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Abstract 

Nanostructured hybrid materials in particular electrospun nanofibers received 

significant attention due to their unique collective properties and their used in wide range 

of applications such as filtration membranes, superhydrophobic protective layer for 

clothing, nanocatalysts, and tissue engineering scaffolds. The generated hybrid nanofibers 

via electrospinning techniques possess large surface area to volume, superior mechanical 

properties, improved cavity size and porosity, flexibility and possibility of surface 

modifications became extraordinary functional biomaterials. Hybrid nanofibers inherit 

the intrinsic properties of polymer (natural or synthetic) used to incorporate new 

structural and chemical properties via immobilization of functional moieties such as 

inorganic nanoparticles, drug molecules, or inorganic polymers in their matrix.  

In principle there are multiple mechanisms driving the fabrication of hybrid nanofibers 

which include template synthesis, self-assembly, phase-separation, and electrospinning. 

Compared to other methods, electrospinning is regarded as simple yet efficient 

mechanism for the fabrication of nanofibers. Electrospinning offers the possibility to 

obtain hybrid nanofibers from widely dissimilar materials. For instance, combining 

various polymers and functional inorganic nanoparticles to design attractive properties 

including biodegradability and biocompatibility.  

Hybrid nanofibers possess extraordinary properties arising from nanostructure, 

precursor polymers. Additionally, they contain functional agents such as metallic 

nanoparticles which can offer remarkable optical, chemical, and electro-magnetic 

properties. Two different methods were used to fabricate nanoparticles.  For instance, 

gold (AuNPs) nanoparticles obtained by wet chemistry method required several toxic 

chemicals throughout the process which might dampen their biocompatibility, 

exclusively for biological applications. Hence, pulsed laser ablation in liquid (PLAL) was 

preferred here for the synthesis of gold (AuNPs) and titanium nitride (TiN NPs) 

nanoparticles.  With the applications of PLAL, it was possible to obtain ultraclean, bare 

(ligand-free), dispersed nanoparticles (NPs). The application of laser ablative approach 

avoided bio-toxic chemicals which minimised the toxicity of NPs.  

In this thesis, an emphasis was given to combine the advantages of electrospun 

nanofibers and immobilization of metallic nanoparticles and inorganic polymers into 

multifunctional hybrid nanofibers. The process of obtaining uniform, non-woven hybrid 

nanofibers is very complex due to interdependency of multiple electrospinning 

parameters and properties of precursor solutions. Therefore, several optimisation studies 

were required for each hybrid nanofiber system. Electrospun hybrid nanofibers were 

analysed by a selection of techniques such as microscopy, spectroscopy, and thermal 

analyses, beside toxicity and bio-compatibility studies.  
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Here, multifunctional nanofibers were fabricated from polymers such as chitosan, 

poly(ethylene oxide) (PEO), polystyrene (PS), polycaprolactone (PCL) and further 

functionalized with gold nanoparticles (AuNPs), inorganic polymers, and titanium nitride 

nanoparticles (TiN NPs).  First, PEO-chitosan blended nanofibers were electrospun and 

functionalized with AuNPs, synthesized via both wet-chemistry and pulsed laser ablation 

processes. Here, effects of preparation conditions and the presence of functionalisation 

agents on physio-chemical properties of functionalised nanofibers were investigated. 

Thereafter, pure chitosan (AuNPs) nanofibers were obtained from an improved 

formulation with higher concentrations of chitosan and bare laser-ablated AuNPs in 

electrospinning solution. After electrospinning, nanofibers were processed resulting in 

neutralisation of -NH3+ group of chitosan leading to simultaneous dissolution of PEO 

present in nanofibers and thus, left chitosan and AuNPs as only elements forming the 

scaffold matrix.  

Other promising hybrid nanofibers were fabricated by blending smart inorganic 

polymers namely poly (ferrocenylphosphinoboranes) with synthetic homopolymers such 

as polystyrene (PS) and poly (ethylene oxide) (PEO) to address applications in catalysis, 

selective filtering, and charge transfer. Here, the electrospinning proved to be a complex, 

but controllable tool for the incorporation of dissimilar entities into simple nanofiber 2D-

structures. Furthermore, this approach makes possible the employment of various 

collector types to produce efficient scaffolds for the incubation of cells in tissue-

engineering applications. Finally, the thesis reports the fabrication of polycaprolactone 

(PCL)-based nanofibers decorated with (ultra-clean) bare laser-ablated TiN NPs. Then the 

nanofibers were analysed using usual physico-chemical techniques, while biological 

compatibility and toxicity studies showed no adverse effect on the cell growth in presence 

of TiN NPs in scaffolds.  

This exploratory research demonstrated the feasibility of fabrication of nanofibers 

functionalized with laser synthesised nanoparticles for their potential application in 

biomedicine and tissue engineering.  



 
 

 
 

 



 
 

 
 

Résumé 

 

Les nanofibres hybrides sont des matériaux de choix, présentant des propriétés 

uniques de nanomatériaux fonctionnels. Elles sont composées de parties organique et 

inorganique, où la fraction organique constitue la structure de la nanofibre tandis que la 

faction inorganique représente la partie fonctionnelle. La méthode d’électrofilage 

(electrospinning) permet la fabrication de multitude de nanofibres de formulation variée 

avec la possibilité d’incorporer des agents fonctionnels, telles que des nanoparticules 

inorganiques ou encore des molécules d’intérêt. Ce procédé permet aussi la production à 

grande échelle de nanofibres fabriquées à partir d’une large gamme de polymères 

biocompatibles et biodégradables. Grâce à leurs propriétés physico-chimiques 

spécifiques, ces nanofibres hybrides peuvent ainsi être utilisées comme matrices pour 

l’immobilisation d’objets (ex., ions, métaux lourds, cellules) pour divers applications, 

notamment la filtration, l'ingénierie tissulaire, ou encore la théranostique. 

Dans ce travail de thèse, nous nous sommes intéressés à l'électrofilage de polymères 

biodégradables, possédant une bioactivité élevée et une faible toxicité, en particulier pour 

les applications biomédicales. Ainsi en utilisant cette approche, des nanofibres 

multifonctionnelles ont été fabriquées à partir de polymères tels que le chitosane, le 

poly(oxyde d'éthylène)(PEO), le polystyrène (PS) ou encore que la polycaprolactone 

(PCL). Les nanofibres ont été caractérisées par diverses techniques telles que la 

microscopie, la spectroscopie, les analyses thermiques, en plus des études de toxicité et 

de biocompatibilité.  

Afin d'améliorer les propriétés intrinsèques des nanofibres et/ou d'acquérir des 

fonctionnalités nouvelles de therapie et/ou de diagnostic, nous avons associé les 

nanofibres à divers types de nanoparticules (NP) comme additifs fonctionnels. Dans ce 

travail, nous avons ainsi choisi l'ablation laser ultra-pulsée comme technique de synthèse 

des NP. En effet, ce procédé permet la synthèse de NP monodisperse et ultra-propres, sans 

ligand, en comparaison aux méthodes de synthèses chimiques souvent utilisées. Grâce à 

cette approche, nous avons ainsi démontré la possibilité de fonctionnalisée des nanofibres 

hybrides de chitosan(PEO) avec des NP de silicium et d’or.  Nous avons ainsi montré par 

exemples, que l’incorporation de ces NP permettait la réduction du diamètre des fibres 

sans aucune interférence sur leur composition. De plus, nous avons établi un protocole de 

neutralisation des nanofibres fonctionnalisées permettant l’obtention de nanofibres de 

chitosan pur (sans PEO) sans altéré la structure de la matrice fibreuse.  

Dans ce travail de thèse, d'autres formulations de nanofibres ont été fabriquées en 

mélangeant des polymères inorganiques tels que les poly (ferrocénylphosphinoboranes) 

avec des homopolymères synthétiques tels que le polystyrène (PS) et le poly (oxyde 

d'éthylène) (PEO) pour répondre à des applications en catalyse, filtrage sélectif et 
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transfert de charge. Ici, le procédé d’électrofilage a permis l’association d'entités 

dissemblables dans de simples structures 2D de nanofibres. 

Par ailleurs, nous nous sommes également interssés à la fonctionnalisation de 

nanofibres à base de polycaprolactone (PCL) par des NP de TiN fabriquées par procédé 

laser. Les nanofibres ont été analysées à l'aide de techniques physico-chimiques 

habituelles, tandis que les premières études de compatibilité biologique et de toxicité 

n'ont montré aucun effet indésirable sur la croissance cellulaire en présence de NP.  

Ainsi ces matrices de nanofibres hybrides ayant la possibilité d’incorporer des NP de 

différentes compositions peuvent être d’un atout majeur dans l’élaboration de nanofibres 

multifonctionnelles pour des applications en ingénierie tissulaire, la filtration, la catalyse 

et la théranostique. 
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OUTLINE AND OBJECTIVES OF THE THESIS 

This thesis is aimed at the development of hybrid multifunctional nanofiber systems 

made of a wide range of biocompatible, and biodegradable materials. The objective was 

to formulate novel promising formulations with distinct characteristics for biomedical 

applications. Here, electrospinning and laser ablation were utilised as main fabrication 

tools while properties of nanofibers were studied by a variety of physico-chemical and 

biological techniques. The fabrication, analysis, and characterisation of multifunctional 

materials and their constituents with respect to desired applications were performed.  

Electrospinning is known as an efficient tool to fabricate multifunctional materials 

from dissimilar materials. This technique has been quite successful and, is currently 

widely used at the industrial scale. By extensive utilization of this technique and 

establishment of protocols for specific materials, a set of promising structures for 

biomedical applications can be implemented. This thesis addressed the use of 

electrospinning for the fabrication of biodegradable and bio-compatible polymers for 

mostly tissue-engineering and theranostics applications, although other applications such 

as catalysis and filtration were also considered. There is a vast amount of literature data 

related to functional nanofibers systems, where nanofibers are functionalised with 

chemically synthesized nano-agents. However, exhibiting many surface groups, such 

nano-agents typically affected the bio-activity and bio-compatibility of the nanofiber 

systems. In this thesis, functional nano-agents based on the use of clean, bare (ligand-free) 

nanomaterials, prepared by methods of laser ablation in liquids are considered for the 

first time. It is expected that such nano-agents can provide improved bioactivity and 

functionality of nanofiber platforms. Here, the research is aimed at the development of 

hybrid multifunctional nanofibers for biomedical applications by the combination of 

electrospinning and pulsed laser ablation.  

Chapter 1 gives a brief overview and introduction of terminology, techniques and 

materials found in thesis with respect to the existing literature. In particular, it introduces 

tools and analysis techniques as well as briefly describes their principles and properties. 

This chapter also outlines the progress in the field of electrospinning and its prospects. 

Chapter 2 focuses on the investigation of the impact of nanoparticle preparation 

techniques on physico-chemical properties of fabricated hybrid nanofibers. Both laser 

ablation and chemical synthesis were used for the synthesis of AuNPs which were 

introduced into poly(ethylene oxide) (PEO) and chitosan blends which then were 

electrospun to form nanofiber matrix. Thermal and morphological changes were assessed 

based on thermal analysis and scanning electron microscope (SEM), respectively. 

