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Abstract 

This doctoral thesis investigates the development and application of stimuli-responsive polymer 

nanomaterials for advanced biomedical applications, mainly focusing on fabricating electrospun 

nanofibers that change their properties under the influence of external stimulation. The 

electrospinning technique forms the basis of this study. This technique facilitates the production 

of micro- to nanofibers, which are highly valued in the healthcare system. 

This study extensively discusses the integration of plasmonic nanoparticles into nanofibers to 

provide them with photothermal and photodynamic properties. This integration facilitates the 

development of antibacterial face masks and smart drug delivery systems. Incorporating 

indocyanine green (ICG) in nanofibers further enhances these nanomaterials' functionality, 

significantly improving pathogen eradication and filtration upon light activation. 

Moreover, the research delves into the on-demand drug delivery capabilities of the developed 

nanofibers. By utilizing near-infrared (NIR) light-activated core-shell structures, the study 

displayed a novel approach to achieve controlled and sustained drug release, highlighting the 

potential for these materials to advance treatments. 

In conclusion, this Ph.D. thesis presents significant improvements in the design and application of 

stimuli-responsive polymer nanomaterials, emphasizing their potential to enhance biomedical 

applications such as protective face masks and smart drug delivery systems. The findings 

contribute to the broader materials engineering field and pave the road to future research and 

development in nanotechnology-driven biomedical solutions.  
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1- Electrospinning 

Electrospinning is a method used to make fibers with diameters spanning from a few nanometers 

to several micrometers. This technique allows for the creation of very fine fibers of various sizes. 

The electrospinning setup involves applying a high-voltage electrical field to a polymer solution, 

causing the formation of an electrically charged jet (Figure 1).[1–5] As this jet goes towards a 

grounded collector, it undergoes stretching and thinning, resulting in the deposition of ultrafine 

fibers. These nanofibers exhibit unique properties such as high surface area, tunable porosity, and 

the ability to incorporate various functional materials, making electrospinning a critical method in 

nanotechnology.[3,4] Electrospinning involves several key components: a high-voltage source of 

power, a spinneret, a syringe pump, and a grounded collector. The syringe is then filled with the 

polymer solution and equipped with spinneret at a controlled rate. When a high voltage is applied, 

the polymer droplet at the tip of the spinneret becomes charged, forming a Taylor cone. A fine 

polymer jet is ejected once the electrostatic force overcomes the surface tension. As the jet travels 

towards the collector, it undergoes rapid solvent evaporation, solidifying into fibers. The spun 

fibers are formed a non-woven mat on the collector. Depending on the desired fiber alignment and 

mat architecture, the collector can be a flat, rotating drum or other geometries.[6] 

Electrospinning is a method in nanotechnology used to produce ultrafine fibers with unique 

properties such as high surface area, tunable porosity, and the ability to incorporate various 

functional materials.[1-3] The setup consists of several essential components: a high-voltage power 

source, a syringe pump, a spinneret, and a grounded collector, as seen in Figure 1. To begin, the 

syringe is filled with a polymer solution and connected to the spinneret, which dispenses the 

solution at a controlled rate. A high voltage between the spinneret and the grounded collector 

creates an electric field. This field charges the polymer droplet at the tip of the spinneret, forming 
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a Taylor cone. When the applied voltage surpasses a critical threshold, the electrostatic forces 

overcome the droplet's surface tension, resulting in the ejection of a fine polymer jet. As the jet 

travels toward the grounded collector, it undergoes rapid stretching and thinning, driven by the 

electric field. During this journey, solvent evaporation occurs, solidifying the jet into ultrafine 

fibers.[4-6] The process results in the deposition of nanofibers on the collector, characterized by 

their high surface area, customizable porosity, and the potential for incorporating functional 

additives, making electrospinning a versatile and widely used technique in nanotechnology. 

