of PGE and the optimized AgNPs were recorded in the wavenumber range of 4000-450 cm-1 and 

are shown in Figure 39A and 39B, respectively. The broad band observed in the FTIR spectrum 

of PGE (Figure 39A) at 3210 cm-1 is attributed to the characteristic O-H stretching vibration of 

phenolic groups [640]. Considering the high concentration of punicalagin in the utilized PGE, it 

is probable that the hydroxyl groups of this biomolecule predominantly account for the emergence 

of this spectral band. Other significant peaks were observed at 1728 cm -1 (C=O stretching) [641], 

1615 cm-1 (C=C bending) [642], 1444 cm-1 (CH2 bending) [643], 1347 cm-1, 1174 cm-1 and 1042 

cm-1 (C-O stretching) [644]. 

In the FTIR spectra of the optimized AgNPs, a prominent peak at 1385 cm -1 is consistently 

observed across all samples. This band is associated with commercial AgNO₃, indicating potential 

traces of unreacted starting material, as well as the C-O stretching from PGE. Additionally, the 

spectra of the optimized green synthesized AgNPs display peaks similar to those of PGE but with 

slight shifts or variations in intensity, indicating interactions between the AgNPs and functional 

groups of the capping agents [645]. Notably, the peak at 3210 cm-1 shifts to 3427 cm-1, reflecting 

the bioreduction and stabilization of the AgNPs [646,647]. The reduced intensity of the peak at 

3210 cm-1 further highlights the crucial role of O-H and N-H groups in the reduction and binding 

mechanisms [645]. 
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Figure 39. FTIR spectra of (A) Punica granatum extract (PGE), (B) four types of optimized green 

synthesized AgNPs. 

3.3.4. XRD 

XRD revealed the crystalline nature of the different optimized AgNPs, as depicted in Figure 40. 

Diffracted intensities were recorded from 10° to 100°. Four intense Bragg reflections were 

identified around 38°, 44°, 64.5°, and 77.4°. These are associated with the (1 1 1), (2 0 0), (2 2 

0), and (3 1 1) crystal planes, respectively, and their indexing can be performed according to the 

faces present in the face-centered cubic crystal structure of silver [648]. The presence of additional 

smaller peaks is attributed to the presence of AgNO3, the salt used in the synthesis of the NPs, 

which possibly remained as a residue in the optimized green synthesized AgNPs [649]. 

 

Figure 40. XRD pattern of the four types of optimized green synthesized AgNPs. 

3.4. Antibacterial activity 

AgNPs exhibit broad antimicrobial activity, and their potent activity is associated with their 

morphological and physicochemical characteristics such as size, shape, surface-to-volume ratio, 

surface charge or crystallinity, among others [650]. In this study, two bacteria models of 

biomedical interest were selected to evaluate antibacterial activity of AgNPs: E. coli (Gram-

negative bacteria) and S. aureus (Gram-positive bacteria). 
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Firstly, the MIC of the four types of optimized green synthesized AgNPs was evaluated. The 

results obtained can be seen in Table 16. The MICs were similar among the different types of 

AgNPs and ranged from 2.5 to 10 µg/mL. These results stand out with respect to those described 

in the literature, where some authors have reported the MIC of AgNPs against E. coli in the range 

of 7.8-125 µg/mL [648,651,652] and that of S. aureus between 2-250 µg/mL [648,651,653,654]. The 

results obtained place the optimized AgNPs obtained here among those with greater antibacterial 

activity against E. coli and S. aureus. 

Table 16. Antibacterial activity of four types of optimized green synthesized AgNPs, measured as minimum inhibitory 

concentration (µg/mL) against E. coli and S. aureus. 

 
AgNPs-OPT 

(µg/mL) 
AgNPs-HDD 

(µg/mL) 
AgNPs-PDI 

(µg/mL) 
AgNPs-ZP 
(µg/mL) 

E. coli 5.0 2.5 5.0 2.5 

S. aureus 2.5 2.5 5.0 10 

Subsequently, the effect of AgNPs-OPT on bacterial cell morphology was evaluated using 

FESEM microscopy. The results are presented in Figure 41, where Figures 41A and 41B show 

untreated and treated E. coli, respectively, and Figures 41D and 41E show untreated and treated 

S. aureus, respectively. The untreated bacteria were observed to have an intact cell membrane 

compared to bacterial cells treated with AgNPs. The bacteria treated with AgNPs exhibited 

irregularities in their morphology, depending on the type of bacteria tested. Gram-negative 

bacteria E. coli exhibited hollows and a more wrinkled surface compared to the control bacteria. 

Similar observations were reported by different authors, who found that cell membrane disruption 

occurred in E. coli following exposure to AgNPs [655-657], causing an increase in permeability 

and ultimately leading to bacterial cell death. In the present study, AgNPs appear to affect the cell 

membrane in E. coli, finally causing their death. However, no AgNPs were detected inside the 

Gram-negative bacterial cells after 24h of exposure (Figure 41C). On the other hand, the Gram-

positive bacteria S. aureus also exhibited morphological alterations, though membrane damage 

was not as significant as in E. coli. Vesicles appeared on the surface, which may suggest a small 

leakage of cytoplasmic components. Additionally, invaginations were observed on the surface of 

S. aureus, likely due to the penetration of AgNPs into the bacterial cell (Figure 41F), as confirmed 

by EDX analysis in Supplementary Figure S-9. These findings are consistent with other studies 

that observed the presence of AgNPs within the cytoplasm of S. aureus [575] or other Gram-

positive bacteria [658]. Once inside the cells, silver is known to deactivate respiratory enzymes, 

generate ROS, and disrupt the production of adenosine triphosphate (ATP) [659]. However, more 

research is needed to fully understand the intracellular mechanisms of AgNPs.  
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Figure 41. FESEM images showing (a) non-treated E. coli cells (SE2 detector, EHT=1 kV), (b) E. coli 

cells treated with AgNPs-OPT at MIC (SE2 detector, EHT=1 kV), (c) E. coli cells treated with AgNPs-

OPT at MIC (AsB detector, EHT=20 kV), (d) non-treated S. aureus cells (SE2 detector, EHT=1 kV), 

(e) S. aureus cells treated with AgNPs-OPT at MIC (SE2 detector, EHT=1 kV), (f) S. aureus cells 

treated with AgNPs-OPT at MIC (AsB detector, EHT=20 kV). 

3.5. AgNP incorporation into nanofibers 

The incorporation of AgNPs into nanofibrous scaffolds presents a promising approach for their 

application in biomedical applications, particularly in combating bacterial infections [660]. In the 

present study, AgNPs-OPT were incorporated at 0.2 % into solutions containing 15 % BSA and 

3 % PEO for the synthesis of NFs by electrospinning. BSA was used in polymer solution because 

certain studies suggest that this protein can provide spatial stability for AgNPs, and thus can be 

utilized as an effective protective agent to minimize their agglomeration [661]. 