Electrospinning parameters and solution properties were optimised for the development 

of PEO/chitosan system. The research in Chapter 3 is devoted to the development of 

controlled and efficient routes for the fabrication of pure chitosan nanofibers and their 
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functionalisation with AuNPs. This chapter also described post-processing approaches to 

treat nanofibers containing chitosan for their further use in biological media. Such a 

treatment is important to condition specific properties of nanofiber matrix for further use 

in tissue engineering scaffolds. Chapter 4 presents a different paradigm of 

multifunctional hybrid nanofibers using an unusual combination of inorganic conductive 

polymers co-electrospun with organic polymer blends. Here, an elaboration of nanofibers 

via template electrospinning was demonstrated. Chapter 5 describes co-electrospinning 

of a distinctive formulation of polycaprolactone (PCL) and titanium nitride nanoparticles 

(TiN NPs) as well as analysis of properties of formed nanofibers by microscopy, 

spectroscopy, and thermal analysis. This chapter also addresses the assessment of 

biocompatibility of the nanofibers and examine tissue engineering. Finally, chapter 6 

provides conclusion on project results and highlights prospects for future developments. 
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Introduction to Hybrid Multifunctional Nanofibers, Materials and The Tools 

1.1   Introduction 
There has been a tremendous growth in technology and its influence on humans for 

last several decades. Traditional materials which have been used to fuel this growth 

initially, are no longer a viable solution for emerging technologies [1]. There has been a 

perpetual pursuit to develop unusual materials and upgrade production methods for new 

emerging technologies such as miniaturization of telephones which has resulted in 

development of more energy efficient processors. This improvement is made possible due 

to the development of advance for semi-conductor materials, micro-electronics, and 

related manufacturing techniques. Therefore, there has been a constant and ever-

increasing demand for the development of such materials with unique properties and 

combinations. Nature has persistently provided such materials with distinctive 

combinations through millions of years of evolution. For instance, one can observe such 

examples in human teeth and bones or shells of brachiopods, crabs, or lobsters. These 

types of materials are classified as hybrid materials. They are formed gradually, due to 

biological processes resulting in a mixture of organic and inorganic moieties at nano-and 

micro-scales. Presence of both inorganics and organics within these structures provide 

them unique properties and multifunctionality. For instance, properties of inorganic 

domains provide structural strength, while organic domain provides processability. Thus, 

creating various structures through depositions of inorganics solubilised within organic 

matrix is a promising way to achieve new properties. However, the process of deposition 

and formation is usually slow. Furthermore, natural evolution methods are extremely 

slow and unrecognisable at human lifespan scale. Human have also recognised through 

trial and error some hybrid materials such as paints, which are colloids, containing 

inorganic nano-pigments. Ancient civilizations used such nano-pigments extensively, in 

ancient arts and potteries [2]. However, it is only recently that human civilization 

developed methods to reproducibly manufacture such materials at industrial scale. It 

became also clear we cannot engineer these processes and make them viable, by directly 

adopting the processes found in nature. Therefore, extensive research has been devoted 

to the development of novel materials and manufacturing techniques to accelerate 

progress [3–5]. Currently, the spotlight has been on developing hybrid materials formed 

from highly ordered polymers or inorganics, initially solubilised as a colloidal solution 

and, then restructured or modelled by various tools according to desired applications. 

These types of hybrid materials, which are formed by organic matrix (polymers) and 

inorganic nanosized transition elements (nanoparticles), are also the focus of this 

research. These materials emphasise the use of unique properties emerging from micro- 

and nano-scale, which are superior to their bulk properties at those dimensions. 

1.2   Hybrid materials 
Hybrid materials have been classified based on interactions of their constituents or 

morphologies of the products (Figure 1.1). For instance, organics are actively used as 

modifiers for inorganics in organically-functionalized mesoporous silica [6], while 
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organic surfactants are used for stabilisation of inorganic colloids, consisting of 

nanoparticles, nanorods, among others [7].  

 

Figure 1.1: General types of hybrid materials. 

Several types of hybrid materials are known, in which inorganic materials in the form 

of nanoparticles obtained from minerals (hydroxyapatite), metals (AuNPs, SiNPs), 

ceramics [8] are incorporated into organic materials including artificially synthesised 

(polycaprolactone) [9] or naturally obtained (chitosan) [10]. While selecting novel 

constituents, one can obtain hybrid materials exhibiting advanced emerging properties. 

Some of the advantages of such hybrid material are as follows: 

Ability to fabricate unusual materials due to a wide selection of materials and 

processing parameters. 

Matrix loaded with inorganic functional agents provide the increase in mechanical 

strength which is important for development of scratch resistant glass [11].  

Contributing to advanced optical properties such as active or passive photochromic 

effect, electrochromic effect [12]. 

Possibility for tailor-made combinations for biomedical applications with individual 

specifications. For instance, the specificity of biomolecules in combination with plasmonic 

or superparamagnetic behaviour of inorganic part could help to realize accurate and 

efficient theranostics.  

Development of composite polymers for light-weight and durable lithium-ion energy 

storage solutions to green energy sector [13].  

These advantages put hybrid materials as promising candidate for biomedical systems. 

Hybrid materials cannot be the substitutes for materials like metals, polymers, or 

ceramics, but they present a combination of complementary properties. These materials 

are ubiquitous part of our daily life and have been constantly developed to tackle 

challenges of material science via the implementation of advance technologies.



 

 
 

1.2.1 Hybrid Multifunctional Nanofibers 
Nanofibers present one of examples of hybrid systems, which can be employed in a 

wide range of applications, from sensors to controlled drug-delivery and release. Here, 

nanofibers functionalised with inorganic moieties, widely referred to as hybrid 

nanofibers, are especially important and discussed further. Fibers in general have been 

used by humans even before the beginning of civilisation, where it was primarily used for 

diet and textiles. Fibers were defined as natural or man-made substance, where the ratio 

of length to diameter is exceedingly substantial [14,15]. Fibers have been a regular part 

of living ecosystem. They have been found to be associated with most living systems, both 

plants and animals. Hence, they are also called natural fibers. Commonly, plant fibers are 

derived from a generic polysaccharide i.e., cellulose, found in conjugation with lignin. 

Cotton, hemp, dietary fibers, fibers in wood are widely known plant natural fibers [16], 

whereas animal fibers contain various proteins such as keratin and are present in hair, 

wool, or spider silk. Therefore, it is not surprising to learn that modification of natural 

fibers for clothing, writing materials etc., represents age old human traditions [17]. 

Recently, with the advancement of chemistry and polymer sciences, manufacturing 

synthetic or man-made fibers has seen a tremendous growth. Historically, this 

advancement had played a major role during industrial revolution in many economies 

around the world. Both synthetic and natural fibers consist of one or more type of 

materials, extended along the length of the fiber. Synthetic fibers were defined as fibers 

manufactured from various synthetic or naturally occurring materials and having 

modified properties, chemical structures, morphologies. They could also be obtained from 

a mixture of materials providing complimentary properties of components to the 

resulting fibers. For instance, the state-of-the-art method based on a simple strategy 

allows fabrication nanofibers having a highly controlled structure and morphology, as 

shown in Figure 1.2.  

 

Figure 1.2: Schematics showing the preparation of electrospinning solution for the 
fabrication of hybrid nanofibers. 
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Synthetic fibers have been often classified by material in their composition such as 

steel fibers (metallic), carbon fibers, glass fibers, polymeric fibers. These fibers were key 

components in various applications such as textiles (wool, cotton, polyester), ropes 

(nylon), reinforcement (carbon fibers), sensors (optical fiber), filters(masks), insulation 

(wool, glass wool) [18]. 

Nanofibers present a particularly important class of fibers. Nanofibers are widely 

accepted as fibers with a diameter range from nanometers (50-500 nanometers) to sub-

micron (above 500 nm but less than a micron). Nanofibers are mainly fabricated via 

electrospinning. Nanofibers provide unique morphology and properties because of their 

size, delivering a new class of materials. For instance, the cavity within the electrospun 

non-woven fibers along with the diameter and non-parallel structure increases the 

efficiency of fibers against impurities in filtration. Weak forces such as Van Der Waals 

force condition main characteristics of nanofibers, which are not possible at larger 

dimensions, whereas the directionality of molecule chain within fibers provides strength 

and elastic nature for composites. The reduced dimension also affects the wettability and 

surface area activity of various constituents within the fiber matrix. There have been 

multiple studies showing that the reduction in diameter leads to an increase in 

compressive properties and strength of reinforced composites [19,20]. Electrospun 

nanofibers are often functionalised with additional domains such as inorganic 

nanoparticles, drug molecules etc. Here, particularly nanoparticles can provide unique 

complementary functionalities such as plasmonic effect, superparamagnetism etc., along 

with the structural strength, to the fibers. Nanoparticles also offer similar size dependent 

properties to the nanofibers. Having a polymer as organic matrix and nanoparticles as 

functional agents, they present two widely employed domains of multifunctional hybrid 

nanofibers. These constituents utilised in the fabrication of nanofibers will be later 

discussed.  

1.3   Hybrid nanofibers constituents 

1.3.1 Polymers  
Fibers made from polymers are especially important and present one of primary 

products of manufacturing industry. The polymers can be naturally or synthetically 

obtained, as natural or synthetic polymers have their own advantages and disadvantages. 

Polymers used for nanofibers are present in the form of polyamides, polyvinyl, polyesters, 

but can also include specifically synthesised polymers such as block polymers, conductive 

polymers etc. Polymers form the matrix of the fibers and condition their surface 

properties. Furthermore, they can also be used as functional agents by blending them in 

different polymer matrices, including conductive polymers to provide electron rich 

domains within the nanofiber mat, biodegradable polymer for wound dressing. The 

selection of polymer for fabrication of fibers is determined by a concrete application. 

Here, small number of parameters were generally considered including mechanical 

strength, thermal stability, processability, controlled degradability.  
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Several polymers have been successfully used for the fabrication of nanofibers. 

Poly(ethylene oxide) (PEO), chitosan, polystyrene, poly(ferrocenylphosphinoboranes), 

polycaprolactone are some of most popular polymers used as organic matrix for 

electrospinning of nanofibers. These polymers can attribute specific properties to 

nanofibers and can provide organic matrix for inorganic functional agents. Properties and 

characteristics of each polymer will be discussed in next sections. 

1.3.2 Polyethylene oxide  
Polyethylene oxide (PEO) or polyethylene glycol (smaller molecular weight) is a 

polyether compound which is water soluble and can also be dissolved in organic solvents 

such ethanol and toluene [21]. It is widely used in research and industrial applications, 

attributable to its availability in wide range of molecular weights and high processability. 

Due to the presence of etheric-O, it can be used to form weak interactions with dissolved 

metal ions or nanoparticles. Due to biodegradability and environment friendly option, it 

is widely be used for electrospinning [22]. Additionally, given its ability to enhance the 

nanofibrous structures’ ionic mobility, it was used as organic matrix for co-spinning 

conductive polymer, as shown in following chapter. PEO can be found with molecular 

weight as high as 400 kD, making it easily electrospinnable. These properties of PEO 

presents it as a green alternative for the fabrication of nanofibers for biomedical 

applications. Further, its ability to mobilize both cationic and anionic ions within the 

composite structure, combined with processability, superior electrode/electrolyte 

interfacial contact, was the reason of its wide use for energy storage applications [23,24]. 

Thus, PEO was an ideal candidate for electrospinning and functionalising the nanofibers 

with nanostructures like AuNPs, SiNPs. Moreover, the nanofibers made from PEO enabled 

co-electrospinning of chitosan as it will be discussed in following chapters. However, 

water-based solubility of PEO was slightly detrimental for applications where controlled 

stability is one of the primary requirements for functional materials.  

1.3.3 Chitosan  
Chitosan is a biodegradable polymer having randomly distributed deacetylated D-

glucosamine and acetylated N-acetyl-D-glucosamine, (type of saccharides). Chitosan as a 

polymer obtained from chitin, forms exoskeletons of crustaceans like crabs, shrimps, 

lobsters, and other animal groups. Therefore, putting this polymer right next to cellulose 

present in plants amongst the most abundant natural polymers. However, till recently, it 

was not utilised efficiently as a source material and tons chitosan were being disposed to 

natural degradation [25]. Nowadays, chitosan is in high demand biomedicine due to its 

biodegradability [26,27] and low environmental impact [28] as compared to synthetic 

polymers which are generally obtained from petrochemical refining. Chitosan and its 

derivatives are currently utilised for its bioactivity including anti-cancer and antioxidant 

options, and as substitute material in textiles and cosmetics [29]. Additionally, it has been 

used as a chelation agent along with polyamines [30], while its polycationic behaviour can 

offer effective attachment sites for inorganic moieties. Chitosan has been transformed 

into various structures such as hydrogels and nanoparticles [31,32]. However, the 
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processability of chitosan is very low, especially in the context of electrospinning as 

chitosan does not dissolve directly in water or organic solvents. Typically, chitosan 

requires a slight acidic solution for dissolution such as dilute acetic acid to convert -NH2 

group of chitosan into -NH3+ form. Moreover, a certain degree of acetylation can attribute 

to chitosan properties such as high crystallinity, low surface activity and swelling, 

suppressing its utilization for fabrication of nanofibers. Therefore, it often has been 

blended with other higher molecular weight polymers such as PEO, before 

electrospinning. Additionally, it requires post-processing techniques for stabilisation of -

NH3+ present in chitosan blended nanofibers, before using them in biological medium 

such as saline solutions.  Nevertheless, chitosan remains an attractive naturally occurring 

alternative for biomedical and industrial applications.  