 

Figure 1. Schematic of the electrospinning process. Key components include a high-voltage power supply, syringe 

pump, spinneret, and collector. 
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2- Stimuli-Responsive Materials 

Stimuli-responsive materials, also known as smart materials, are designed to undergo considerable 

and predictable changes in their properties in response to stimuli.[7,8] These stimuli include 

temperature[8], pH[9], light[10,11], electric[12], magnetic[13], and mechanical forces[14]. The ability of 

these materials to adapt and respond dynamically to environmental changes makes them invaluable 

in various applications, from biomedical devices and drug delivery systems to sensors, actuators, 

and adaptive textiles.[15–20] The development of stimuli-responsive materials has a rich history that 

spans over a century.[21] The early 20th century saw the initial exploration of materials that could 

change properties in response to external influences, such as temperature-sensitive polymers and 

piezoelectric materials. However, it was only in the late 20th and early 21st centuries that 

significant advancements were made, driven by innovations in polymer chemistry, 

nanotechnology, and materials science.[22,23] These advancements have enabled the design and 

control of materials with tailored responsiveness to specific stimuli, opening up many new 

applications. 

2-1- Principles of Stimuli-Responsive Materials 

When stimuli-responsive materials are exposed to stimuli, they undergo reversible changes in their 

physical or chemical properties. This change leads to shifts in shape, volume, temperature, 

conductivity, color, or mechanical properties.[8,11,13–15] The response mechanisms are broadly 

classified based on the type of stimulus: external stimuli and internal stimuli (Figure 2). External 

stimuli include thermo-responsive materials like poly(N-isopropyl acrylamide) (PNIPAM), which 

transition from hydrophilic to hydrophobic above its lower critical solution temperature [24]; photo-

responsive materials like azobenzene-containing polymers, which undergo reversible trans-cis 

isomerization under UV light[25]; electro-responsive materials like polyaniline and polypyrrole, 
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which change their conductivity and mechanical properties under electric fields[26,27]; and 

magneto-responsive materials like magnetorheological fluids, which transition from liquid to 

solid-like states in magnetic fields[28]. Internal stimuli include pH-responsive materials like 

poly(acrylic acid) (PAA), which swell or shrink depending on the surrounding pH[9]; redox-

responsive materials, which alter their properties in response to oxidation-reduction potential[29], 

such as disulfide bonds cleaving under reducing conditions; and enzyme-responsive materials, 

which change structure or properties in the presence of specific enzymes, such as polymer 

hydrogels degrading in the presence of matrix metalloproteinases (MMPs)[30]. 

 

Figure 2. Illustration of various stimuli-responses. Thermo-responsive, photo-responsive, magneto-responsive, and 

ultrasound-responsive materials are in the category of external stimuli, while pH-responsive, redox-responsive, and 

enzyme-responsive materials are in the category of internal stimuli-responsive materials. 
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Innovations in material synthesis and processing techniques are expected to enhance the 

performance and applicability of stimuli-responsive materials. Additionally, integrating these 

materials with other advanced technologies, such as nanotechnology and biotechnology, will open 

up new possibilities in fields like personalized medicine, smart infrastructure, and environmental 

sustainability.[31–36] Stimuli-responsive materials represent a dynamic and versatile class of 

materials that have the potential to revolutionize various industries. While challenges remain in 

scalability, ongoing research and technological advancements are aimed toward overcoming these 

hurdles and expanding the horizons of stimuli-responsive materials, exhibiting their role as key 

enablers of future innovations. 

2-2- Applications of Electrospun Nanofibers 

The unique properties of electrospun nanofibers have led to various applications across several 

fields, as seen in Figure 3. In biomedical applications, electrospun fibers mimicking the 

extracellular matrix can provide a suitable environment for growing cell and tissue regeneration. 

Additionally, the nanofibers are used to engineer skin, bone, cartilage, and vascular tissues.[37] 

Nanofibers can be loaded with therapeutic agents and designed for controlled release, enhancing 

the efficacy and reducing the side effects of drugs.[38] Additionally, electrospun mats can protect 

wounds, promote healing, and deliver antimicrobial agents.[39] In environmental applications, the 

high surface area and tunable porosity of electrospun fibers make them ideal for air and water 

filtration applications, effectively removing particulate matter, bacteria, and other 

contaminants.[40] These fibers can also support catalysts, providing high surface area and 

accessibility for catalytic reactions.[41] Nanofibers have applications in batteries, solar cells, and 

supercapacitors in energy storage due to their high surface area, which enhances charge storage 
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capacity and efficiency.[42] In textiles, electrospun fabrics can be engineered to provide protection 

against chemical, biological, and environmental hazards while maintaining breathability and 

comfort.[43] 

 

Figure 3. Schematic of various applications of electrospun nanofibers. 