The NFs obtained are depicted in Figure 42. The resulting NFs exhibited an average diameter of 

576 ± 48 nm and demonstrated uniformity in both morphology and size, as illustrated in the 

diameter frequency histogram in Figure 42B. The appearance and morphology of the NF surface 

can be observed in Supplementary Figure S-10. The presence of AgNPs within the NFs is shown 

in Figure 42A, which were randomly distributed within the NFs. The silver composition of the 

AgNPs within the NFs was confirmed with EDX analysis (Supplementary Figure S-11). 

Additionally, some aggregation of AgNPs was observed in certain areas, which is common in 

one-step electrospinning processes of AgNPs with polymeric solutions [662]. 
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Figure 42. FESEM images (AsB detector, EHT=20 kV) of NFs synthesized from 3 % PEO/15 % 

BSA/0.2 % AgNPs-OPT. AgNPs appear as white bright dots. Scale bar: 5 µm. Close up scale bar: 1 

µm. (B) Diameter frequency histograms of electrospun NFs. Best-fit adjustments to a Gaussian 

distribution are indicated in red. 

Finally, the MIC of the NFs incorporating AgNPs-OPT was determined to be 10 µg/mL for both 

strains, based on the proportion of AgNPs within the NFs. Compared to the MIC of free AgNPs-

OPT (Table 16), this represents an increase, suggesting that the antimicrobial activity was 

partially retained. This increase may be attributed to the low concentration of AgNPs within the 

NFs, leading to a non-homogeneous distribution, as observed in the FESEM images. Future work 

will focus on optimizing the concentration of AgNPs to achieve the most effective antimicrobial 

platform. 

4. Conclusion 

In this study, AgNPs were synthesized using a green synthesis approach and optimized using a 

BBD created specifically for the work. This optimization strategy resulted in the development of 

four distinct types of AgNPs, each tailored to optimize either HDD, PDI, ZP, or all three 

parameters simultaneously. The characterization of the AgNPs confirmed the correct synthesis 

and a good fit of the BBD. The AgNPs displayed effective and differential antibacterial activity 

against E. coli, primarily targeting the bacterial membrane, and S. aureus, where the AgNPs were 

observed to penetrate the bacterial cells. As a proof of concept for potential antibacterial 

applications, the optimized AgNPs were incorporated into NFs, partially retaining their 

antimicrobial activity after incorporation. These results underscore the potential of BBD to 

engineer AgNPs with specific, desired characteristics, facilitating the development of novel 

antibacterial materials. Future research will focus on investigating how AgNPs characteristics 

affect their mechanism of action, refining the concentration of AgNPs into synthesized NFs, and 

further adjusting other critical parameters to enhance their effectiveness in antimicrobial 

applications. 
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Supplementary material 
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Borrás, Artur JM Valente, José A Paixao, Alberto Falcó, Ricardo Mallavia  

 

Table S-6. Experimental design layout of the Box-Behnken Design (BBD) for the green synthesis of AgNPs using 

pomegranate extract (PGE). The dependent variables are represented as mean ± S.D. of three measures. X1: temperature 

(oC); X2: PGE concentration (mg/mL); X3: AgNO3 concentration (mM); Y1: hydrodynamic diameter (HDD, nm); Y2: 

polydispersity index (PDI), Y3: zeta potential (ZP, mV). 

Trial 
Independent variables Dependent variables 

X1 X2 X3 Y1 Y2 Y3 

1 20 0.16 10 137.50±0.38 0.172±0.016 -38.10±0.67 

2 80 0.16 10 125.10±1.94 0.116±0.016 -42.20±1.04 

3 20 0.48 10 143.90±1.42 0.128±0.015 -37.50±0.70 

4 80 0.48 10 162.80±1.67 0.148±0.012 -28.50±0.53 

5 20 0.32 5 135.60±0.57 0.182±0.021 -41.30±0.69 
6 80 0.32 5 167.10±0.23 0.121±0.018 -41.50±1.23 

7 20 0.32 15 157.60±2.08 0.127±0.014 -40.50±1.60 

8 80 0.32 15 161.50±1.16 0.085±0.019 -42.30±0.29 

9 50 0.16 5 95.95±0.54 0.230±0.018 -44.40±0.15 

10 50 0.48 5 138.40±0.56 0.169±0.019 -40.30±0.38 

11 50 0.16 15 126.10±1.34 0.186±0.003 -44.30±0.44 

12 50 0.48 15 130.30±1.31 0.199±0.026 -43.20±0.10 

13 50 0.32 10 126.80±0.67 0.160±0.008 -44.60±0.44 
14 50 0.32 10 143.00±2.30 0.159±0.013 -45.20±0.51 

15 50 0.32 10 127.70±2.98 0.144±0.005 -38.90±0.78 
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Figure S-5. (A) Chromatogram of the molecular standard of punicalagin at 0.1 mg/mL. Peak 1 area: 

17413792.13, Peak 2 area: 34762477.23. (B) Chromatogram of the molecular standard of punicalagin 

at 0.3 mg/mL. Peak 1 area: 40499982.35, Peak 2 area: 81501109.39. Chromatogram of the molecular 

standard of punicalagin at 0.5 mg/mL (C). Peak 1 area: 71052585.02, Peak 2 area: 137654991.7. 

 

 

Figure S-6. Graphical representation of the standard line of punicalagin used for the quantification of 

PGE. 
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Table S-7. Polynomial models for the responses (Y1: HDD; Y2: PDI; Y3: ZP) investigated in the Box Behnken Design. 

The first term of the equations corresponds to the intercept, while the rest of the terms are made up of a coefficient that 

multiplies one or two of the variables (X1, temperature; X2, PGE; X3, AgNO3). 

Response Polynomial model 

HDD 
Y1 = 76.204 + 5.761·X1 + 395.638·X2 - 2.253·X3 - 11.953·X1X2 - 0.046·X1X3 + 

1.630·X2X3 + 0.066·X1
2 - 447.998·X2

2 + 0.024·X3
2 

PDI 
Y2 = 0.433 - 0.0234·X1 - 1.150·X2 + 0.002·X3 + 0.023·X1X2 + 3.416·10-5·X1X3 + 

0.004·X2X3 + 0.001·X1
2 + 1.0531·X2

2-4.477·10-5·X3
2 

ZP 
Y3 = -30.619 + 2.353·X1 - 67.943·X2 - 0.623·X3 - 0.938·X1X2 - 0.003·X1X3 +  

0.682·X2 X3 - 0.099·X1
2 + 91.309·X2

2 + 0.004·X3
2 

 

Table S-8. Conditions required to achieve optimal results that simultaneously minimize the three investigated responses 
(HDD, PDI, and ZP) (AgNPs-OPT), as well as individually (AgNPs-HDD, AgNPs-PDI, AgNPs-ZP). Grey slots 

inidcate non-measured parameters. 