1.3.4 Polystyrene 
Polystyrene (PS) is a known synthetic thermoplastic polymer made of styrene 

monomers. This polymer is a good candidate for electrospinning possessing excellent 

properties such as high durability, formability, good strength, low cost of manufacturing, 

hydrophobicity, and low melting point [33]. Thus, there is no surprise that PS is the most 

produced and utilized polymer for packaging, insulations, food containers [34,35]. 

Therefore, high molecular PS is ideal for electrospinning and it has been used extensively 

to fabricate superhydrophobic nanofibers [36]. Its nanocomposites and co-polymers have 

been reported for UV-shielding and electrolytic storage applications. They have also been 

utilized for synthesising and contributing to nanostructures such as nanopillars and 

nanorods. However, due to its hydrophobic nature, hydrolysis of polystyrene takes 

hundreds of years for decomposition [37]. Moreover, common techniques for processing 

of polystyrene uses hydrofluorocarbons which are known to have 1000 times stronger 

impact on global warming, as compared to carbon dioxide [38]. Therefore, there has been 

an increased focus on balancing the utilization and environment impact of PS. New 

methods have been developed and studied to decompose PS by natural processes, while 

using them as energy source for microorganisms, simultaneously [35]. These methods 

make possible the increase of rate of decomposition and relieve environment from piles 

of polystyrene depositions. Nevertheless, as an industrial polymer polystyrene remains 

an effective compound due to its properties. Moreover, by focusing on the recycling and 

developing strategies to enhance decomposition rates, the environmental impact of 

polystyrene can certainly be decreased.  

1.3.5 Poly(ferrocenylphosphinoborane) 
Poly(ferrocenylphosphinoboranes) are specially synthesised polycationic polymers, 

which can be synthesized by cross-decoupling methods [39]. These inorganic polymers 

look very appealing for catalysis [40]. The inorganic polymers employed to fabricate 

templated nanofibers, comprised of two types with a slight difference in their monomer 

structure: Fe A poly(ferrocenylmethylphosphinoborane) and Fe B poly(ferrocenyl-

phosphinoboranes). The polymers have different monomer structures due the presence 

of an additional methyl group in Fe A attached to the phosphine group. Fe moiety 



 

  

8 

 

8 

Hybrid Multifunctional Nanofibers 

containing ferrocenyl part of the  polymer has been widely utilized as a stabilizer for 

nanoparticles, and as a building block for synthesising complex hierarchical structures in 

dendrimers [41,42]. Although, the polymer can be dissolved in common organic solvents 

like chloroform or tetrahydrofuran, the molecular weight and the chain length of the 

polymer are not suitable for electrospinning. Therefore, they were blended with other 

high molecular weight polymers before electrospinning, which provided the matrix for 

the co-spinning of inorganic polymers in order to attribute additional surface properties 

to the nanofibers [43]. 

1.3.6 Polycaprolactone  
Polycaprolactone (PCL) is one of the most promising polymers which has been widely 

utilised in pharmaceutical and implantable biomaterials. It is a long chain aliphatic 

polymer synthesised by polymerization of cyclic ester, ε-caprolactone, which is known to 

be degraded in nature by the action of enzymes already present in environment, via 

hydrolysis of ester links. Since PCL can be mixed with other polymers therefore, it has 

been used frequently to improve their biodegradability [44]. PCL dissolves at room 

temperature in organic solvents such as chloroform, dichloromethane, 

dimethylformamide, toluene and is insoluble in alcohols, water. Many applications of PCL 

and its by-products were reported. For instance, PCL is a popular for electrospinning of 

nanofibers for tissue engineering, which makes possible improved bio-activity, enzyme 

immobilizations [45–47]. Consequently, PCL presented itself as an ideal polymer to be 

electrospun to fabricate biomedical implants and controlled drug delivery systems. 

However, due to nature of solvents used to dissolve PCL, it could have slight negative 

impact on its bio-compatibility. Trace solvents present within the PCL nanofibers after 

electrospinning, could further be reduced by drying the nanofibers to improve their bio-

compatibility.  However, electrospinning of PCL needs a highly exceedingly controlled 

climate to achieve required efficiency and yield.

1.3.7 Nanoparticles 
Nanoparticles (NPs) present an essential group of inorganic materials (iron, gold, 

copper, silver) having the size in sub-micron range. However, many organic and ceramic 

nanoparticles have also been synthesised such as chitosan nanoparticles, hydroxyapatite 

nanoparticles. These nanoparticles were generally used alone or as functional agents in 

combinations with organic matrices. Nanoparticles promise attractive applications in 

biotechnology, pharmaceuticals, and coatings as they exhibit wide range of properties 

based on their size and shape, as shown in Figure 1.3. Although, the term “nanoparticles” 

can be applied for particles with dimensions less than a micron, functional nanoparticles, 

typically have a narrow diameter distribution of less than 500 nm, while most 

nanoparticles exhibit a diameter median of 5-200 nm [48]. At such dimensions, many 

characteristics of NPs are due to quantum size effects. A commonly known example is 

quantum dot semiconductor nanocrystal, which have been used for producing colours in 

television. Additionally, size dependent surface plasmon effect, band gap structure and 
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surface enhanced Raman scattering (SERS) for bioimaging application have also been 

extensively researched and utilised [49,50].     

 

Figure 1.3: Change in colour of colloidal solution due to various size and shapes of NPs 
under visible light. 

There exist various pathways for fabrication of NPs such as co-precipitation, biological 

pathways, sputtering, sol-gel templates, spark discharge [51]. Here, co-precipitation and 

laser ablation are in the focus of research for last years. Here, co-precipitation technique 

has its own advantages such as easily controllable size, possibility of particle surface 

modification,  while working at low temperatures [52]. However, there are some 

disadvantages of using co-precipitation technique to synthesise NPs such as presence of 

trace impurities and low reproducibility. On the other hand, pulsed laser ablation in 

liquids can offer the solution to these problems. Compared to co-precipitation technique, 

laser ablation is a fast method and does not involve long reaction times, or multi-step 

synthesis. Moreover, it eliminates the use of toxic chemicals in the synthesis and gives 

relatively stable NPs colloids without presence of surfactants [53]. Some types of 

nanoparticles obtained by co-precipitation and laser ablation are shown in Figure 1.4. 

Non-woven nanofibers were functionalised by incorporating such NPs as functional 

agents, providing additional complimentary properties. The nanofibers developed using 

the hybrid conjugation of inorganics specially NPs and biodegradable polymers provided 

for instance, a platform for therapy and a delivery mechanism for drugs. Some advantages 

offered by functionalised hybrid nanofibers included increased reactive surface area, size-

dependent band gap in semiconductors, superparamagnetism (control mechanism in 

nanodevices, and hyperthermic treatments of cancerous cells), electron-photon transfer 

for catalytic activity, photochromatic effect, plasmon resonance [54–60]. 
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Figure 1.4: a) Gold NPs b) Titanium nitride NPs c) Silver NPs.  

1.4   Tools for fabrication of multifunctional 

nanofibers  

1.4.1 Electrospinning  
Electrospinning technique for fabrication of synthetic fibres was developed in 1900s, 

when the first patient was filed [61]. It has been known for over 100 years that 

electrostatic forces could be utilized for production of synthetic fibers. Electrostatic being 

the driving force led to the technique being termed as electrospinning. Electrospinning 

works by application of two forces namely: electrostatic repulsion and surface tension. 

The process has been described briefly as follows: when extremely high voltage is applied 

to the polymer solution being pushed through a very small capillary, surface tension of 

polymer solution emerging out of the capillary as droplet is overwhelmed by the 

repulsion forces due to the applied voltage. These repulsion forces experienced by the 

polymer droplet leads to the ejection of polymer in the form of a jet along the 

electromagnetic fields stretched between the droplet and the collector. This jet is 

deposited as non-woven fibrous structures on collector at the other end, in the form of 

nanofibers (Figure 1.5). The jet which was ejected from the end of capillary called 

spinneret, while travelling towards collector, divides further into small fibrous structures 

due to Rayleigh instabilities [62].  

The solvents used for solubilising the polymer evaporated completely or partially 

depending on the volatility of the solvent as jet travelled between spinneret and collector. 

A particular morphology characteristic of electrospinning process called Taylor’s cone 

could also be observed. It was formed due to presence of an equilibrium between 

electrostatic repulsion and the surface tension behaviour of the polymer. As the electric 

field strength increased just beyond the threshold of surface tension of a polymer 

solution, a jet started to emerge from the Taylor’s cones. This cone was described by a 

British physicist names Geoffrey Ingram Taylor hence, it was named as Taylor’s cone [63]. 
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A simple electrospinning set up consists of a flow controllable pump, a high voltage DC or 

AC source, spinneret, capillary, syringe, and a collector. Further, complicated systems 

have also been manufactured, allowing a control over temperature/humidity and provide 

attachments options for different types of collectors along with multiple spinneret set-

ups (Figure1.6).  

 

 

Figure 1.5: Fabrication of hybrid nanofibers via electrospinning on a rotating collector. 

 

Figure 1.6: Electrospinning machine used during the research. 
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There were several parameters which could generally be optimised to generate 

nanofibers with desired characteristics. Some important parameters and their effects 

have been briefly defined as follows: 

Voltage: An increase in the applied voltage led to reduction in diameter of the fibers 

initially however, beyond the threshold the diameter increased again.  

Flow rate: Increase in flow rate generally increased the diameter of the fibers.  

Concentration of polymer: It is one of the decisive material properties for 

electrospinning, which played an important role in determining electrospinnability of the 

solution and diameter of resulting nanofibers. 

Collector distance: Increasing the distance between the collector and the spinneret 

caused diameter to decrease. A low collector distance gave “wet” nanofibers in form of 

bundles and holes on the surface of fibers, particularly when a highly volatile organic 

solvent was used to solubilize the polymer.  

Ionic behaviour of polymer solution: The diameter of nanofibers decreased with 

increasing conductivity. Furthermore, nanofibers were comparatively monodispersed.  

Solvents: The volatility of solvents impacted efficiency and yield of fibers. Highly 

volatile solvents often led to blockage of capillary.  

Collector shape: The shape of collector did not influence the process of electrospinning 

itself, but the morphology and deposition of fibers.  

Therefore, electrospinning is a complex process based on organized equilibrium of 

multiple parameters like material properties, electrospinning parameters, and the 

environment. These parameters in turn affect the morphology and properties of resulting 

nanofibers. Electrospinning machines come in various shapes and size. Recently, with an 

increased focus on electrospinning and a desire to adopt the technique for industrial scale, 

various production set ups have evolved. Particularly, to resolve the issue with the yield 

of electrospinning, deep interest has generated in manipulating spinnerets. That interest 

has been translated to some highly inventive and successful spinnerets seen in Figure 1.7, 

specifically to increase the yield.  
 

 

Figure 1.7: Several examples of spinnerets being used by industrial scale set ups for increasing the yield of 
nanofibers. 
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Electrospinning as a technique for the preparation of nanofibers has led to 

development of pioneering applications such as:  

Flexibility in terms of utilisation of materials and fabrication of structure, as 

electrospinning allowed a wide range of materials with dissimilar properties to be 

fabricated as hybrid nanofibers.  

Fabrication of co-axial structures and post-processing techniques led to  fabrication of 

nanostructure from metals and polymer by using template method [64].  

Electrospinning also allowed the deposition of fibers to desired surface therefore, 

modifying the surface properties of conventional materials such as textiles. Imparting 

them properties such as hydrophobicity, conductivity [65].   

Nanofilters which utilises specificity for filtering biomolecules in biofluids and aerosol 

filters were also fabricated. Moreover, they could be used for drug-loading and act as an 

efficient drug-delivering structure [66].  

Electrospinning provided scaffolds for tissue regeneration for bones cartilages and 

skin grafts. Moreover, the nanofibers could be developed in the form of  cylindrical 

meshes, mimicking arteries and lymphatic vessels [67].  