3- Background on Face Masks and the Pandemic 

Personal protective equipment (PPE) has always been crucial for ensuring safety. Still, the 

COVID-19 pandemic underscored its vital role in protecting healthcare workers and the public 

from infectious diseases.[44–46] The pandemic exposed critical deficiencies in existing PPE, 
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especially face masks, leading to a demand for research to enhance their efficacy. The rapid 

transmission of the virus necessitated widespread mask use, but conventional masks often lacked 

suitable protection in high-risk environments like hospitals. Healthcare workers needed masks that 

provided continuous protection during long shifts without causing discomfort or compromising 

breathability.[47] 

Nevertheless, many face masks led to skin irritation, breathing difficulties, and reduced efficacy 

over time. The pandemic also revealed vulnerabilities in PPE supply chains, highlighting the need 

for alternative manufacturing techniques using readily available materials to produce high-quality 

protective equipment.[48,49] Beyond basic filtration, there was a demand for multifunctional PPE 

with antibacterial properties and self-cleaning. To achieve the mentioned facial mask 

characteristics, we introduced stimuli-responsive materials on the available face masks to enhance 

protection and comfort.[50] Nanotechnology, particularly electrospinning, emerged as a critical 

solution, producing nanofibers with properties ideal for advanced face masks (Figure 4). During 

the pandemic, my research focus was on developing high-performance masks by employing the 

antibacterial properties of stimuli-responsive materials and multi-layered structures of electrospun 

mats to improve filtration efficiency while maintaining breathability. 
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Figure 4. Schematic showing the multifunctional electrospun mat for on-demand photothermal antibacterial 

eradication. 

 

4- Nanotechnology in Personal Protective Equipment 

PPE has long been critical in protecting individuals from hazardous environments, infectious 

agents, and workplace dangers. Nanotechnology has transformed the development and 

enhancement of PPE, offering extraordinary levels of safety, functionality, and comfort.[51-53] One 

of the most significant contributions of nanotechnology to PPE is incorporating antimicrobial and 
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antiviral properties. Nanoparticles such as silver, copper, and gold have been extensively studied 

and utilized for their potent antimicrobial effects, as seen in Figure 5. These nanoparticles can be 

embedded into PPE materials, such as masks, gloves, and clothes, to inhibit the growth and 

transmission of harmful microorganisms.[54-60] 

 

Figure 5. The schematic structure of multi-layered anti-virus face masks incorporated with metallic nanoparticles 

and reproduced from ref. [46] with permission. 

Gold nanoparticles, in particular, have shown exceptional efficacy in destroying many bacteria, 

viruses, and fungi. Their small size allows them to penetrate microbial cells, disrupting vital 

processes and leading to cell inactivation.[61-63] This feature is valuable in infectious disease 

outbreaks, such as the COVID-19 pandemic, where preventing the spread of viruses is vital. 

Nanotechnology also enhances the barrier properties of PPE. Traditional materials can be 

augmented with nanofibers, creating a dense yet breathable barrier that effectively filters out 

pathogens, particulates, and hazardous chemicals. Electrospun nanofibers, for example, can be 

used to produce masks and respirators with superior filtration efficiency while maintaining 
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breathability and comfort for extended use. These nanofiber-based filters can capture particles as 

small as viruses and fine dust, protecting a broad spectrum of airborne threats. Moreover, the 

increased surface area of nanofibers improves the entrapment of contaminants, further enhancing 

the protective capabilities of PPE.[64-66] Traditional PPE often faces criticism for being 

uncomfortable, reducing compliance and effectiveness. Nanotechnology addresses these issues by 

enabling the development of lightweight and flexible materials that do not compromise protection. 

5- Electrospinning and Drug Delivery 

In drug delivery, electrospinning offers new paths for developing advanced therapeutic systems. 

By engineering materials at the nanoscale, scientists can create drug delivery systems with 

improved efficacy, targeted delivery, and controlled release profiles.[67-71] One of the most 

promising developments in this area is using core-shell nanofibrous systems, which combine the 

advantages of nanofibers and core-shell structures to create highly efficient drug carriers.[72-74] 

Electrospinning offers several advantages in drug delivery, including enhanced bioavailability, as 

nanofibers improve the solubility and stability of poorly water-soluble drugs, thereby increasing 

their therapeutic efficacy. Additionally, nanofibers facilitate controlled release, with nanoparticles 

engineered to release drugs sustainably for prolonged therapeutic effects. Moreover, nanocarriers 

can be functionalized with targeting ligands, imaging agents, and therapeutic molecules, providing 

multifunctionality that enables simultaneous diagnosis and treatment.[75,76] 