 
Temperature 

(oC) 

PGE 

concentration 

(mg/mL) 

AgNO3 

concentration 

(mM) 

Predicted value 

HDD 

(nm) 
PDI 

ZP 

(mV) 

AgNPs-
OPT 

61 0.200 15.0 131.3 0.147 -46.0 

AgNPs-

HDD 
47 0.160 5.0 96.7   

AgNPs-

PDI 
80 0.257 12.7  0.092  

AgNPs-

ZP 
58 0.182 5.0   -46.3 
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Figure S-7. (A) Size distribution of AgNPs-OPT. (B) Zeta potential analysis of AgNPs-OPT. (C) Size 

distribution of AgNPs-HDD (D) Size distribution of AgNPs-PDI (E) Zeta potential analysis of AgNPs-

ZP. 
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Figure S-8. (A) FESEM image of AgNPs-OPT used for elemental mapping (B) EDX analysis of 

AgNPs-OPT. (C) FESEM image of AgNPs-HDD used for elemental mapping (D) EDX analysis of 

AgNPs-HDD (E) FESEM image of AgNPs-PDI used for elemental mapping. (F) EDX analysis of 

AgNPs-PDI. (G) FESEM image of AgNPs-ZP used for elemental mapping. (H) (F) EDX analysis of 

AgNPs-ZP. Scale bar: 0.5 µm. 

 

 

Figure S-9. (A) FESEM image of treated S. aureus used for elemental mapping. Scale bar: 1 µm. (B) 

EDX analysis of AgNPs found inside of S. aureus. 

 

BA

C D

E F

G H

A B



 

162 
 

CHAPTER 5 

 

Figure S-10. FESEM image (SE2 detector, EHT=1 kV) of the surface of nanofibers synthesized from 

3% PEO/15% BSA/0.2% AgNPs-OPT. Scale bar: 1 µm. 

 

 

Figure S-11. (A) FESEM image of nanofibers synthesized from 3% PEO/15% BSA/0.2% AgNPs-OPT 
used for elemental mapping. (B) EDX analysis of AgNPs found inside of the nanofibers. Scale bar: 1 

µm. 
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DISCUSSION 

6. DISCUSSION 

The primary objective of this Thesis is to design, develop, and characterize innovative polymeric 

nanomaterials that incorporate antimicrobial agents to combat bacterial and viral pathogens 

effectively. This goal responds to the critical need for versatile, effective materials that address 

the growing challenges posed by infectious diseases, particularly in light of ARB and emerging 

viral pathogens. Each chapter of the Thesis contributes to this overarching aim, presenting a 

systematic exploration of both natural and synthetic approaches to antimicrobial nanomaterials, 

each with distinct applications, methods, and outcomes that advance the field.  

Fish Skin Mucus Extracts: An Underexplored Source of Antimicrobial Agents  

The fight against infectious diseases is hindered by a significant decline in new antimicrobial 

agents being introduced to the market over the past several decades. With the persistent rise of 

drug-resistant pathogens, this shortage highlights an urgent need for alternative sources of 

antimicrobials. Marine environments, with their immense biodiversity and unique ecological 

pressures, offer an untapped reservoir of potentially powerful antimicrobial agents [663]. Recent 

studies have emphasized the ability of marine-derived compounds to combat various pathogens; 

however, despite these promising findings, substantial gaps remain in fully understanding and 

exploiting these resources. Specifically, fish skin mucus emerges as a highly promising source 

due to its role in fish innate immunity, where it plays a crucial part in defending against infection. 

Fish skin, as their largest organ, is constantly exposed to pathogen-rich environments, and its 

mucus provides a first line of defense containing various antimicrobial factors [197]. Notably, fish 

mucus can be obtained non-invasively, making it an ethical and sustainable choice for 

antimicrobial applications. This initial chapter of the Thesis focuses on this unique resource, 

revealing fish skin mucus as a valuable antimicrobial source and identifying the need for further 

systematic exploration of its properties and applications. 

The main findings in this review paper reveal that fish skin mucus across different species 

generally exhibits broad-spectrum antibacterial activity. However, its effectiveness against 

various bacterial species is highly dependent on several factors, including the species of fish, 

composition of the mucus, extraction methods, and external variables such as seasonal, housing, 

and dietary conditions of the fish. These findings emphasize the complexity of utilizing fish skin 

mucus as a consistent antimicrobial source. The challenges in isolating and characterizing 

bioactive compounds from such complex, variable sources are significant and underscore the need 

for standardized protocols in future studies.  

Among the bioactive compounds identified in fish skin mucus, AMPs stand out for their potent 

microbicidal properties. AMPs are a vital component of the innate immune system of fish, 

offering a direct antimicrobial effect on pathogens. Their mechanism of action typically involves 

binding to the anionic surface membrane of the target microorganism, leading to destabilization 

through pore formation or membrane disruption [664]. Research has shown that AMPs in fish 

mucus are effective against a wide range of bacteria, underscoring their potential as a source of 

natural antimicrobial agents. However, few studies have explored the incorporation of these 

AMPs into polymeric matrices to improve their stability, controlled release, and applicability in 

antimicrobial-related products. For example, pleurocidin has been incorporated into electrospun 

PVA NFs for applications in food systems [665]. This study found that antimicrobial activity of 

pleurocidin against E. coli and S. aureus remained effective after incorporation into the NFs. In a 

separate study by Ramos et al., (2024) pleurocidin was also integrated into PVA NFs, this time 

for wound infection treatment applications [666]. Its antimicrobial activity against pathogens, 

including Acinetobacter baumannii, E. coli, Klebsiella pneumoniae, P. aeruginosa,  and S. 

aureus—both sensitive and resistant strains—was preserved post-incorporation into the NFs. 
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These approaches suggest that AMPs like pleurocidin could be utilized in diverse settings where 

bacterial contamination is a concern.  

A particular group of AMPs, piscidins, has gained attention for their promising characteristics, 

including a unique α-helical structure, low molecular weight, and cationic charge at physiological 

pH. These properties enable piscidins to exhibit broad-spectrum activity against both Gram-

negative and Gram-positive bacteria [667]. However, despite their activity, piscidins remain 

underexplored for practical applications. Their incorporation into polymeric protective matrices, 

such as nanofibrous mats, could be transformative, as it would allow for enhanced stability, 

protecting the activity of piscidins from environmental factors that might otherwise degrade their 

efficacy.  