1.4.2 Laser ablation  
Pulsed laser ablation in liquid (PLAL) has been a significant tool for the elaboration of 

ultra-clean nanoparticles (NPs) [68,69] which can offer ligand free surface. This process 

offered simple, rapid and adaptable synthesis of NPs for wide range of applications, 

including but not limited to electronics, biomedicine, energy production and storage 

[68,69]. Briefly, PLAL comprises elements of both top-down and bottom-up approaches. 

First laser radiation is used to ablate materials from a target immersed in liquid and thus 

form nanoclusters. Then, the nanoclusters interact with each other in the liquid medium 

to grow further into a colloidal NPs solution.  Figure 1.8 illustrates, basic experimental 

geometries, which offered processability and efficiency, simultaneously.  In this geometry, 

pulsed laser is focused, by adjustable mirrors on a target placed at the bottom of a beaker 

filled with liquid. Here, the target must be moved to constantly to avoid ablation from the 

same region [70] . In other geometry, the radiation is focused on a suspension of 

micro/nano particles and the suspension had to be stirred constantly therefore, offering 

different particulates [71] (Figure 1.8b). This PLAL offered the advantage of synthesising 

NPs with ultra-pure surface as compared to co-precipitation or sol gel synthesis of 

nanoparticles, which often involved utilization of surfactants or ligands. Moreover, PLAL 

eliminates the use of organic solvents, while providing a stable colloidal NPs solution.  

NPs synthesized via PLAL exhibited unique surface reactive characteristics as 

compared to chemically-synthesised NPs. [72–76]. Furthermore, these NPs do not require 

additional steps for purification and stabilisation, which is often the case with chemically-

synthesised NPs.  Although, deionised water was generally used as medium for the 

ablating the target, it could also be replaced by organic solvents, polymers, to achieve a 

desirable chemical composition. Additionally, it gave the possibility to control the shape 

of NPs for instance by using media containing oils, superfluids, etc. and offered the 

possibility of in-situ functionalisation of NPs [69]. Another advantage is that laser-ablative 
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synthesis makes possible in-situ (bio)functionalization of synthesised nanomaterials 

[69]. 
 

 

Figure 1.8: “(a) Typical PLAL setup; (b) Illustrative image of colloidal Si NPs solution 
prepared by femtosecond (fs) laser fragmentation” [54]. 

Laser ablation is a complex process which involves several phenomena such as the 

formation of shock waves, plasma plume, cavitation bubble, etc. During the process, 

temperature and pressure conditions can rise to thousands of kelvins and hundreds of 

pascals, respectively. Here, many simultaneous processes last for a very short duration (a 

few ns) and depend on laser parameters (pulses length, wavelength, fluence, etc.) [77].  

Studies of laser ablation process involved multiple experimental methods such as 

spectroscopic analysis, acoustic measurements, x-ray imaging techniques, acoustic 

measurements, CCD cameras observations. Additionally, it involved investigation via 

theoretical modelling to comprehend the complexity of mechanism taking place during 

laser ablation process [78–81]. For instance, most laser ablation operations yielded 

polydisperse (several tens to hundreds of nm) and polymodal sized populations of NPs. 

During laser ablation, the sequence of ablation mechanism occurring plasma expansion 

and explosion of cavitation bubble have been often debated. These phenomena are vital 

for relatively longer nanosecond (ns) laser ablation regime. Moreover, the addition of 

chemical products, which enabled the control of NPs’ size, often comprised the cleanliness 

of NPs. In contrast, ablation process at femtosecond (fs) ultrashort regime has been 

accepted by the larger laser ablation community as a “finer” tool. This regime restricts the 

transfer of radiation to cavitation bubble therefore, limiting the cavitation phenomena. 

Consequently, it contributes to rigorous control over NPs’ size and size dispersity. [70,77]. 

Notably, the primary colloidal NPs solutions obtained after laser ablation either from a 

solid target (Figure 1.9a) or alternatively, from a micropowder suspension [71,82,83], on 

exposure to second laser “fragmentation” step (Figure 1.8b) [83], leads to further 

fragmentation. The secondary fragmentation mechanism though not fully identified yet, 

“photothermal evaporation” and “Coulomb explosion” are considered vital contributing 

mechanisms.  Ultrashort (fs) laser ablation from micro/nano colloids has demonstrated 

itself as an efficient way to synthesise NPs with controlled size characteristics. 



 

  

15 

 

15 

Tools for fabrication of multifunctional nanofibers 

These characteristics validated PLAL as a reliable mechanism for synthesizing bare 

NPs. Furthermore, laser ablation provided control over NPs’ characteristics such as 

desired size and size dispersity simply, by varying laser parameters.  

 

Figure 1.9: “Schematic of laser ablation (a) and laser fragmentation (b) geometries” [66].
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1.5   Analysis of fabricated nanofibers  
Analysis of fabricated nanofibers is done by utilizing with various materials analysis 

techniques. Here, these techniques with their principle are discussed briefly.  

1.5.1 Scanning electron microscopy and EDX 
Scanning electron microscope (SEM) primarily analyses the effectivity of 

electrospinning and morphology of fabricated fibers. While ImageJ® is used in conjugation 

with microscopy for analysis of diameter distribution in nanofiber micrographs. 

Micrographs obtained through SEM has following objectives: 

Primarily, it helps to identify effective parameters for electrospinning to obtain 

desirable nanofibers from a specific polymer solution and distinguish it from simple 

electrospraying. Second, the micrographs obtained through SEM analyse the obtained 

morphology and dimensions of fabricated nanofibers.  

Briefly, SEM works by scanning the samples horizontally with a high-energy focussed 

electron beam. Interaction of samples with the electron beam results in production of 

backscattered (primary) electrons, secondary electrons, and characteristics X-ray. 

Various detectors in the system identify, convert, and transmit the data for visualization. 

The electron beam is produced by a tungsten filament and mounted on the top of the 

instrument. These electrons are focussed and energised, by subsequent magnets and coils 

to an area of .50 to 6 nm, varying with the configuration of the device. The resolution of 

the system depends primarily on the energy of the electron beam, and the working 

distance from the samples. Depending on the samples, special preparation methods are 

required as the sample holding chamber operating at very high vacuum, which limits 

direct observation of liquid or organic samples. Further, the samples are ionized 

therefore, it is necessary for the samples to be conductive to prevent ablation of materials, 

damaging the instrument in process. Specifically, organic/nanofiber samples are 

sputtered with metals such a gold, chromium, or carbon thereby, conducting the current 

through the samples to the holder [84].  

A secondary analytical tool known as energy dispersive x-ray spectrometer or EDX is 

often associated with the SEM. This device contains a detector for x-ray emissions from 

the samples in SEM. It characterises the elemental composition of samples by analysing 

the specific x-ray signatures. Briefly, as the samples are struck by high energy electron 

beam, some of that energy knocked peripheral shells electrons into higher energy orbits 

leaving behind a vacancy. However, this state is only maintained for very short duration 

of 10-15 s, and a higher energy electron transitions to lower orbit emitting characteristic 

x-ray photons. Therefore, it reveals elemental composition of samples by recognising the 

x-ray energy and translating it to corresponding energy levels [85]. Elemental map 

provided by EDX shows the distribution of inorganic particles, especially when present 

closer to the surface of nanofibers.  
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1.5.2 Thermogravimetric analysis 
Thermogravimetry or thermogravimetric analysis (TGA) is a technique used to assess 

the thermal degradation behaviour of materials. In this technique, the samples are 

subjected to a controlled temperature increase program, beyond their degradation 

temperature limit. The device measures a change in mass of the samples as a function of 

temperature. The mass loss attributes to the presence of volatile substance within the 

samples. This approach is usually complemented by another thermal analysis technique 

called differential scanning calorimetry. TGA results are obtained as change of mass (m) 

against rising temperature (T). The results can also be presented in the form of derivative 

dm/dt, to give rate of mass loss, plotted against time or temperature. In a multicomponent 

sample, the loss of mass generally is obtained as two-step process within the graph [86]. 

The rate of heating the sample influences the rate of decomposition. For instance, at 

higher rate the temperature program can have disequilibrium with reactions taking place 

within the samples. This disbalance causes the reactions to be recorded at higher 

temperature than they might occur.    

The device had inert atmosphere delivered by nitrogen inlet therefore, preventing 

combustion of the samples. The samples were kept in a ceramic crucible placed on a highly 

sensitive balance.  

1.5.3 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) analysis various phase changes occurring 

within a sample as a function of temperature. Differential scanning calorimetry (DSC) 

maps phase changes which do not contribute to mass loss in samples. The data was 

obtained by subjecting the samples to multiple heating and cooling cycles along an empty 

reference. Samples are enclosed in covered aluminium pans kept in different oven 

chambers. The results give difference between the thermal energy required to raise 

equivalent temperature of sample and reference pans. This difference in energy is plotted 

against time or temperature. Thus, it can identify the phase changes in the samples which 

could be either, endothermic or exothermic [87]. Like TGA, the rate of heating has major 

influence on the analysis which results in phase changes occurring at unexpected 

temperatures. The use of DSC impacts significantly, the study of thermal behaviour of 

polymeric materials such as identifying degree of crystallinity, phase transition 

temperatures and, curing or polymerisation processes.   

The DSC machine is supplemented with a cooler giving superior control over, heating 

and cooling cycles. Moreover, it makes possible a temperature program with wider 

temperature range. The heating chamber flushes with nitrogen gas throughout the 

program. The samples in aluminium pans are covered and crimped at the edges to 

creating a closed system. Similar but empty pan is used for reference. The temperature of 

the program is set just below the degradation initiation temperature, obtained through 

TGA. It is an important step for studying the behaviour of nanofibers which are 

functionalised with inorganic particles, which are employed as possible agents to 

dissipate heat throughout hybrid nanofibers effectively.  
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1.5.4 UV-Vis Spectroscopy 
Ultraviolet-visible absorption (UV-Vis) spectroscopy is employed for the analysis of 

NPs. Spectroscopic analysis results are highly dependent on shape and size of NPs. It is a 

simple and yet effective method to quickly identify basic properties of NPs such as size 

range. Furthermore, it is used to determine the concentration and interaction of a specific 

species of NPs with its environment. On exposure to wavelengths of light between 

ultraviolet and visible, the samples give specific identifiable absorption or transmission 

spectra, based on the constituents, configurations, or state of agglomeration.  For instance, 

AuNPs exhibits higher wavelength absorption peak when agglomerated and a sharp peak 

at lower wavelength around 500 nm when dispersed.  

The spectral UV-Vis spectroscopy covers a very narrow spectral region. Its significance 

originates from the fact that the interaction of electromagnetic radiation and materials 

produces colours which are a part of visible spectrum. The UV-Vis spectrometer contains 

a light source both for visible and UV light, which is passed through a prism or diffraction 

grating monochromator. This light then passes through the sample which absorbs 

different wavelength of light depending on its constituents. The transmitted light is then 

analysed by the detector, and presented as graph with absorbance as function of 

wavelength [88]. Visible spectrum is generated in the device using tungsten halogen 

lamps (330-900 nm) while, ultraviolet radiation (160-375nm) is emitted from deuterium 

gas in deuterium lamps. However, depending on the manufacturer xenon lamps might 

also be used, producing radiation in complete UV-Vis range [89]. 