5-1- Methods of Drug Incorporation into the Fiber 

There are several strategies for incorporating drugs into electrospun fibers, as illustrated in Figure 

6. The most common method is blend electrospinning, which combines the drug into the polymer 

solution before fiber production.[77-79] This method requires finding a solvent compatible with the 
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polymer and the drug or reaching a homogeneous dispersion of drug molecules in the polymer 

solution. In this approach, polymer features such as solubility and degradability may influence the 

drug release profile, depending on the polymer used. Water-soluble polymers and drugs are used 

for immediate release, leading to rapid drug release when the electrospun membrane is placed in 

an aqueous medium. Conversely, when the polymer and drug are dissolved in an organic solvent, 

the initial burst release is followed by a more sustained elution. Core-shell, multi-layer, or 

emulsion spinning are used for more controlled release. Drugs can be encapsulated in either the 

fibers’ core or shell. However, the drug in core encapsulation provides a prolonged release due to 

a more extended diffusion pathway. Emulsion electrospinning is another method for incorporating 

drugs into electrospun fibers.[80,81] In this technique, a water-in-oil or oil-in-water emulsion is 

prepared, where the drug is dissolved in the droplets of the dispersed phase. The prepared emulsion 

is subsequently subjected to the electrospinning process, during which it is transformed into 

fibrous structures. This method can form fibers with core-shell structure depending on the 

composition and processing parameters.[82] The primary advantage of emulsion electrospinning is 

that it allows the incorporation of hydrophilic drugs within the hydrophobic polymer matrix. This 

method can sustain the drug’s release, as the drug molecules are steadily released from the core as 

the polymer degrades. 
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Figure 6. Schematics of drug incorporation into electrospun fibers:  polymer and drug blend in a solution, core-

shell fibers, where a drug can be loaded in both the core and shell into a coaxial needle and emulsion 

electrospinning, where a drug emulsion can be loaded into the polymer solution. 

 

5-2- Core-Shell Nanofibrous Systems in Drug Delivery 

Core-shell nanofibrous systems represent a significant advancement in nanotechnology for drug 

delivery.[83] These systems consist of a core material encapsulated within a shell, creating a unique 

structure that offers several advantages over traditional nanofibers and other drug delivery systems. 

Core-shell nanofibers are typically produced using coaxial electrospinning, a process that involves 

the simultaneous extrusion of two different polymer solutions through a coaxial needle. This 

technique allows for the precise control of the core and shell materials, enabling the incorporation 

of various functionalities into each layer (Figure 7). 
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Figure 7. Schematics core-shell nanofibers fabrication via coaxial electrospinning. It is reproduced from ref. [15] 

with permission. 

Core-shell nanofibrous systems offer several advantages, including the protection of bioactive 

agents by providing a stable, protective environment within the core, which shields them from 

degradation. They enable controlled drug release, as the shell material can be engineered to 

regulate the drug release rate from the core, facilitating sustained and controlled delivery. These 

systems also support dual functionality, allowing the core and shell to be functionalized 

independently, thereby incorporating multiple therapeutic agents or functionalities within a single 

nanofiber. Additionally, the surface of the shell can be modified with targeting ligands to enhance 

the specificity of drug delivery to diseased tissues or cells.[84-87] 
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6- Smart Drug Delivery Systems 

Core-shell electrospun nanofibers offer an innovative approach to smart drug delivery systems, 

providing distinct advantages over traditional methods. These nanofibers feature a unique 

structure, where a core material is encapsulated by a shell layer, allowing for precise control over 

the encapsulation and release of therapeutic agents. Unlike conventional methods, which often 

release drugs in a less controlled manner, core-shell nanofibers enable fine-tuning of drug release 

profiles through the strategic selection and modification of core and shell materials. This level of 

control ensures a more consistent and targeted delivery, leading to improved therapeutic efficacy. 