Protein nanofibers as versatile platforms for preserving loaded bioactive compounds 

The development of an effective platform for encapsulating bioactive compounds is essential in 

the fight against infectious diseases. Chapter 2 of this Thesis addresses this need by investigating 

the use of proteins as natural polymers in synthesizing NFs to deliver antimicrobial agents. 

Proteins offer distinct advantages in NF applications, including biocompatibility, 

biodegradability, and inherent structural and functional properties [668]. These qualities make 

proteins promising candidates for encapsulating and preserving bioactive compounds in 

nanofibrous matrices. However, proteins alone often face limitations in forming NFs due to 

factors such as batch-to-batch variability, degradation under certain physicochemical conditions, 

and a lack of the necessary viscoelasticity required for electrospinning processes  [669]. 

Consequently, blending proteins with other natural or synthetic polymers becomes necessary to 

enhance these mechanical and processing properties. 

In this chapter, the protein-based nanofibrous platform was developed using PEO as a copolymer. 

PEO was chosen due to its biocompatibility and water solubility, allowing compatibility with 

proteins and the electrospinning process [670]. To explore the effects of molecular weight on 

activity retention, proteins with varying molecular weights were selected. These included HRP-

IgG (200 kDa), BSA (~66 kDa), chicken LYZ (14.3 kDa), and PIS (2.6 kDa), an AMP derived 

from fish skin mucus (as discussed in Chapter 1).  

Initial trials focused on optimizing electrospinning parameters with BSA NFs, as BSA provides 

structural support. Using these parameters, NFs were then fabricated with LYZ to compare 

characteristics and determine the impact of molecular weight on fiber formation and stability. The 

results showed that the viscosity of protein solutions increased with protein concentration. 

Moreover, protein solutions with a viscosity comparable to that of polymer solutions were capable 

of forming NFs through electrospinning, while PEO-only solutions were not. This indicates that 

the addition of proteins can significantly enhance the electrospinnability of PEO solutions, 

probably due to a higher electrical conductivity [671]. 

Further studies in this chapter included incorporating the antimicrobial agents PIS and HRP-IgG 

within the NFs, particularly in BSA-LYZ/PIS and BSA/PIS composites. For PIS, encapsulation 

within LYZ fibers was also evaluated to assess potential changes in activity and stability. The 

results showed that the structural integrity of both BSA and LYZ NFs was preserved through the 

electrospinning process, with bioactivity of the incorporated compounds largely retained. 

However, the full activity of some agents was not fully preserved post-incorporation, probably 

due to factors like low incorporation concentrations, delayed release from the matrix, or partial 

degradation during processing. 

Interestingly, findings revealed that LYZ NFs containing PIS exhibited greater antimicrobial 

efficacy against specific bacterial strains than free PIS alone, even against bacteria that LYZ alone 

could not inhibit. This suggests a synergistic effect, where PIS activity is enhanced when 
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encapsulated within a LYZ-based nanofibrous matrix, highlighting a unique benefit of this 

protein-based delivery system. 

This chapter contributes to the primary objective of the Thesis by establishing protein-based NFs 

as a promising encapsulation and delivery platform for antimicrobial agents derived from natural 

sources. The findings build upon those of Chapter 1 by providing a feasible and functional 

strategy for the encapsulation of natural antimicrobials, offering promising applications in 

infection prevention and control. 

Viricidal Activity of Thermoplastic Polyurethane Materials with Silver Nanoparticles  

The ultimate goal of this Thesis, as with any scientific investigation, is to achieve practical, 

industrial applicability that serves a meaningful societal purpose. In line with this aim, Chapter 3 

of this Thesis focuses on developing TPU materials with embedded AgNPs, a project undertaken 

in collaboration with a local materials company. TPU is widely used in various industries due to 

its desirable properties, including high damping capacity, resistance to deformation, and 

recyclability [672]. These qualities make TPU a versatile material for use in sectors ranging from 

textile coatings and automotive interiors to sports equipment and consumer electronics. By 

integrating an antimicrobial agent like AgNPs into TPU, this platform becomes especially 

valuable in preventing the spread of infectious agents via surfaces—a timely focus in light of the 

recent pandemic, where surface transmission emerged as a potential route for viral spread.  Such 

a material has broad promising applications in high-contact surface environments, providing a 

proactive approach to controlling the spread of pathogens in settings such as hospitals, public 

transportation, and community spaces.  

The study developed in Chapter 3 first characterized the physical and chemical properties of 

AgNP-TPU materials, employing EDX spectroscopy to determine the elemental composition. In 

addition to carbon and oxygen (components of the TPU), the primary elements detected were 

phosphorus, magnesium, and aluminum. These elements were attributed to a ceramic material 

used to encapsulate the AgNPs, enhancing their stability and controlled release.  

Release assays provided insight into the safety profile of material by measuring the release rates 

of magnesium, aluminum, and silver ions. Magnesium exhibited the highest release rate, followed 

by aluminum and, lastly, silver. This controlled release pattern is crucial for maintaining a balance 

between effective antimicrobial action and minimizing potential cytotoxicity associated with 

silver ions. Subsequent cytotoxicity assays were performed using EPC and Vero E6/TMPRSS2 

cell lines, chosen for their relevance to viral studies. The results indicated no cytotoxic effects 

from the AgNP-TPU material exudates, measured at around 100 ppm after 24 hours, which is 

consistent with previous studies that determined the cytotoxicity of AgNPs at similar 

concentrations [429,430]. In this case, the controlled release mechanism likely plays a key role in 

maintaining the biocompatibility of the material. 

Following confirmation of low cytotoxicity, antiviral efficacy tests were conducted to evaluate 

the applicability of AgNP-TPU for real-world antiviral settings. The initial antiviral assessment 

involved incubating the material with a model virus, SVCV, at 20 °C for 24 hours, resulting in 

approximately a 75% reduction in viral titer. Further experiments demonstrated that extending 

the incubation time and adjusting the temperature (with trials at 2, 8, and 24 hours and 

temperatures of 5, 10, and 20 °C) enhanced viral inactivation. This temperature-dependent 

increase in efficacy suggests a promising flexibility of AgNP-TPU materials under different 

environmental conditions. Finally, to validate the effectiveness of the material against a relevant 

human pathogen, the AgNP-TPU material was tested against SARS-CoV-2 at 30 °C for 24 hours. 

This experiment yielded an 81 % reduction in viral infectivity compared to the control, 

underscoring the potential of the material in limiting and controlling viral transmission in high-



 

168 
 

DISCUSSION 

contact areas. This chapter advances the Thesis' central objective by translating antimicrobial 

efficacy into a practical format, bridging the gap between laboratory research and real-world 

application in the battle against infectious agents. 