1.5.5 Fourier transform infrared spectroscopy 
Fourier transform infrared (FTIR) data analysis is used to analyse the changes in 

chemical structure, and interaction between functional agents and organic matrix in 

nanofibers. FTIR is an effective tool for chemists, biologist, and material scientists, as it 

provides a simpler way to analyse, the presence or absence of certain functional groups 

in any material, by measuring absorption/transmission of light in near- to far-infrared 

region of electromagnetic spectrum.  In contrast to UV-Vis spectrometer, it uses very 

broad spectral range. The resultant absorption wavenumber denotes the stretching and 

bending of bonds present in the material [90]. With the help of various attachments 

available with FTIR instrument, it is possible to analyse solids and liquids. While resulting 

graphs present absorption energies as function of wavenumber (cm-1).  Absorption 

spectra generated by the FTIR has been sub-divided usually into two regions, the 

functional group, and the fingerprint region. Functional group provides a quick and 

reliable information about the bending absorption of major functional groups with 

double, triple, or X-H bonds.  While the fingerprint region is harder to read with multiple 

peaks superimposed, representing stretching, and bending of single bonds. Furthermore, 

it has unique pattern of peaks for every compound analogous to human fingerprint. The 

processing of data by the computer is done by algorithm based on Fourier transform 

hence, known as FTIR. Silicon carbide element provides the source of light transmitted at 

mid IR range of 4000-500 cm-1 to the sample [91]. 
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Summarily, nanotechnology as described by its name is the resultant technology from 

the properties imparted by materials or structures, where at least of one of the dimension 

is less than or equal to 100 nm, has been utilized for designing, characterizing, production 

or application [92–94]. Nanofibers are one such example of structures or class of 

materials, encompassing unique characteristics and possessing average diameter of 

around 500 nm, while hybrid nanofibers possessed additional functional groups with 

certain size and shape derived properties, usually derived from transition element in the 

periodic table. Nanofibers have provided a multifaceted approach to biomedical 

technologies. They are especially advantageous for applications utilizing 2D non-woven 

mats or scaffolds. Nanofibers are further distinguished due to the ability of nanofibers to 

mimic extracellular matrix (ECM) both in terms of structure and size, providing an 

enormous potential to be utilised in regenerative medicine and tissue culture applications 

(Figure 1.10).  

 

Figure 1.10 False colour images to compare the ECM to obtained nanofibers morphology. 
Visually identical looking (a) false colour image of ECM connective tissue courtesy © Science 

Photo Library Limited 2020 and (b) coloured SEM micrograph.  

Historically, nanofibers have been fabricated via plethora of techniques such as 

template synthesis, drawing, self-assembly [95–104]. However, it is the electrospinning 

which provided the ability to manipulate and control the dimensions, morphology and 

possessed the processability, making it an attractive and suitable option for industrial 

scale operations. As described earlier, electrospinning operates by employing a very high 

voltage for ejecting polymer solution through fine capillary towards a collector, giving 

polymer nanofibers in the process. The idea is very simple, the actual implementation 

varies greatly in complexity and scale, while still providing reproducibility to the process. 

It was this viability of electrospinning which has attracted a huge attention from 

industries and academics [105–110]. Though electrospinning was first patented in 1934, 
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it was designed initially as an apparatus for complementing the existing technology of 

thread production in textile industry [111]. Until recently, it was not considered as a 

serious tool to be implemented for offering solutions for disciplines as diverse as 

biomedicine and filtration. The data from Web of Science database of the articles, with 

electrospinning as keyword, reveals a well-defined picture showing a major increment in 

electrospinning research (Figure 1.11).  

 

Figure 1.11 Accelerated growth in research devoted to electrospinning and nanofibers, 
across two decades. Web of science database was used to extract the data on various 

journals. 

However, despite an increasing attention, the technique is still being modified, 

designed, and perfected to suit ever-emerging technologies. The control aspect of 

electrospinning has become increasingly important as it significantly influences, the 

properties and morphology of fabricated nanofibers. Electrospinning gives an option to 

control minutely parameters governing the process. Some of these parameters include 

applied voltage, flow rate of polymer solution through the capillary, distance between the 

collector and the spinneret, polymer concentration in an electrospinning solution, 

polymer properties, solvent properties, collector geometry, environmental conditions 

such as temperature and humidity, conductivity of the electrospinning solution itself and 

presence of additives in solution. Careful manipulation is required throughout the 

electrospinning process which in turn determines the rate of deposition, morphology, and 

alignment of fibers. There have been many studies which correlated the above-mentioned 

parameters to the properties of obtained nanofibers [112–116]. However, a gap still exists 

for establishing standardised parameter with state-of-the-art combination of materials, 

which have not been considered yet for supporting emerging technologies, and efficient 

solutions for existing technologies. 
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As stated earlier, there has been an increase in studies focussed on development of 

hybrid nanofibers. Most hybrid nanofibers are supplemented with additives and 

functional agents synthesised by wet-chemistry methods. These functional agents affect 

properties of nanofibers such as diameter, surface activity, degradation rate, and toxicity. 

However, by employing techniques such as laser ablation for synthesising functional 

agents like nanoparticles, toxicity arising from surface agents and ligands can be 

minimised. Therefore, requiring every concentration to be monitored and standardised, 

for in situ and in vivo biological models. Furthermore, designed materials must be 

characterized by exploring morphology and structure, with respect to their desired 

applications. For instance, every nanofibers system interacts differently, depending on 

the biological mediums for tissue regeneration or regenerative medicines. Therefore, 

identifying those interactions forehand and standardising becomes inherent for choosing 

correct materials for production. An urgency to create such platforms and establish 

protocols for fabrication has been evident from pace this field has acquired recently 

especially, given the antiquity of this technology [117].  

Therefore, implementing unusual materials which showed promising properties was 

the objective of this research. To accomplish multiple hybrid nanofibers, systems were 

fabricated reflecting on the advantages of electrospinning, as a tool for fabrication of 

biomaterials and nanofibers. Moreover, several systems were designed containing state-

of-the-art combination of materials. These materials were further tested for biological 

toxicity and compatibility. Secondary functional agents, namely inorganic nanoparticles, 

were also included for providing multifunctionality to fabricated nanofibers. Inorganic 

nanoparticles used to functionalise nanofibers studied intensively here, comes from a 

huge category of functional agents such as drug molecules, dendrimers, or other 

biomolecules. However, such inorganic nanoparticles were synthesised mostly via wet-

chemical pathways, which had its own pros and cons. We adopted laser ablation as a 

method for preparation of ultra-pure bare nanoparticles and used those species of 

nanoparticles to decorate the nanofibers matrix, to profit from their ultra-pure surface 

and thus minimises toxicity, especially in biological medium. Such an approach could 

provide unusual combinations of materials with wide range of properties, while offering 

potential for scaling up for industrial use. Further, the exact process of implementing and 

electrospinning of laser ablated nanoparticles with polymer to produce various nanofiber 

system will discussed thoroughly. In next chapters, each system will be presented 

individually, describing the challenges and characteristics respective to the desired 

applications.  
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2.1   Introduction 
In the framework of this chapter poly(ethylene oxide), based chitosan nanofibers 

functionalised with gold nanoparticles (AuNPs) were fabricated by electrospinning 

techniques. Here, the role of preparation techniques on physio-chemical properties 

nanoparticle functionalised nanofibers were investigated. AuNPs were prepared by laser 

ablation and chemical synthesis and then introduced into the poly(ethylene oxide) (PEO) 

and chitosan blend for co-electrospinning process. Wet-chemistry synthesis of 

nanoparticles was done at Rhine-Waal University of Applied Sciences, Germany, while 

ablated nanoparticles were fabricated in LP3, Aix Marseille University, France. Thermal 

and morphological changes highlighted in section 2.4, were the main parameters to 

analyse the difference in properties of nanoparticles functionalised as compared to 

unmodified ones. This work has been adopted from results published in LoP-7. 

2.2   Context 
Chitosan is one polymer which has been used extensively to develop new biomaterials, 

especially for biomedical applications [118–120]. There are various reasons for its 

widespread utilization including its ability to dissolve in water due to -NH2 protonation 

in acidic conditions, eliminating any possible toxicity of solvents. Additionally, 

biodegradability of chitosan opens avenues for the development of novel biomaterials. 

Moreover, possessing anti-microbial properties and antifungal properties favours its use 

for electrospinning nanofibers [121]. However, these promising properties are 

compromised by poor processability of chitosan [122,123] as it is often difficult to 

characterize and solubilize it in order to form electrospinnable solution. Due to this 

reason chitosan is blended with other polymers to obtain nanofibers. Polyethylene oxide 

(PEO) provides an optimum platform for the co-spinning of chitosan. In this work, AuNPs 

were used as functional agents. Such nanoparticles were synthesized by Turkevich’s 

method [124] and pulsed laser ablation in liquid [125]. These nanoparticles have 

theranostics properties mainly due to plasmonic resonance, in addition they promise 

improvement of properties of polymer nanofibers, promote proteins adsorption, and cell 

adhesion [126]. Combining these properties and comparing the effect of preparation of 

nanoparticles on the characteristics of functionalised nanofibers, one can have an insight 

on the development of promising systems. Here, the multifunctionality of the system 

increases its potential to be used in a wide range of applications such as contrasting agent, 

tissue-regeneration platform, or drug attachment modality. Majority of currently used 

nanoparticles are obtained by conventional chemical methods using hazardous raw 

materials such as nitrate salts or citrate ligands, which can provide additional attachment 

sites for drug and ligands. However, it has disadvantage of provoking nanoparticle surface 

contamination (e.g., residual anions) and leading to residual toxicity of final products 

[127]. Alternatively, laser ablation provides a “green” alternative to chemical synthesis as 

it avoids the use of toxic by-products [128]. 
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2.3   Materials and methods 

2.3.1 Materials 
Poly (ethylene oxide) was used for electrospinning which acted as template for co-

spinning of Chitosan and matrix for gold nanoparticles. PEO was obtained from Sigma 

Aldrich having a medium molecular weight of 300,000 g mol-1. Chitosan was also obtained 

from Sigma Aldrich with a medium molecular weight. The bare gold nanoparticles used 

were obtained by laser ablation prepared in LP3 lab, Aix-Marseille University, France 

[70,83,125]. Turkevich’s method was used to prepare chemically synthesized gold 

nanoparticles with citrate attached.  Hydrogen tetrachloroaurate (III) [HAuCl4·3H2O] 

used as gold precursor for Turkevich’s method along with trisodium citrate dihydrate 

[HOC(COONa) (CH2COONa)2·2H2O] used as reducing agent were obtained from Sigma 

Aldrich. Acetic acid 99-100% was obtained from SCS GmbH.  

2.3.2 Chemical synthesis of AuNPs  
The gold nanoparticles used in this study were prepared using two methods namely, 

laser ablation and chemical reduction of gold precursor using trisodium citrate dihydrate 

(Turkevich’s method). Turkevich’s method is a simple two-step process which allowed 

formation of 10-20 nm sized, monodisperse gold nanoparticles. Trisodium citrate acted 

as both reducing and capping agent. Citrate ions have high affinity for new nuclei thereby, 

attaching to them, and reducing overall surface energy. Thus, prevented attachment to 

other nuclei, resulting in control over the size of nanoparticles. The resulting nanoparticle 

solution was centrifuged to remove excess citrate, and the volume of solution was reduced 

5 folds from 100 to 20 ml, which was then used directly to dissolve PEO. The nanoparticles 

were also analysed under visible spectra to observe their characteristic absorption peak.  

2.3.3 Laser ablated AuNPs 
AuNPs obtained from LP3, were prepared using femtosecond (fs) radiation from a 

Yb:KGW laser (Amplitude Systems, 1025 nm, 480 fs, 1 kHz), under ambient conditions. 

With the help of a 75 mm lens, radiation was focused on the surface of target (1 cm*1 cm), 

the target was moved continually at the speed of 0.5 mm s-1. Concentration of AuNPs could 

be determined by the weight loss of the target during the ablation process.  

2.3.4 Preparation of electrospinning solutions 
The solution for electrospinning was prepared by mixing PEO powder in 10 ml dist. 

water, keeping the total concentration of polymer 8% (w/v) compensating for addition of 

2 ml AuNPs solution. Chitosan solution was prepared by dissolving 3% (w/v) of the 

polymer in acetic acid solution, 10% (v/v). The solutions were prepared at room 

temperature under magnetic stirring for 48 hours. Chitosan and PEO polymer solutions 

were mixed under constant stirring with a ratio of 1:3, respectively. 2ml of concentrated 

laser ablated bare AuNPs were added to the solution under sonication to ensure 
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homogenous distribution and remove air bubbles from the electrospinning solution. 

While using the AuNPs synthesized by chemical method, PEO polymer was dissolved in 

the nanoparticles solution itself and chitosan solution was added with similar 3:1 ratio, 

respectively.  The solutions were quite stable, showed no signs of precipitation or 

coagulation until a week. 