One of the key benefits of these smart materials is the enhancement of patient compliance. The 

controlled and sustained release of drugs reduces the frequency of dosing, minimizing the burden 

on patients and ensuring a steadier therapeutic effect. Moreover, these nanofibers can be 

engineered to respond to external stimuli, such as light, temperature, or pH changes, which allows 

for on-demand drug release tailored to the patient's needs. Further enhancing their functionality, 

core-shell nanofibers can be decorated with photoactive plasmonic nanoparticles, which possess 

unique optical properties like localized surface plasmon resonance (LSPR). This feature enables 

precise, externally triggered drug release, providing an additional layer of control that is not 

possible with traditional drug delivery methods. 

Near-infrared (NIR) light is a particularly advantageous external stimulus for activating smart drug 

delivery systems, chosen for its unique properties that set it apart from other stimuli like ultraviolet 

light, magnetic fields, or chemical triggers. NIR light stands out due to its special tissue penetration 

capabilities, allowing it to reach deeper layers of the body with minimal effects. [88-90] This deep 

penetration is coupled with its low absorption by water and biological tissues. This minimizes the 

risk of damage to healthy cells and reduces the side effects commonly associated with other 
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external stimuli. In contrast to ultraviolet light, which can be harmful to tissues and has limited 

penetration depth, NIR light offers a safer and more effective means of activating drug release. 

Similarly, magnetic fields and ultrasound can serve as external triggers, but they often require 

more complex equipment. They may not provide the same level of control and precision as NIR 

light.[91,92] When NIR light interacts with plasmonic nanoparticles incorporated within core-shell 

nanofibers, it induces localized heating through the LSPR effect (Figure 8). This localized heating 

can be harnessed to trigger the release of drugs encapsulated within the nanofibers. Upon exposure 

to NIR light, plasmonic particles absorb the light and convert it into heat, creating small pockets 

of increased temperature. This thermal response can then induce changes in the surrounding 

materials, such as the shell of the nanofibers, leading to the controlled release of the encapsulated 

drugs. By leveraging the unique properties of NIR light, this approach ensures precise and 

localized drug release. It enhances the safety and efficacy of the drug delivery system compared 

to other stimuli. This makes NIR light a highly suitable and strategic choice for smart drug delivery 

applications. 
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Figure 8. The photo-responsive platform features the fast and on-demand responsiveness of the fabricated material. 

a) The schematic of the experimental setup illustrates a thermal camera capturing the temperature of the samples 

taken out from an incubator and irradiated by a NIR laser. b) The IR thermogram images of the dry and wet 

platforms before and after 2 min of irradiation were captured with a thermal camera. Wet samples were analyzed 

on a hot plate to maintain the platform’s temperature at around 37 °C. c) Temporal plots of the platform’s behaviors 

under the NIR illustration for wet and dry samples show the photo-response property of the material. They are 

reproduced from ref. [15] with permission. 

 

Core-shell electrospun nanofibers, decorated with photoactive plasmonic nanoparticles, represent 

a promising advancement in smart drug delivery systems. The unique core-shell structure offers 

enhanced protection and controlled release of therapeutic agents while incorporating plasmonic 

nanoparticles, which enables on-demand drug delivery through NIR light activation. This approach 

provides a versatile, efficient, and customizable method for targeted drug delivery, potentially 

revolutionizing the treatment of various diseases and improving patient outcomes. 
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7- Aim of the Study 

The study aimed to design advanced electrospun nanofibers with multifunctional properties for 

biomedical applications, focusing on enhanced protection and on-demand therapeutic delivery by 

addressing the following key objectives: 

1- Manufacturing and Characterization: 

• Development of face masks using electrospun polymer nanofibers. 

• Integration of plasmonic nanoparticles into nanofibers to enable photothermal and 

photodynamic properties. 

• Utilization of ICG within nanofibers for the creation of antibacterial face masks. 

• Production of core-shell electrospun nanofibers decorated with photoactive 

plasmonic gold nanostars and nanorods for use as drug delivery carriers. 

2- Physicochemical Property Analysis: 

• Detailed characterization of the mechanical and chemical properties of nanofibrous 

mats. 

• Evaluation of fiber morphology, structure, and surface wettability through contact 

angle measurements. 

3- Functional Evaluation: 

• Testing the antibacterial efficacy of face masks under NIR and solar irradiation. 

• Analyzing filtration efficiency and the capacity for pathogen eradication. 

• Examining the photothermal effects and their impact on antibacterial properties.  

4- On-Demand Drug Delivery: 

• Creation of NIR light-activated core-shell nanofibers for smart drug delivery 

applications. 
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• Characterization of controlled and sustained drug release profiles under NIR 

irradiation. 