Phytochemical-Based Nanomaterials against Antibiotic-Resistant Bacteria 

Following the completion of Chapter 3, an idea emerged to use AgNPs for antibacterial purposes, 

this time focusing on synthesizing the NPs ourselves rather than obtaining them commercially. 

Chapter 4 builds on the synthetic NP work established in Chapter 3 but pivots toward a greener, 

more environmentally conscious synthesis approach. After exploring various synthesis methods, 

green synthesis stood out as the most suitable choice, not only for its minimal environmental 

impact but also for aligning with sustainable scientific practices. Thus, this chapter became an 

endeavor to both learn and apply green synthesis, creating NPs with potent antibacterial activity 

through eco-friendly means. 

The shift in this chapter emphasizes eco-friendly strategies for creating antibacterial 

nanomaterials using plants, both as antimicrobial agents and as natural reducing agents for 

synthesizing MNPs. This approach was particularly relevant in targeting bacterial infections, with 

a focus on ARB—a growing global health threat. Plants were selected as a source of reducing 

agents due to their wealth of phytochemicals, including polyphenols, alkaloids, and terpenoids, 

which not only offer natural antibacterial properties but also facilitate the reduction of metal salts 

to form NPs. This dual functionality of plants, enabling both NP synthesis and antibacterial action, 

presents a significant advantage. 

An added benefit of using plant-based phytochemicals lies in their "molecular promiscuity", or 

ability to interact with multiple bacterial targets simultaneously, although generally with lower 

affinity than traditional antibiotics [673]. While conventional antibiotics often target a specific 

bacterial molecular structure with high precision, leading to rapid resistance development, 

phytochemicals' multitarget approach makes it more challenging for bacteria to develop resistance 

mechanisms. This broad-spectrum action is particularly valuable against ARB, as it may extend 

the effective lifespan of antimicrobial materials derived from phytochemicals.  

The review in Chapter 4 also explores various plant-based compounds, including extracts, pure 

compounds, and oils, that have been successfully integrated into nanomaterials for antimicrobial 

purposes. Notably, NFs incorporating phytochemicals have shown promising efficacy against 

ARB. The morphology of NFs alone enhances antimicrobial action, as the fibrous structure can 

physically trap bacteria, limiting their movement and multiplication. Furthermore, the surface 

chemistry of NFs can be tailored to interact effectively with bacteria. For example, positively 

charged NFs can attract and disrupt negatively charged bacterial membranes, while hydrophobic 

NFs may inhibit the growth of hydrophilic bacteria, offering a versatile platform for antibacterial 

applications. 

The chapter also addresses polymeric NPs encapsulating phytochemicals. While there are fewer 

studies in this area compared to NFs, research involving essential oils and plant extracts 

incorporated into polymeric NPs shows promising antibacterial activity against ARB.  

Finally, Chapter 4 discusses the synthesis of MNPs, particularly AgNPs, using phytochemicals. 

These plant-based reducing agents offer distinct advantages over traditional chemical synthesis 

methods, including enhanced biocompatibility, safety, and reduced environmental impact [117]. 

Various plant parts, such as leaves, flowers, and peels extracts, have been used to successfully 

reduce metal salts into NPs, resulting in antimicrobial materials effective against a range of 

resistant bacterial species, including MRSA, K. pneumoniae, P. aeruginosa, A. baumannii, and 

vancomycin-resistant S. aureus. 
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Notably, MRSA was the most frequently tested bacterium in the studies included in this chapter, 

likely due to its high prevalence and the broad range of infections it can cause. This pathogen is 

a leading cause of hospital-acquired infections, associated with serious complications such as 

pneumonia, sepsis, and even mortality [674]. Its prevalence in both healthcare and community 

settings underscores the need for effective antimicrobial strategies, making MRSA an ideal model 

organism for evaluating new antibacterial agents. 

In general, Chapter 4 advances the Thesis towards eco-friendly synthesis methods, prioritizing 

environmental responsibility while achieving robust antibacterial effects. This chapter illustrates 

the potential of phytochemicals as sustainable alternatives to conventional antimicrobial 

compounds and synthetic chemicals to produce MNPs. 

Innovative green synthesis of silver nanoparticles using pomegranate extract  

Building on the exploration of green synthesis methods from Chapter 4, Chapter 5 centers on 

optimizing the synthesis of AgNPs using PGE, using insights from previous chapters to achieve 

a sustainable and potent antimicrobial solution. PGE was chosen not only for its natural 

antimicrobial properties but also for its high availability in the Mediterranean region, where large-

scale pomegranate production generates considerable quantities of byproducts, particularly 

pomegranate peel [675]. Rich in bioactive compounds, pomegranate peel offers a cost-effective, 

eco-friendly source for NP synthesis, aligning with the Thesis’ goal of antimicrobial material 

development while minimizing environmental impact. 

The laboratory-prepared PGE was analyzed to determine its phytochemical composition. The 

primary compound identified was punicalagin, a polyphenol with notable antioxidant activity. 

Compared to other plant extracts used in similar studies, this extract exhibited a significantly high 

antioxidant capacity, which has advantages in stabilizing NPs and enhancing their bioactivity. 

Punicalagin, alongside other phytochemicals in the extract, facilitates the reduction of silver ions, 

eliminating the need for harsh chemical reducing agents. 

To refine the synthesis process, a BBD was employed, allowing for a systematic approach to 

optimize conditions, including minimizing HDD, PDI, and ZP responses. Characterization 

techniques confirmed the formation of AgNPs, revealing their anisotropic shapes and crystalline 

structure. These findings emphasize the importance of controlled synthesis parameters to achieve 

NPs with optimal physical properties for antimicrobial applications. 

The antimicrobial efficacy of the PGE-synthesized AgNPs was tested against common pathogens 

E. coli and S. aureus. Remarkably, the AgNPs exhibited strong antibacterial activity, with 

effective concentrations as low as 2.5 to 10 µg/mL, placing them among the most potent 

antibacterial agents documented in current literature. Observations of bacterial cell morphology 

post-treatment provided further insight into the mechanism of action. In E. coli, hollowed and 

wrinkled surfaces were observed, while S. aureus exhibited vesicles and membrane invaginations, 

suggesting that AgNPs disrupt bacterial membranes and can even penetrate the cells. This 

interaction damages bacterial cell integrity, likely contributing to the observed efficacy, 

particularly relevant in future studies against ARB. 

Further advancing the goals established in Chapter 2, the AgNPs were incorporated into BSA-

PEO NFs to develop a platform for antimicrobial release. By embedding AgNPs into these 

protein-based NFs, the study achieved a practical application of green-synthesized NPs in 

sustained antibacterial release systems. The combination of AgNPs and BSA-PEO NFs not only 

enhances the biocompatibility of the material but also allows for extended antimicrobial effects, 

potentially applicable in medical settings, packaging, or high-contact surfaces to prevent bacterial 

contamination.  
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Thesis contributions to the research field 

This Thesis makes meaningful contributions to the field of antimicrobial nanomaterials by 

integrating innovative antimicrobial sources, advancing eco-friendly synthesis techniques, and 

developing practical, versatile delivery platforms. 