2.3.5 Electrospinning 
 Climate controlled electrospinning machine from IME technologies was used to 

preform electrospinning. 3 ml syringes with Leur-lock were filled with electrospinning 

solution and placed on controlled pump to achieve a flow rate of 0.3 ml hr-1. Rotating 

cylindrical collector with variable rotation speed was used; wrapped with aluminium foil 

and connected to negative potential. The set-up used for electrospinning included rotating 

target collector with variable rotation speeds. The syringe was then fitted with PTFE tube 

and 0.8 mm blunt needle which was attached to spinneret. Spinneret provided interaction 

with high voltage to the needle applied through device. Set-up was initiated with 14 kV at 

the positive end and -1 kV at collector end. These parameters were standardized and 

optimised based on literature [76]. The flow rate was kept at 0.3 ml hr-1., humidity and 

temperature were kept at 25% and 28°C, respectively. The distance between needle tip 

and collector was kept constant at 15 cm. The electrospinning set up ran till the total 

volume of solution in syringe was consumed. Fibers were peeled off the aluminium foil 

and stored in petri dishes for analysis. For SEM analysis, simply pieces of aluminium were 

cut from different parts of fiber mat and used for analysis. 

2.3.6 Characterization analysis of Nanofibers and 

Nanoparticles 
JSM-IT100 InTouchScope™ Scanning Electron Microscope from Joel was the primary 

device used for analysing and verifying the samples after electrospinning. The samples 

were deposited on aluminium thin sheets were around 1*1 cm. Other than confirming 

formation of fibers by SEM using ImageJ®, diameter of nanofibers was also analysed.  

For thermal analysis, TGA device from Perkin Elmer were used to measure change of 

mass over the time with increasing temperature, and difference in heat required to 

increase the temperature of sample and reference, respectively. Therefore, providing data 

about the thermal stability of materials before and after electrospinning with 

nanoparticles. 

Chemically synthesized nanoparticles were characterized using the visible 

spectroscopy to determine the absorbance peak and variation as the particles grow, and 

after each dilution. PerkinElmer lambda 25 UV-Vis spectrometer was used to determine 

the absorption wavelength with variation of time and various rates of dilution as 

represented in Table 2.2.  
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2.4   Results and discussions 
Electrospinning of solution comprising of Chitosan (PEO)/ NPs were prepared with 

high percentage of Chitosan and Gold nanoparticles. AuNPs prepared by different 

techniques were characterized to assess their interaction within nanofibers and the 

impact on nanofibers’ properties. Non-woven nanofibers were collected on rotating 

collector wrapped with aluminium foil and connected as counter electrode with negative 

potential.  Chitosan was electrospun at high ratio blending of 1:3 with PEO. Chitosan was 

best dissolved with 10% (v/v) acetic acid and the formed homogenous colloid when 

added to PEO and AuNPs. The fibers could be peeled off from aluminium foil and were 

slightly charged from the electrospinning process. 

2.4.1 Morphology and diameter of nanofibers 
When observed under scanning electron microscope, the fibers were homogenous and 

without beads. They were present with no fiber alignment in the form of non-woven mat 

(Figure 2.2). The diameter of the fibers was analysed with the help of ImageJ®. There was 

not much difference between diameter of nanofibers having laser-ablation synthesized 

bare AuNPs, or chemically-synthesized AuNPs with citrate as capping agent (Figure 2.1). 

The diameter of fibers was average of 393 nm for nanofibers with bare laser AuNPs and 

400 nm for chemically synthesized AuNPs (Table 2.1). 

Sample name 
Mean 

(nm) 

Standard 

Deviation (nm) 

Min. 

Diameter (nm) 

Max. 

Diameter (nm) 

Fibers with 

Laser AuNPs 
393.94 223.02 30.30 757.58 

Fibers with 

Cit-AUNPs 
400 228.04 20 780 

Table 2.1: Physical characteristics of chitosan nanofibers functionalized with AuNPs. 
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Figure 2.1: Distribution of nanofiber functionalized with bare laser and chemically 
synthesized AuNPs. 

 

Figure 2.2: Micrographs of Chitosan nanofibers functionalized with a) bare laser AuNPs 
and b) chemically synthesized AuNPs. 

2.4.2 Thermal Analysis 
Thermal characterization was done to analyse influence of functionalization on 

thermal stability and degradation curve. When heated to a temperature higher than the 

melting point of the polymer the nanofibers functionalized with AuNPs showed higher 

degradation initiation point for both types of nanoparticles. On comparing the 

functionalized nanofibers with reference using thermogram in Figure 2.3, the initiation 

temperature for reference containing chitosan (PEO), is around 350°C with maximum 

rate of degradation at 421.54°C. While the initiation peak for functionalized nanofibers is 

shifted up to 20°C further, and maximum degradation temperature is at 422.3°C, 425.76°C 

for nanofibers functionalized with bare laser synthesized and chemically synthesized 

AuNPs, respectively (Figure 2.3).  
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Figure 2.3: Thermogram of Chitosan nanofibers and Nanofibers functionalized with 
AuNPs. 

 

Figure 2.4: Absorption spectrum of chemically synthesized nanoparticles. 
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2.4.3 Spectroscopic study of chemically synthesized 

nanoparticles 
 Nanoparticles synthesized using Turkevich’s method were analysed using visible 

spectroscopy to detect their standard absorbance peak confirming their plasmonic 

behaviour. Table 2.2 identifies various variables maintained for each sample such as 

dilution, reduction time and washing with distilled H2O. As shown in Figure 2.4, the 

undiluted sample demonstrates maximal absorbance, while the washed sample diluted 

100x had higher absorbance compared to other dilutions before washing process. This 

could be attributed to absence of non-coordinated citrate ions which might have 

interfered with the absorbance before washing. However, the absorption wavelength for 

the samples does not show much variation and they lie between 522 to 524 nm (Figure 

2.4). 

 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Table 2.2: Absorption spectrum of chemically synthesized AuNPs with variation of time.  

2.5   Conclusions 
Optimised parameters for electrospinning chitosan (PEO) nanofibers functionalised by 

AuNPs were established. Here functionalisation of nanofibers was done using laser 

ablated and chemically synthesised nanofibers resulted in variations in their physio-

chemical properties. Functionalised nanofibers were uniform and showed a similar 

average diameter distribution for laser and chemically-synthesised AuNPs. 

Electrospinning with AuNPs led to increase in degradation temperature in TGA analysis. 

The effect was prominent on functionalising with chemically synthesised NPs. 

The results showed no major difference in physico-chemical properties of nanofibers 

functionalised either by bare laser-ablated or chemically synthesised nanoparticles. 

However, bare laser AuNPs had the advantage possessing a ligand free surface which is 

expected to have positive affect on interaction with biological systems. 

Colloidal solution before the washing process 

UV-Vis Absorption 

5d No dilution Medium peak at 522 nm 

5min 5x diluted Medium peak at 523.5 nm 

5min 10x diluted Medium peak at 524 nm 

5min 50x diluted Medium peak at 524 nm 

Colloidal solution after the washing process 

UV-Vis Absorption 

5min 100x diluted Medium peak at 522 nm 
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Electrospinning and post-processing to obtain stable chitosan-AuNPs nanofibers 

3.1   Introduction 
This chapter continues the investigation started in the previous chapter and addressed 

the elaboration of controllable route to fabricate chitosan (PEO) nanofibers functionalised 

with bare laser ablated AuNPs. The chapter has two main objectives. The first objective is 

related to template fabrication of hybrid multifunctional nanofibers from highly 

unprocessable chitosan, and their functionalisation with AuNPs (section 3.3.3 and 3.3.4).  

The second objective was related to the processing of functionalised nanofibers to 

prevent their dissolution in aqueous medium by neutralising -NH3+ (section 3.3.7). Results 

presented in this chapter are published in LoP-4. 

3.2  Context 
The elaboration of artificial scaffold platforms, capable of replacing and/or repairing 

failing tissues or full organs, is still challenging for the scientific community [129–132]. 

Most efforts are devoted to the fabrication of nanostructured scaffolds, which could mimic 

mesoporous morphologies of a real extracellular matrix (ECM) and offer additional 

therapy and diagnostics (theranostics) modalities [76,133,134]. In contrast to 

conventional techniques such as solvent casting and particle leaching, electrospinning is 

now extensively explored to elaborate structured biocompatible and biodegradable 

nanofibrous scaffolds. Such a technique can offer a series of advantages over traditional 

methods: 

Possibility of working with a variety of materials, including synthetic and natural 

polymers and their composites  

Capability of generating micro- to nano-scale nanofibers having sophisticated special 

3D designs [135].  

Electrospun nanofibers have been employed as matrices for the encapsulation of 

drugs, as well as the incorporation of biological materials (e.g., proteins, DNA, etc.) and as 

nanofunctional elements in multiple studies [54,136–139].  

Chitosan has been exploited extensively among naturally derived biopolymers. This 

polymer is widely used to develop innovative electrospun nanofibrous matrices for a 

variety of biomedical applications, including anti-microbial, antifungal, wound healing, 

drug, and gene delivery [140–144]. Chitosan is characterized by a good biocompatibility 

and biodegradability, while the presence of -NH2 groups on a chitosan nanofiber surface 

makes it suitable for the immobilization of enzymes and negatively-charged proteins. 

Moreover, a highly reactive chitosan surface can offer additional opportunities for its 

functionalization with nano-engineered particles to improve physicochemical 

characteristics (e.g., electrical and mechanical properties) and enable biological (e.g., 

antibacterial) or other theranostic functionalities [76,145]. However, the spinnability of 

chitosan polymer is relatively poor due to the presence of hydrogen bonds between 

polysaccharide chains, leading to its high crystallinity and a weak solubility in most 

solvents. Therefore, acid solutions, such as acetic acid, trifluoroacetic acid (TFA), and ionic 

liquids are typically employed to facilitate the dissolution of chitosan. Moreover, due to a 



 

  

34 

 

34 

Electrospinning and post-processing to obtain stable chitosan-AuNPs nanofibers 

relative shortness of the chitosan chain, a polymer-stretching effect during 

electrospinning process is ineffective, which results in the formation of discontinued jets. 

To ensure the jet continuity and uniformity, chitosan has been electrospun often together 

with poly(ethylene oxide) (PEO) polymer [146–148]. Here, low molecular weight 

chitosan (102 kDa) was a preferable solution to ensure its complete dissolution, which 

required a high concentration of PEO to enable co-electrospinning of polymers, resulting 

in a low concentration of chitosan in the matrix. On the other hand, the use of chitosan 

having very high molecular weight (>310 kDa) resulted in the formation of gel structures 

not suitable for electrospinning [149]. The employment of chitosan having reasonably 

high molecular weight (~200 kDa) looked a good compromise, but such a choice required 

the elaboration and optimization of electrospinning procedure [150]. Various 

chitosan/PEO formulations have been implemented successfully to develop homogenous 

electrospun nanofibers with different characteristics [144,149–152].  

Fabrication of chitosan/PEO nanofibers containing a relatively high molecular weight 

chitosan (200 kDa) and decoration with laser-synthesized Si and Au nanoparticles (SiNPs 

and AuNPs) as functional additives has already been demonstrated [76,145]. This 

procedure was based on the co-spinning of chitosan/PEO formulations (1% (w/v) of 

chitosan, ratio 1:4), together with nanoparticles prepared by methods of laser ablation, 

commonly described in literature [70,71,75,83,153–158]. The uniqueness of laser-

synthesized nanoparticles was provided by their bare (ligand-free) and uncontaminated 

surface, which offered a series of advantages for applications, including cancer diagnoses 

and therapies under external stimuli [75,155–157], biofuel cells [71], and Surface 

Enhanced Raman Spectrometry (SERS) [158], etc. Some studies [76,145] have 

established, the incorporation of functional additives, such as Au and Si nanoparticles, 

into the chitosan/PEO matrix can provide a series of advantages, including:  

A decrease of fiber size, which promises the improvement of its surface reactivity.  

An improvement of thermal stability at a high temperature 

The possibility for enabling additional theranostic modalities based on unique 

properties of laser-synthesized nanomaterials [76].  

However, the total concentration of chitosan in the structure of nanofibrous usually 

has been relatively low compared to the co-spinning agent (ratio 1:4), which reduced the 

efficiency of the chitosan matrix and could lead to an unacceptably high rate of dissolution 

of chitosan/PEO nanofibers in an aqueous environment due to the presence of NH3+ 

[56,149,159]. 