• Investigation of the thermal response of nanofibers for efficient drug release.  

5- Innovative Applications: 

• Exploration of electrospinning and electrospraying techniques to enhance face 

mask functionality. 

• Development of light-responsive drug carriers. 

• Combination of antiviral, antibacterial, and thermal dissipation properties into 

multifunctional face masks.  

This study successfully achieved its objectives by designing advanced electrospun nanofibers with 

multifunctional properties for biomedical applications, including the development of antibacterial 

face masks and smart drug delivery systems.  
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8-2- Summary of the Publications Included in the Publication Cycle of the Dissertation 

Nanotechnology Transition Roadmap Toward Multifunctional Stimuli-Responsive Face 

Masks 

Before starting the experimental part of the Ph.D. research, drawing a roadmap for applying 

stimuli-responsive materials for face mask application was performed. In this paper, we discuss 

the value of personal protective equipment (PPE), especially face masks, due to the beginning of 

the COVID-19 pandemic. We explored the development of advanced face masks using electrospun 

polymer nanofibers, which offer exceptional filtration properties and can be engineered to respond 

to specific stimuli. It helped me understand that these masks can incorporate additional 

components to acquire antibacterial and antiviral properties and self-sterilize. The review outlined 

the historical context of face masks, from their early use during the “Black Death” to the modern 

N95 respirators. The COVID-19 pandemic has accelerated innovation in face mask technology, 

emphasizing the need for masks that filter effectively, reduce waste, and enhance user comfort. 

Electrospinning, a versatile nanofiber production technique, is central to this innovation. It allows 

the incorporation of various materials into nanofibers, making them suitable for multiple 

applications, including filtration. We reviewed the electrospinning process, its historical 

development, and the potential of electrospun nanofibers in creating high-performance, stimuli-

responsive face masks. A significant focus of our research was studying the development of masks 

that can actively respond to environmental changes and reduce pathogens. We discuss integrating 

advanced materials and technologies into mask design to create reusable, safe, and multifunctional 

PPE. Prospects and challenges in this dynamic field are also considered, highlighting the ongoing 

need for innovation to address public health and environmental concerns. This comprehensive 
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literature review identified a critical gap in existing research, as no studies have reported the 

integration of on-demand antibacterial properties in face masks using stimuli-responsive materials. 

This insight has significantly influenced the direction of future work, motivating us to investigate 

and develop face masks that leverage these advanced materials for dynamic antibacterial 

functionality. 

 

Figure 9. The evolution of face masks is associated with the milestones of human history: from the “Black Death” 

bubonic plague of 1619 to the COVID-19 era beginning in 2019. It is reproduced with permission from ref [40].  
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Near-infrared light-activated Core‐Shell Electrospun Nanofibers Decorated With 

Photoactive Plasmonic Nanoparticles for On‐Demand Smart Drug Delivery Applications 

Our research in this paper explores the development of NIR light-activated core-shell electrospun 

nanofibers. These fibers are decorated with photoactive plasmonic nanoparticles for on-demand 

smart drug delivery applications. Traditional drug delivery systems have evolved into smart drug 

delivery systems (DDSs), leveraging biomedical nanotechnology to enhance drug release efficacy 

and minimize side effects through stimuli-responsive mechanisms. Our study focuses on creating 

an electrospun nanofibrous photo-responsive DDS, allowing on-demand drug release and 

preventing burst release and high drug concentrations. We employed a coaxial electrospinning 

setup and an electrospraying technique to fabricate core-shell PVA-PLGA nanofibers decorated 

with gold nanorods. The PVA-Rhodamine B (RhB) core provides hydrophilicity, while the PLGA 

shell offers hydrophobic protection. Incorporating Au NRs enables significant heat generation 

under NIR light, facilitating controlled and sustained drug release. Our morphological and physio-

chemical characterizations confirm the core-shell structure and the successful integration of Au 

NRs. Cell studies demonstrate the biocompatibility of the electrospun substrates, showing high 

viability and proliferation of L929 fibroblasts. Thermal-response characterizations using a thermal 

camera indicate rapid temperature increases in the fibers under NIR light, essential for the photo-

responsive drug release. Drug release studies reveal that our core-shell nanofibers exhibit a 

sustained and controlled release profile, with NIR irradiation significantly enhancing the drug 

release rate. Our findings suggest that the photo-responsive PVA-PLGA nanofibers decorated with 