The initial chapter focus on exploring underutilized natural sources for antimicrobial agents, with 

the aim of diversifying current materials used against infectious agents. Specifically, the research 

examines fish skin mucus, shedding light on marine byproducts as promising reservoirs of 

bioactive compounds. Fish skin mucus, in particular, offers a unique source of AMPs and various 

bioactive substances with considerable potential against resistant pathogens. This Thesis not only 

assesses the inherent antimicrobial properties of these compounds but also investigates their 

broader applicability by incorporating them into delivery systems suitable for diverse fields. Such 

integration broadens their future uses across applications in healthcare, biomedicine or food 

packaging, advancing the development of multifunctional antimicrobial materials that align with 

sustainable practices and innovative solutions. 

A central contribution of this Thesis lies in emphasizing the role of natural compounds in 

constructing nanostructures, as demonstrated by using proteins as base materials for NF synthesis 

and plant extracts for NP formation. The adoption of green synthesis methods using plant-based 

compounds, in contrast to conventional approaches, allows NPs to form without relying on toxic 

chemicals or energy-intensive processes, promoting a more sustainable route. The selection of 

pomegranate peel, a common Mediterranean agricultural byproduct, for synthesizing AgNPs 

illustrates a resourceful strategy that repurposes agricultural waste into valuable antimicrobial 

materials. Additionally, through thorough characterization of its composition, this research 

clarifies the relationship between specific extract components and the resulting physicochemical 

properties of NPs. This often-overlooked correlation in green synthesis literature provides deeper 

insights into how certain phytochemicals shape NP morphology, stability, and antimicrobial 

potency. Such understanding allows for more targeted NP synthesis, optimizing both the 

environmental footprint and functional properties of antimicrobial materials derived from 

renewable natural sources. 

The use of advanced statistical tools, particularly the BBD response surface model, further 

strengthens the rigor and efficiency of the AgNP synthesis process. This design allows precise 

optimization of synthesis conditions, enabling the production of NPs with desirable, controlled 

characteristics. By reducing the need for extensive trial-and-error experimentation, the model 

conserves experimental resources, minimizes waste, and cuts down on time and energy, aligning 

with sustainable research practices while producing reproducible NPs with consistent properties. 

This Thesis advances the field of antimicrobial nanomaterials by promoting sustainable synthesis 

techniques, utilizing novel biological sources, and developing multifunctional delivery platforms 

with practical, scalable potential in industries such as healthcare, surface coating and food 

packaging. The work demonstrates that integrating environmental responsibility with scientific 

innovation can provide effective solutions to the critical challenge of microbial resistance while 

minimizing ecological impact. 

Thesis potential socioeconomic impact 

The global threat of antibiotic-resistant infections has intensified, underscoring the urgent need 

for innovative antimicrobial therapies. According to the WHO, antibiotic resistance ranks among 

the top ten global health threats, with drug-resistant infections projected to cause over 10 million 

deaths annually by 2050 if left unchecked. The economic toll is equally dire: within the EU alone, 

AMR costs approximately EUR 1.5 billion each year in healthcare expenses and lost productivity, 

and by mid-century, AMR is anticipated to drain up to $100 trillion from the global economy, 
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with a financial impact comparable to the 2008 economic crisis [676]. This Thesis, by developing 

eco-friendly, potent antimicrobial nanomaterials, is well-aligned with the global priority of 

curbing AMR and holds significant potential for alleviating these socioeconomic burdens.  

Viral outbreaks, whether regional or global, have also historically caused widespread disruptions 

to societies, economies, and healthcare systems, amplifying existing vulnerabilities and 

inequalities The COVID-19 pandemic, as the most far-reaching viral outbreak in recent history, 

exemplified these effects on an unprecedented scale. Beyond its staggering death toll, it disrupted 

global supply chains, triggered soaring unemployment rates, and forced school closures, undoing 

decades of advancements in poverty reduction [677]. These challenges have disproportionately 

impacted marginalized populations, deepening inequalities both within and between nations.  This 

intersection of public health crises and socioeconomic instability underscores the critical need for 

innovative solutions to mitigate the impacts of such outbreaks, such as those developed in this 

Thesis. 

In parallel, this Thesis contributes directly to the burgeoning field of antimicrobial nanomaterials, 

which was valued at approximately USD 930.5 million in 2022 and is projected to reach USD 5.9 

billion by 2032 [678]. The demand for antimicrobial nanocoatings is expected to grow, driven by 

the increase in resistant bacterial infections and expanding applications across various industries, 

particularly healthcare, where they are used in high-contact settings such as drop-in centers, 

surgical rooms, and home care. The automotive, food, and packaging sectors are also increasingly 

adopting these materials. Rising investment in research and development and the growing focus 

of companies on sustainable practices further bolster the potential of this market. Projects like the 

Horizon Europe Programme-funded initiatives Next Generation BiOactiVe NAnocoatings 

(NOVA) and Surface Transfer of Pathogens (STOP) illustrate the high-priority placed on 

combatting infectious agents with nanomaterials. 

On a social impact level, this research supports seven United Nations Sustainable Development 

Goals (SDGs) (Figure 43). The Thesis aligns with SDG 3 by addressing the challenge of antibiotic 

resistance and enhancing public health through alternative antimicrobial solutions. It contributes 

to SDG 6 by leveraging the potential of nanofibrous mats to serve as pathogen-preventive filters, 

thereby improving water quality and sanitation. Additionally, SDG 8 is supported through the 

possible industrial applications of green synthesis technologies, which promote sustainable 

economic growth. SDG 9 is advanced by the practical industrial applications of all synthesized 

materials, which have potential use across various sectors. The eco-friendly production of NPs 

also resonates with SDG 12, minimizing environmental impact through green synthesis practices. 

By sustainably utilizing marine resources, particularly non-invasive harvesting of antimicrobial 

compounds from fish skin mucus, this research aligns with SDG 14. Finally, SDG 17 is addressed 

through collaborations with local businesses, showcasing the importance of academic-industry 

partnerships in driving sustainable innovation. 

 

Figure 43. United Nations Sustainable Development Goals addressed by this Thesis. 