In this chapter, a further advancement of the electrospinning procedure to improve the 

properties of the formed AuNPs-decorated hybrid chitosan/PEO nanofibers is reported. 

Here, an increasing concentration of 200 kDa chitosan up to 3% (w/v) using 10% (v/v) 

acetic acid with a chitosan/PEO ratio of 1:3 was electrospun, which rendered possible the 

solution of the dissolubility problem. However, it resulted in protonated NH3+ on 

nanofibers consequentially, the nanofibers were highly soluble in aqueous media. To 

solve this problem a neutralisation protocol based on washing nanofibers in the 

alkaline/alcoholic solution of 5 M NaOH or 1 M K2CO3 is also described and compared, to 

ensure the structural stability of nanofiber membranes in biological media. Resulting 
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formulation of chitosan/PEO functionalized with bare laser-synthesized AuNPs, 

delivering a promising platform for tissue engineering applications.

3.3   Materials and Methods 

3.3.1 Materials 
A medium molecular weight chitosan (200 kDa) and a PEO powder with the molecular 

weight of 300 kDa were purchased from Sigma-Aldrich (Darmstadt, Germany). A target 

(1 cm × 1 cm) of high purity Au (99.999%) was purchased from GoodFellow (Cambridge, 

United Kingdom) to fabricate bare AuNPs. Chitosan was solubilized using acetic acid (99–

100%) purchased from SCS GmbH (Sigmarszell, Germany). For the neutralization stage, 

methanol (99.9%), ethanol (99.5%), and K2CO3 were purchased from Carl Roth 

(Karlsruhe, Germany), while NaOH was purchased from VWR International GmbH 

(Langenfeld, Germany). 

3.3.2 Laser-Ablative Synthesis of Bare AuNPs 
Bare laser-synthesized AuNPs were prepared in LP3, using methods of femtosecond 

ablation and fragmentation in deionized water [70,71,75,83]. Briefly, a gold target 

(99.99%, GoodFellow, Cambridge, United Kingdom) was placed at the bottom of the glass 

vessel filled with deionized water (18.2 MΩ cm). A 2.3 mm diameter beam from a Yb:KGW 

laser (Amplitude Systems, 1025 nm, 480 fs, 1 kHz) was focused with a 75 mm lens on the 

surface of a target. The target was moved constantly in the focusing plane with a speed of 

0.5 mm/s, while keeping the same thickness of the liquid (1 cm) above the target. The 

concentration of AuNPs was determined by the calculation of the weight loss of the target 

during the ablation process. 

3.3.3 Preparation of Electrospinning Solutions 
A total of 2 mL of medium molecular weight chitosan was dissolved at a concentration 

of 3% (w/v) using 10% (v/v) acetic acid. In a separate cuvette, we prepared 4 mL of PEO 

with a concentration of 8% (w/v). The solutions were then mixed in the ratio of 1:3, 

respectively. A concentrated AuNPs solution was added to the polymer solution and ultra-

sonicated for 2 h, which ensured the removal of bubbles and a homogenous dispersion of 

nanoparticles. Concentration of bare laser ablated AuNPs was measured to be 0.15 g L−1. 

The nanoparticle solution was concentrated before the addition to the electrospinning 

solution by holding it at 30°C in an oven for several hours. Such a procedure led to 3-fold 

decrease in the volume. A total of 2 mL of the concentrated solution 0.45 g L−1 was used 

to functionalize the electrospinning polymer solutions. This sample was denoted as Ch-

AuNPs. A second sample of nanofibers without AuNPs (Ch-0) was prepared as a reference 

for comparative studies. In this case, 2 mL of AuNP solutions were replaced by 2 mL of 

PEO. The procedure was carried out in such a way that the final concentration of the 

polymer was the same as in the main sample (1:3 final ratio by volume). All steps of the 

preparation protocol are presented in Table 3.1. 
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Main Sample Ch-AuNPs Reference Sample Ch-0 

3% (w/v) chitosan in 10% (v/v) acetic acid 3% (w/v) chitosan in 10% 

(v/v) acetic acid 

8% (w/v) PEO in 2 mL conc. AuNPs in deionized 

water + 2mL deionized water 

8% (w/v) PEO in 4 mL 

deionized water 

1:3 final ratio by volume 1:3 final ratio by volume. 

Table 3.1: Description of preparation steps for main and reference samples. 

3.3.4 Electrospinning Hybrid Multifunctional Nanofibers 
The fabrication of nanofibers was done using specialized equipment purchased from 

IME medical electrospinning technologies. A climate-controlled setup was employed to 

ensure constant environmental conditions and fixed parameters during the process. An 

electrospinning setup contained a rotating cylinder set at 2300 rpm. Electrospinning 

solutions were transferred into a 5 mL syringe, which was connected to a programmable 

pump providing the constant feed rate of 0.3 mL h−1. The pump was connected via a Leur-

Lock and PTFE (Polytetrafluoroethylene) tube with a blunt 0.8 mm-diameter needle at 

one end of a spinneret, where 14 kV was applied to the solution. The distance between 

the collector and spinneret was kept at 15 cm. The collector had a negative voltage of −1 

kV and was wrapped in aluminium foil to collect the fibers. Climate conditions were fixed 

for all experiments at 25°C temperature and 50% of humidity. 

3.3.5 Morphological and Physicochemical Analysis 
A high-resolution transmission electron microscopy (HR-TEM) system (JEOL JEM 

3010, Croissy Sur Seine, France) was used to characterize laser-synthesized AuNPs. Using 

ImageJ software (National Institutes of Health (NIH), Bethesda, MA, USA), statistic 

measurements were performed on more than 200 AuNPs to determine diameter size 

distribution. A scanning electron microscope was used as a primary analysis method to 

verify formation of nanofibers after electrospinning. Due to the limited charging effect on 

samples, it was unnecessary to proceed to the sputter coating step. Size distributions and 

morphology of fibers were characterized using scanning electron microscopy (SEM), and 

a subsequent treatment of micrographs using ImageJ® software. JSM-IT100 InTouch-

Scope™ system (Tokyo, Japan) operating at 5−20 kV accelerating voltages was the main 

microscope used at lower magnifications. A DSM 982 Gemini Zeiss system (Marly le Roi, 

France) operating at accelerating voltage of 20 kV was used to produce higher 

magnification micrographs. Both SEM systems were coupled to energy dispersive X-ray 

analysis. Chemical characteristics were evaluated by Fourier transform infrared (FTIR) 

spectroscopy (Perkin−Elmer, Cambridge, MA, USA) equipped with a universal attenuated 

total reflection (ATR) sampling accessory. The measurement histogram was performed 

by analysing 2 micrographs; one from centre of the collector, where most of the fiber 

deposition takes place, and another from the edge of the collector. The frequency 
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distribution, as obtained using integrating ImageJ results with the origin, ranged from 100 

to 15,000. 

Thermal properties of nanofibers were studied with the help of thermogravimetric 

analysis (TGA, Perkin−Elmer TGA 4000 system, Billerica, MA, USA) and differential 

scanning calorimetry (DSC, Perkin−Elmer DSC 8000 system, Billerica, MA, USA). A total of 

7 mg and 5 mg of nanofibers were used for each TGA and DSC measurement, respectively. 

A TGA heating chamber was flushed with nitrogen at 20 mL min−1, preventing the 

combustion of the samples, and heated at the rate of 10°C min−1. Similarly, DSC was 

carried out under a nitrogen environment with a constant flow rate of 21 mL min−1 and 

heating rate was kept at 5°C min−1. The operation temperature was between 30 and 700°C 

during TGA studies and between 30 and 180°C during DSC analysis. 

3.3.6 Neutralization of Chitosan/PEO Nanofibers 
A total of two protocols were investigated based on two solutions of 1M 

K2CO3, dissolved in 15 mL of ethanol (70%), and 5M NaOH dissolved in 15 mL of methanol 

(70%). The nanofibers were immersed in the solutions for a total of 20 h at ambient 

conditions. The immersion process was repeated 3 times by changing solutions after 

every immersion step to ensure effective neutralization. The samples were then washed 

with distilled water and dried at room temperature for 24 h, before SEM-EDX and FTIR 

analyses to assess their structural stability and chemical composition.

3.4   Results and Discussions 
The electrospinning of pure chitosan is quite challenging due to its poor solubility and 

short chain length. In most cases, 1% (w/v) concentration of chitosan was used at variable 

chitosan/PEO ratios. Therefore, to increase the available bioactivity of functional 

chitosan, new formulations were tested. The increased concentration of chitosan 3% 

(w/v) at chitosan/PEO ratio of 1:3, was used for forming electrospinning solution.  10% 

(v/v) aqueous of acetic acid solution used to dissolve chitosan. Structural analyses by SEM 

measurements, revealed that the nanofibers are homogenous without observable beads 

possessing mean diameter of 189 ± 100 nm (Figure 3.1a, b). Thus, this composition of 

chitosan/PEO was used to prepare a unique solution containing highly concentrated 

AuNPs (0.09 mg mL−1 in electrospinning solution). A typical HR-TEM image of AuNPs 

synthesised by laser ablation and corresponding AuNPs size distribution is given 

in Figure 3.2. SEM-EDX examinations of chitosan/PEO nanofibers functionalized with 

AuNPs revealed a homogenous network of cylindrical nanofibers without any beads.  
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Figure 3.1: SEM image of hybrid chitosan/poly(ethylene oxide) (PEO) nanofibers (a) and 
corresponding size distribution for nanofiber thicknesses (b). 

 

Figure 3.2: Typical high-resolution transmission electron microscopy (HR-TEM) image 
(inset image) of laser-synthesized AuNPs and corresponding nanoparticle size distribution. 

These results were consistent with literature [76], which demonstrated similar 

morphologies of fibers electrospun with and without bare AuNPs. In addition, the fibers 

exhibited a mean diameter of 189 ± 86 nm, as measured on micrographs from different 

sample regions, using ImageJ® software and fitted with a Gaussian approximation (blue 

curve) (Figure 3.3). AuNPs were clearly resolvable on the fiber surface, while the fiber 

matrix was still homogeneous. Energy-dispersive X-ray spectroscopy (EDX) confirmed 

the metallic nature of the bare laser AuNPs. The observed affinity between the nanofibers 

and the AuNPs was likely due to electrostatic interactions between the polycationic fiber 

surface possessing positively charged NH3+ groups, and negatively charged (–23.1 ± 2.61 

mV) Au nanoparticles [70,71,75,83,155]. A 3.5-fold decrease of fiber diameter in 

compared to literature was observed [76,145]. Such nanofiber surface promised higher 

reactivity as this result was obtained with 1:3 ratio of chitosan/PEO. 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g001.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g001.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g002.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g002.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g003.jpg
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Figure 3.3: SEM image of hybrid chitosan/PEO nanofibers functionalized with bare laser-
synthesized AuNPs (a); corresponding energy-dispersive X-ray spectrometry (EDX) spectrum 

(b); and size distribution of functionalized hybrid chitosan/PEO-AuNPs complex (c). 

TGA and DSC was used to examine thermal properties of formed nanofibers and the 

impact of AuNPs on them. TGA curve (Figure 3.4a) revealed that both Ch-0 and Ch-AuNPs 

exhibited the same degradation behaviour. However, it was interesting to note that 

almost 10% weight of the reference (Ch-0) remained after the heating cycle, while 5% 

weight of the functionalized nanofibers (Ch-AuNPs) left after the program ended. This 

was likely due to the incorporation of AuNPs that acted as heating spots leading to 

maximal degradation of the polymer. The derivative curve of the TGA analysis is shown 

in Figure 3.4b. When heated beyond their melting point, the nanofibers demonstrated a 

loss of weight. The weight loss region was observed for both nanofibers functionalized 

with AuNPs (Ch-AuNPs) and no-functionalized nanofibers denoted as the reference 

sample (Ch-0) after 250°C, which could be interpreted as the initialization of mass loss 

and could be attributed to the breaking of tertiary bonds in the polymer structure. The 

major weight loss region started at 347°C and 366°C for Ch-0 and Ch-AuNPs samples, 

respectively. The width of the peak evidenced a narrow range of temperatures, during 

which the maximum loss/degradation took place. Additionally, the peak temperature for 

functionalized nanofibers shifted up compared to the reference samples (from 418 to 

423°C). 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g004.jpg
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Figure 3.4: Thermogravimetric analysis (TGA) thermograms (a) with corresponding 
derivative thermogravimetric DTG curves (b) of chitosan/PEO nanofibers functionalized with 

bare laser synthesized AuNPs. 