Au NRs hold great promise as on-demand drug carriers, combining effective stimuli-responsive 

drug delivery with excellent biocompatibility and structural stability.  
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Figure 10. Illustration of material preparation. a) Schematic presenting the fabrication by coaxial Electrospinning. 

b) A representative scheme of photo-responsiveness of the fabricated material under the NIR light. It is reproduced 

from ref. [15] with permission. 
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Engineering Surgical Face Masks with Photothermal and Photodynamic Plasmonic 

Nanostructures for Enhancing Filtration and On-Demand Pathogen Eradication 

This research paper addresses the urgent need for more effective and reusable face masks due to 

the COVID-19 pandemic and environmental concerns associated with disposable masks. We 

propose an innovative approach to upgrading surgical masks by integrating plasmonic 

nanoparticles that enable photothermal and photodynamic functionalities. Our method decorates 

surgical masks with gold nanorods (Au NRs) between the electrospun polymer nanofibrous layers. 

When exposed to NIR light, the Au NRs provide on-demand pathogen eradication, generating heat 

that can kill bacteria and viruses on the mask surface. This modification significantly enhances the 

mask’s filtration efficiency for particles and bacteria without increasing the pressure drop, ensuring 

breathability and comfort. We detail the fabrication process, starting with electrospinning a 

polyacrylonitrile (PAN) nanofiber layer onto the surgical mask. The Au NRs are then 

electrosprayed onto this layer, followed by another layer of PAN to protect the nanoparticles and 

prevent leaching. Our structural and morphological characterizations confirm the successful 

integration and distribution of Au NRs within the nanofibers. Thermal activity tests using a NIR 

laser demonstrate that our modified masks can reach temperatures sufficient to eradicate 

pathogens, achieving up to 99.95% bacterial inactivation. Additionally, we conduct extensive 

bacterial filtration efficiency (BFE) and particle filtration efficiency (PFE) tests, showing that our 

masks achieve significantly higher filtration rates than standard surgical masks. Our study proves 

the feasibility of creating multifunctional, reusable face masks with enhanced protective 

capabilities and environmental benefits. 
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Figure 11. Sketch of fabricating antibacterial nanofibrous face mask via electrospinning and electrospraying. The 

schematic illustration shows the concept and structure design of the photo-response and photodynamic face mask 

fabrication. It is reproduced from ref. [19] with permission. 
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Solar-to-NIR Light Activable PHBV/ICG Nanofiber-Based Face Masks with On-Demand 

Combined Photothermal and Photodynamic Antibacterial Properties 

In this study, we developed a cutting-edge antibacterial face mask utilizing PHBV (poly(3-

hydroxybutyrate-co-3-hydroxyvalerate)) nanofibers integrated with indocyanine green (ICG). 

This innovation focuses on the urgent need for effective antimicrobial protection for community 

health workers, especially significant during health crises such as the COVID-19 pandemic. By 

employing electrospinning, we created a nanofibrous structure that combines mechanical 

robustness, a vast surface area, and inherent flexibility. The resulting face mask demonstrates 

substantial bacterial inactivation under both NIR and solar irradiation, attributed to the 

photothermal response of the nanofibers. Our research focused on fabricating and characterizing 

this nanofibrous material, evaluating its mechanical and chemical properties, particle filtration, 

and antibacterial efficacy under photothermal conditions. Electrospinning produced the 

PHBV/ICG nanofibers, and their morphology, structure, and photothermal response were 

thoroughly investigated. The antibacterial efficacy was tested using Escherichia coli as a model 

organism, showing a significant reduction in bacterial viability upon NIR and solar irradiation. 

This confirms the bactericidal efficiency of the material, making it a promising candidate for 

combating microbial infections on demand. Moreover, the photothermal effect facilitated by the 

material’s ability to convert light into heat further enhances its antibacterial properties. The study 

highlights the synergistic impact of PHBV and ICG in creating a biocompatible and 

environmentally friendly solution. In summary, our study presents an innovative approach to 

developing nanofibrous face masks with on-demand antibacterial properties, addressing critical 

public health challenges and paving the way for future advancements in antibacterial materials. 
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Figure 12. a) Photographs representing the fabricated textile of ICG 2.0 during and after the electrospinning 

process, b) SEM image of PHBV nanofibers on PP mask fibers, c) In vitro biological response of L929 fibroblast 

cells seeded on PHBV, ICG, and TCP up to 7 days of culture, d) PFE and pressure drop comparison between the 

standard surgical face mask, N95 mask, and masks with single, double, triple, and quadruple electrospun material 

layers, e) Percentage of bacteria survival when in contact with PHBV and ICG 2.0 nanofibrous materials subjected 

to NIR or solar irradiations and incubation at RT in the dark for E. Coli and f) S. Aureus survival when in contact 

with PHBV and ICG 2.0 nanofibrous materials subjected to NIR or solar irradiations.  
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9- Conclusions 