This Thesis also aligns with the strategic goals of the Smart Specialisation Strategy of the 

Valencian Community (S3-CV, 2021-2027), particularly in advancing the fields of sustainable 

innovation and health-related technology. The research supports the focus of the region on 

creating knowledge-intensive, eco-friendly technologies by developing polymeric 

nanocomposites with antimicrobial properties through green synthesis and natural resources. The 
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partnership with industrial sectors, particularly in antiviral materials, underscores the alignment 

of the Thesis with the S3-CV aim of enhancing public-private collaboration in applied R&D, vital 

for fostering competitiveness and resilience in strategic sectors.  

Translationality 

While laboratory-scale research is undeniably crucial in establishing foundational knowledge, one 

of the primary goals of translational research is to bridge the gap between these findings and real-

world applications, creating future benefits for society. In this Thesis, the development of 

nanomaterials from natural sources, alongside green synthesis methods, lays the groundwork for 

scaling these materials for industrial use. 

Transitioning from laboratory to industrial production necessitates the optimization of synthesis 

protocols to ensure high yields, reproducibility, and cost-effectiveness. In the field of NFs, several 

industries are already offering products for a range of applications. For instance, Nonwovens 

Ibérica S.L. provides Spanish-made NF solutions primarily aimed at filtration applications. 

Similarly, BIOINICIA, based in Valencia, develops micro- and nanostructured products for 

various uses. Their portfolio includes a cosmetic line and pharmaceutical products currently on 

the market, such as transdermal and mucoadhesive patches. Scaling up NF production often 

involves the use of electrospinning machinery capable of supporting larger volumes. An example 

is the Nanospider™ technology, patented by Elmarco, which produces high-quality NFs at an 

industrial scale for a broad spectrum of applications. 

For green synthesis processes, however, there is limited information available on scalability. 

Large-scale NP production demands a deep understanding of production costs, resource 

availability, downstream processing requirements, and scalability forecasts [679]. One particular 

challenge lies in the purification and separation of AgNPs produced, as commercialization 

requires high-quality NPs. Substantial work remains to model these processes and enable scalable 

biosynthesis until large-scale production can be achieved. Nevertheless, studies like the one 

developed in this Thesis help pave the way by shedding light on the optimal conditions necessary 

to achieve desired NPs. 

Successful commercialization of antimicrobial nanomaterials hinges on regulatory approval, 

especially since these materials are intended for environments involving direct human contact. In 

the European Union, the European Union Observatory for Nanomaterials (EUON) provides 

insights into existing nanomaterials on the EU market. According to EUON, nanomaterials are 

subject to the same stringent regulatory frameworks that govern all chemicals and mixtures, 

specifically under the REACH (Registration, Evaluation, Authorisation, and Restriction of 

Chemicals) and CLP (Classification, Labelling, and Packaging of Substances and Mixtures) 

regulations [680]. This means that the hazardous properties of nanoforms must be thoroughly 

assessed, and their safe use must be assured. For a substance to be legally manufactured or 

imported within the EU, it must be registered under REACH, with registration information 

detailing effects on human health and the environment, as well as exposure estimates for 

hazardous nanoforms throughout the life cycle of the material. Beyond REACH and CLP, there 

are also specific regulatory frameworks for certain product categories, covering biocides, plant 

protection products, cosmetics, pharmaceuticals, toys, food, and electronics.  

Open science and transparency 

This Thesis is rooted in the principles of Open Science and transparency, values that are essential 

for making research accessible, reproducible, and impactful. All the papers published as part of 

this Thesis are open access, meaning that anyone—scientists, industry experts, or the general 

public—can read and build on these findings without needing a subscription or paying a fee. Open 

access is especially crucial in the field of antimicrobial nanomaterials, where sharing insights 
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quickly and widely can accelerate progress in addressing challenges like antibiotic resistance and 

developing sustainable health solutions. 

Throughout the course of this research, results have been shared at both national and international 

conferences, allowing for direct engagement with the scientific community. These presentations 

provided opportunities to receive valuable feedback, connect with other researchers, and 

encourage discussions that might lead to further collaborations. By presenting findings in these 

public forums, this Thesis has contributed to ongoing conversations in the field, and this openness 

reinforces scientific rigor by inviting others to question, evaluate, and expand on the research. 
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7. CONCLUSIONS 

 

1. Fish mucus represents an unexplored and promising source of antimicrobial compounds, 

including antimicrobial peptides, proteins and other metabolites. They can be extracted 

using various solvents, particularly acidic, organic, and aqueous solvents.  

2. Nanofiber synthesis using proteins such as bovine serum albumin and lysozyme offers 

enhanced biocompatibility, biodegradability, biosafety and intrinsic functions compared 

to conventional synthetic polymers. 

3. Nanofibers synthesized using electrospinning with high concentrations of the proteins 

bovine serum albumin and lysozyme yielded fibers with diameters ranging from 300 to 

750 nm, with the proteins retaining their function after electrospinning. 

4. The bioactive compounds piscidin, an antimicrobial peptide with inherent antibacterial 

properties, and horseradish peroxidase-conjugated goat anti-mouse IgG, an antibody 

exhibiting peroxidase and antigen-recognition activities, retained their respective 

functionalities after being incorporated into protein-based nanofibers. These results 

demonstrate that protein-based nanofibers are strong contenders for applications 

requiring drug delivery and protection, such as antimicrobial therapies.  

5. Thermoplastic polyurethane materials with silver nanoparticles demonstrated significant 

antiviral activity against Spring Viraemia of Carp Virus and Severe acute respiratory 

syndrome coronavirus-2, with this efficacy shown to be both time- and temperature-

dependent, likely due to the gradual release of Ag ions over time. Importantly, these 

materials exhibited no cytotoxicity, highlighting their potential as promising candidates 

for viricidal applications aimed at reducing viral transmission. 

6. The incorporation of phytochemicals into nanofibers and nanoparticles is a viable strategy 

to produce antibacterial nanomaterials using an eco-friendly and sustainable approach, 

while benefiting from their multitargeted character against bacteria. 

7. Phytochemicals are effective in reducing metal salts to metal nanoparticles, providing a 

more sustainable alternative to conventional physical and chemical methods.  

8. Silver nanoparticles were synthesized via green synthesis using punicalagin extract rich 

in punicalagin. The process was optimized through a Box-Behnken desgign to achieve 

nanoparticles with the smallest hydrodynamic diameter, polydispersity index, and zeta 

potential possible within the tested conditions. 

9. The synthesized silver nanoparticles exhibited strong antimicrobial activity against 

Escherichia coli and Staphylococcus aureus bacteria, with minimum inhibitory 

concentrations ranging 2.5-10 µg/mL. The mode of action appeared to differ between the 

species: E. coli showed significant membrane disruption, whereas S. aureus exhibited 

vesicle formation and membrane invaginations, indicating a likely intracellular action 

mechanism for the silver nanoparticles. 

10. Silver nanoparticles incorporated into protein nanofibers retained their antimicrobial 

activity, indicating that this platform holds significant promise for antimicrobial 

applications. 
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7. CONCLUSIONES 

 

1. El moco de pez representa una fuente inexplorada y prometedora de compuestos 

antimicrobianos, incluidos péptidos antimicrobianos, proteínas y otros metabolitos. Estos 

pueden extraerse utilizando diversos solventes, especialmente solventes ácidos, orgánicos 

y acuosos. 

2. La síntesis de nanofibras utilizando proteínas como la albúmina de suero bovina y 

lisozima ofrece mayor biocompatibilidad, biodegradabilidad, bioseguridad y funciones 

intrínsecas en comparación con los polímeros sintéticos convencionales.  

3. Las nanofibras sintetizadas mediante electrohilado con altas concentraciones de las 

proteínas albúmina de suero bovina y lisozima dieron lugar a fibras con diámetros que 

oscilan entre 300 y 750 nm, conservando las proteínas su funcionalidad tras el proceso de 

electrohilado. 

4. Los compuestos bioactivos piscidina, un péptido antimicrobiano con propiedades 

antibacterianas inherentes, y IgG de cabra anti-ratón conjugada con peroxidasa de rábano, 

un anticuerpo con actividad peroxidasa y de reconocimiento de antígenos, conservaron 

sus respectivas funcionalidades después de ser incorporados en las nanofibras proteicas. 

Estos resultados demuestran que las nanofibras basadas en proteínas son candidatas 

sólidas para aplicaciones que requieren liberación y protección de fármacos, como 

terapias antimicrobianas. 

5. Los materiales de poliuretano termoplástico con nanopartículas de plata demostraron una 

actividad antiviral significativa contra el virus de la viremia primaveral de la carpa y el 

severe acute respiratory syndrome coronavirus de tipo 2, mostrando que esta eficacia 

depende tanto del tiempo como de la temperatura, probablemente debido a la liberación 

gradual de iones de plata. Es importante destacar que estos materiales no presentaron 

citotoxicidad, lo que subraya su potencial como candidatos prometedores para 

aplicaciones viricidas destinadas a reducir la transmisión viral.  

6. La incorporación de fitoquímicos en nanofibras y nanopartículas es una estrategia viable 

para producir nanomateriales antibacterianos mediante un enfoque ecológico y 

sostenible, aprovechando además su carácter multiobjetivo contra bacterias. 

7. Los fitoquímicos son eficaces para reducir sales metálicas a nanopartículas metálicas, 

proporcionando una alternativa más sostenible a los métodos físicos y químicos 

convencionales. 

8. Se sintetizaron nanopartículas de plata mediante un proceso de síntesis verde utilizando 

extracto de granada rico en punicalagina. El proceso fue optimizado mediante un diseño 

de Box-Behnken para obtener nanopartículas con el menor tamaño hidrodinámico, índice 

de polidispersidad y potencial zeta posibles dentro de las condiciones evaluadas.  

9. Las nanopartículas de plata sintetizadas mostraron una fuerte actividad antimicrobiana 

contra las bacterias Escherichia coli y Staphylococcus aureus, con concentraciones 

inhibitorias mínimas que oscilaron entre 2.5 y 10 µg/mL. El modo de acción pareció 

diferir entre las especies: E. coli mostró una rotura significativa de la membrana, mientras 

que S. aureus exhibió formación de vesículas e invaginaciones de la membrana, lo que 

sugiere un probable mecanismo de acción intracelular de las nanopartículas de plata. 
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10. Las nanopartículas de plata incorporadas en nanofibras a base de proteínas conservaron 

su actividad antimicrobiana, indicando que esta plataforma tiene un gran potencial para 

aplicaciones antimicrobianas. 
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8. LIMITATIONS AND FUTURE RESEARCH 

While this Thesis presents significant advancements in the field of antimicrobial nanomaterials, 

some challenges and directions for future research remain to fully harness their potential. One of 

the main challenges is the extraction of antimicrobial compounds from fish mucus. This process 

requires advanced and often costly techniques, as isolating specific bioactive peptides from mucus 

demands specialized equipment and reagents that can limit scalability and accessibility. Future 

research should focus on optimizing these isolation methods to make them more cost-effective 

and efficient without sacrificing the yield or activity of these promising compounds.  

Protein-based NFs show excellent aptitudes as a biocompatible, biodegradable alternative to 

traditional synthetic polymers, especially in medical applications. However, to maximize their 

efficacy, it is essential to investigate the stability of these NFs over time, the release rates of 

embedded bioactive compounds, and their effectiveness in specific applications, such as wound 

dressings. For instance, studies focused on controlled release profiles, as well as dermal 

penetration in skin models or animal testing, would help clarify their suitability for wound care, 

ensuring both safety and functionality over prolonged use.  

The AgNP-TPU materials demonstrated strong antiviral activity, yet further work is required to 

ensure their safety and environmental compatibility. Additional cytotoxicity testing with diverse 

cell lines and over extended exposure periods will provide a more comprehensive understanding 

of their biocompatibility. Environmental impact studies are also crucial to assess the possible 

ecological risks associated with these materials, especially if they are to be used widely in medical 

or environmental applications. Long-term stability studies would further support their potential 

for real-world applications. 

The green synthesis of NPs represents a sustainable alternative to traditional chemical methods, 

but variability in plant extract composition presents a challenge. Different plant extracts have 

unique chemical profiles, which can affect the size, stability, and efficacy of synthesized NPs. To 

address this, future studies should prioritize the development of standardized extraction protocols 

and conduct thorough profiling of plant extract constituents. This approach would enhance 

reproducibility and allow researchers to optimize synthesis conditions. Expanding the range of 

tested synthesis conditions, incorporating different plant sources, and evaluating the addition of 

stabilizers are also essential to improve NP stability and longevity. Furthermore, it is important 

to assess cytotoxicity across different cell lines to establish safe concentration limits without 

compromising antimicrobial efficacy. 

The practical applications of all these nanomaterials hold significant promise, yet further testing 

is required to meet application-specific needs. For example, wound healing applications would 

benefit from in vivo studies that examine the safety and effectiveness of these materials in living 

organisms. Surface coatings and filtration membranes are additional applications that require 

compatibility testing with different substrates and evaluations of their performance under 

conditions that mimic real-world use. 

Scaling up the synthesis of NFs and NPs for commercial production presents its own set of 

challenges. In particular, producing large quantities of green-synthesized NPs requires careful 

optimization to ensure consistent size, stability, and efficacy. Industrial-scale production of 

protein NFs would similarly require advanced electrospinning equipment capable of high-volume 

output while maintaining the beneficial properties of the material observed in laboratory settings. 

Future research should focus on developing scalable synthesis methods and protocols tailored to 

large-scale production needs. 
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