This thesis has presented a comprehensive investigation into the development and application of 

stimuli-responsive electrospun nanofiber-based materials, primarily focusing on their use in 

advanced biomedical applications. In biomedical applications, the research aimed to design 

advanced multifunctional nanofibers for application in face masks, offering enhanced protection 

and on-demand bacterial inactivation capabilities. By developing electrospun polymer nanofibers 

integrated with plasmonic nanoparticles, this study has shown the potential for face masks to 

achieve enhanced filtration efficiency and antibacterial properties. Incorporating ICG in nanofibers 

has proven effective in creating antibacterial face masks that respond to NIR and solar irradiation, 

enabling on-demand pathogen eradication. These nanofibers’ successful synthesis and 

characterization highlight their potential for real-world applications, particularly in light of the 

ongoing need for effective PPE due to global health crises like the COVID-19 pandemic. 

Moreover, the research explored core-shell electrospun nanofibers in drug delivery applications. 

Core-shell nanofibrous systems, produced via coaxial electrospinning, offer significant advantages 

in drug delivery, such as enhanced protection of bioactive agents, controlled drug release, and 

targeted delivery. These systems were designed to incorporate therapeutic agents within the core 

while the shell provided a protective barrier and functional interface for controlled release. The 

study demonstrated that these core-shell nanofibers could achieve sustained and controlled drug 

release, enhancing therapeutic efficacy and patient compliance. Additionally, incorporating 

photoactive plasmonic nanoparticles enabled on-demand drug delivery through NIR light 

activation, offering a versatile and customizable method for targeted drug delivery. 
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The studies presented in this dissertation collectively contribute to the broader scientific 

understanding of electrospun nanofiber technology and its applications. This work has laid the 

groundwork for further exploration and development in these critical areas by bridging the gap 

between material science and practical applications. Future research could build upon these 

findings by exploring additional materials and configurations, optimizing the production 

processes, and conducting long-term performance evaluations under real-world conditions. 

The doctoral thesis allowed for the following conclusions:  

1- The development of stimuli-responsive electrospun nanofiber-based materials for 

advanced biomedical applications was successfully achieved, demonstrating potential in 

both personal protective equipment and drug delivery systems.  

2- The integration of electrospun polymer nanofibers with plasmonic nanoparticles showed 

enhanced filtration efficiency and antibacterial properties in face masks, offering on-

demand bacterial inactivation capabilities through NIR and solar irradiation. This method 

holds significant promise for real-world applications, particularly in light of the global need 

for effective PPE during health crises such as the COVID-19 pandemic.  

3- Core-shell nanofibers produced via coaxial electrospinning proved effective in drug 

delivery systems, offering:  

a) Enhanced protection of bioactive agents.  

b) Controlled and sustained drug release, improving therapeutic efficacy and patient 

compliance.  
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c) On-demand drug delivery through NIR light activation, presenting a customizable 

method for targeted drug delivery.  

4- The study provides fundamental knowledge of electrospun nanofiber technology for 

biomedical applications:  

a) Incorporating ICG in nanofibers enabled effective antibacterial activity triggered by NIR 

light, highlighting their potential in creating advanced antibacterial face masks.  

b) Core-shell systems demonstrated significant advantages in controlled release and 

targeted drug delivery, bridging the gap between material science and practical biomedical 

applications.  

5- The findings contribute to the broader understanding of electrospun nanofiber technology, 

establishing a foundation for further research and optimization of production processes. 

Future work could explore new materials, configurations, and long-term performance 

evaluations under real-world conditions.  

In conclusion, this thesis has successfully fabricated various stimuli-responsive nanomaterials that 

address societal needs in healthcare, laying the groundwork for continued innovation in the field 

of electrospun nanofiber technology. 
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