Subsequently, DSC was carried out to record phase transition changes, which took 

place e.g., at nanofiber melting points after their functionalization with gold nanoparticles. 

Here, both types of nanofibers displayed classical DSC curves. As shown in Figure 3.5, an 

endothermic peak could be observed for the reference nanofibers (Ch-0) at 59.10°C, 

corresponding to the melting transition of PEO, while for Ch-AuNPs nanofibers similar 

peak was observed at 57.86°C. Additionally, the normalized peak heat required to enable 

those transitions was 5.78 mW mg-1 and 6.81 mW mg-1 for Ch-0 and Ch-AuNPs, 

respectively. The enthalpy calculated from the area under the curves were 19.21 J g-1 and 

16.96 J g-1 for Ch-AuNPs and Ch-0 samples, respectively. The nanoparticles used for the 

functionalization absorbed additional heat and, therefore, more heat was required to 

enable a similar transition in functionalized nanofibers. Additionally, a second event was 

observed after the melting transition of nanofibers for both Ch-AuNPs and Ch-0. At 

147.52°C an exothermic peak could be observed for the reference sample and at 134.90°C 

for the functionalized nanofibers, which could be attributed to the Tg of the chitosan 

present in both samples. Therefore, it could be presumed that the heat provided while 

doing the analysis was not only limited to the nanofibers but absorbed by nanoparticles. 

Both TGA and DSC showed that the functionalization of nanofibers using bare laser AuNPs 

provided extra thermal stability in terms of absorbed heat and degradation rate. It should 

be noted that TGA and DSC data were highly reproducible based on the analysis of many 

samples. 
 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g005.jpg
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Figure 3.5: Differential scanning calorimetry (DSC) thermogram curve of chitosan/PEO 
reference (Ch-0) nanofibers and nanofibers functionalized with bare laser AuNPs (Ch-

AuNPs). 

The chemical composition of nanofibers was analysed using FTIR, before and after the 

functionalization. As shown in Figure 3.6, characteristic peaks were observed for both 

constituent polymers (chitosan and PEO). The functionalization of nanofibers with bare 

laser synthesized AuNPs had no effect on absorption spectra. Both the reference and the 

functionalized nanofibers displayed a broad band of NH2 and OH, stretching from 3500–

3000 cm−1. A peak for amide absorption could also be observed at 1570 cm−1 for both 

functionalized and reference nanofibers [160–162]. A sharp and strong absorption peak 

attributed to CH2 stretching in PEO could also be observed at 2885 cm−1. The spectra 

beyond 1500 cm−1 seem to be dominated with intense PEO bands at 1145, 1095, and 1059 

cm−1, complimentary to C-O-C stretching vibrations [162,163]. The functionalization of 

nanofibers using bare laser AuNPs seems to have no impact on the absorption signature 

of nanofibers, as observed by FTIR. 

 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g006.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g006.jpg
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Figure 3.6: FTIR chitosan/PEO nanofibers functionalized with bare laser AuNPs. 

3.4.1 Post-processing of Chitosan/PEO Nanofibers 
As mentioned earlier, stability of chitosan in aqueous media is a crucial issue. High 

reactivity of the -NH3+ group could lead to a rapid dissolution of chitosan/PEO complexes, 

making them hardly useful for applications in biological systems [28]. Hence, an 

additional neutralization step is needed to ensure mechanical stability of the fibrous 

structure and prevent dissolution in biological media. Two methods were tested to 

transform the -NH3+ group into the -NH2 insoluble form: (i) 1M K2CO3 dissolved in ethanol 

(70%) and (ii) 5M NaOH in methanol (70%). After the treatment, the samples were 

washed in distilled water and immersed in phosphate-buffered saline (PBS) for 24 h to 

test the neutralization efficacy. For the first method employing 1M K2CO3, the overall 

structure of the treated nanofibers had a non-woven mat-like morphology (Figure 3.7a). 
However, SEM examination of samples after their immersion in PBS solution for 24 h revealed the loss 

of the original fibrous structure, as individual nanofibers were not resolvable (Figure 3.7b), suggesting 

ineffective neutralization of NH3+. In contrast, when 5M NaOH solution in 70% methanol was used for the 

neutralization, the overall nanofibers morphology was conserved at nano- and macro-scale, as indicated by 

the yellow arrows (Figure 3.7c). SEM analyses clearly showed that most of the fibers were present, while 

the presence of AuNPs could still be resolved by EDX analysis (Figure 3.7d). Moreover, we found the 

possibility for conserving the structural integrity of nanofibers suspended over six months in PBS, after 

neutralization with 5M NaOH. As shown in a macroscopic photo of nanofibers (Figure 3.8a, b), the 

immersion of nanofiber structures in biological PBS fluid did not lead to the dissolution of nanofibers or a 

dramatic change of their morphology. It was visible that some swelling and shrinkage effects took place, but 

these structural changes did not look critical for projected applications, such as biomaterial matrices.  

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g007.jpg
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Figure 3.7: Macroscopic photo of chitosan/PEO functionalized with bare laser AuNPs 
neutralized with 1M of K2CO3 immersed in phosphate-buffered saline (PBS) for 24 h (a) with 

corresponding SEM micrograph (b) (The inner image is given as illustration at higher 
magnification). SEM micrograph of functionalized chitosan/PEO nanofibers with bare laser 

AuNPs neutralized with 5M NaOH (indicated by yellow arrows) in two different areas (c) with 
the corresponding EDX spectrum (d). 

 

Figure 3.8: Macroscopic photo of functionalized chitosan/PEO with bare laser AuNPs 
immersed in PBS over six months (a) with the corresponding SEM image (b). 

To confirm the conservation of chemical composition of chitosan/PEO nanofibers after 

their treatment by 1M of K2CO3 and 5M of NaOH, additional FTIR was carried out (Figure 

3.9). Our analysis revealed that a large part of the PEO was removed, which was especially 

visible when 5M of NaOH was applied. In fact, main bands of pure PEO including 1467 

cm−1, 1277 cm−1, 1343 cm−1, and 1283 cm−1 were not resolvable after such a treatment by 

NaOH, while a characteristic peak of chitosan amine at 3500 cm−1 became dominant. A 

secondary amine peak at 1680 cm−1 was also resolvable after both treatments, although 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g008.jpg
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6724408_nanomaterials-09-01058-g008.jpg
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this peak is often overshadowed by peaks from PEO [5,41]. Based on the first 

morphological assessment and FTIR studies, it was concluded that the neutralization of 

secondary amine in chitosan/PEO with 5M NaOH was successful.  

 

Figure 3.9: FTIR spectra of chitosan/PEO nanofibers functionalized with AuNPs before 
neutralization (Ch-Au) and after neutralization with K2CO3 (Ch-Au/K2CO3) or NaOH (Ch-

Au/NaOH).

3.5   Conclusions 
This chapter reports the electrospinning of innovative formulation of chitosan (PEO) 

functionalised with bare laser-ablated AuNPs.  

For the preparation of AuNPs functionalised hybrid nanofibers, 3% (w/v) medium 

molecular eight chitosan was successfully dissolved in 10% (v/v) aqueous acetic acid, 

having a volume ratio of chitosan solution to co-spinning agent (PEO) at 1:3, which is 

higher compared to previously reported concentration of 1% (w/v) chitosan at volume 

ratio of 1:4 [76,145]. Systematic physicochemical analysis demonstrated improvements 

of the structural characteristics of the fibers. Microscopic measurements revealed that 

electrospun nanofibers were deposited on the collector as cylindrical non-woven 

homogenous network with AuNPs dispersed in the matrix. Additionally, statistical 

measurements showed an average diameter of 189 ± 86 nm. Functionalised hybrid 

nanofibers were shown to possess improved thermal stability in TGA and DSC analysis.  

Spectroscopic (FTIR) analysis was done to reveal the changes in absorption spectra 

after functionalisation with AuNPs and neutralisation of -NH3+ on the nanofibers’ surface. 

Further microscopic and spectroscopic measurements revealed the immersion in 5M 

NaOH to be a more effective naturalisation strategy. 

The work presented in this chapter provided the possibility of development 

multifunctional hybrid nanofibers for techniques such as tissue-engineering. The 

proposed approach looked promising for template electrospinning of unprocessable but 

useful biodegradable polymer chitosan by post processing of nanofibers. This approach 

gave optimised electrospinning parameters and possibility of including the selection of 

polymers, functionalisation agents, for obtaining uniform nanofibers.    
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4.1   Introduction 
In this chapter, unique templated nanofibers were electrospun based on the 

methodology and platform established in previous chapter. In contrast to previous 

chapter, smart inorganic polymer was templated into nanofibers using homopolymer as 

co-spinning agent to induce multifunctionality. Template fabrication of one-dimensional 

material via electrospinning into 2-d nonstructured materials has been demonstrated. 

Smart inorganic polymers poly (ferrocenylphosphinoboranes) Fe A 

[{Fe(C5H5)(C5H4CH2PH-BH2)}n] and Fe B [{Fe (C5H5)(C5H4PHBH2)}n], synthesised by the 

research group of prof. Evamarie Hey-Hawkins in Institute for Inorganic Chemistry, 

Leipzig, were template electrospun as functionalisation agents in PEO and PS matrix.  

With the objective of utilising main-group elements and a ferrocene moiety as pendent 

group in inorganic polymer. Specifically, for efficient catalysing agents with electron rich 

moieties.  Here, the focus was on utility of nanofibers rather than their bio-degradability. 

The work has been published in LoP-2.  

4.2   Context   
Hybrid 2D structures or bio-hybrid technologies are emerging platforms in materials 

science for developing advanced structural and multifunctional materials, supporting 

several technological applications [164,165]. Hybrid 2D nanostructures can be developed 

using various techniques and typically comprise a wide range of traditionally 

noncompatible constituents. They can be fabricated by either using combinations of 

inorganic–inorganic or organic–inorganic, which again have different structures ranging 

from simply bare nanoparticles to complex arrangement of multi-layered nanofibers. 

There are various strategies, which are applied for producing such advanced structures 

and multifunctional materials. They are categorized as top-down and bottom-up 

approach [166,167]. For instance, synthesis of nanoparticles from a homogeneous 

solution and further growth of nanoparticles to develop 2D structures such as nanowires 

or nanoflowers, can be one example of a bottom-up approach [168,169]. Electrospinning 

for fabrication of nanofibers has emerged as a leading alternative top-down approach to 

develop nanostructures using bulk materials and to incorporate multifunctionality [170–

172]. The emergence of electrospinning could be attributed to its compatibility with 

various natural or synthetic polymers [173–175]. Thus, electrospinning can bring 

together a variety of materials including proteins and other macromolecules, polymer 

hybrids, ceramics, and metal oxides, consequently leading to applications such as tissue 

engineering, wound dressing, transport and release of drugs, catalysis, filter, and surface 

modifications among many others [15,176–179]. For instance, there have been multiple 

studies showing the improvement of antibacterial characteristics of nanofibers by the 

inclusion of silver nanoparticles or copper nanoparticles [57]. Similarly, various ligands 

could also be introduced to remove unwanted substances from a solution, using their 

physical adsorption properties [180]. Moreover, the secondary structure of nanofibers 

can be manipulated by tuning simple yet intertwined parameters. This has led to 
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formation of pores on the nanofibers, parallel arrangement in two-dimensional space, 

formation of arrays and other hierarchical structure such as folding and stacking 

[129,170,181]. 

Significant efforts have been made to incorporate entities which cannot be directly 

used for electrospinning, such as chitosan [76,159], or inorganic polymers such as 

poly(ferrocenylphosphinoboranes) Fe A [{Fe(C5H5)(C5H4CH2PHBH2)}n] and Fe B 

[{Fe(C5H5)- (C5H4PHBH2)}n] [39,182], shown in Figure 4.1. In recent years, 

poly(phosphinoboranes) have gained attention as the P– B polymer backbone is valence-

isoelectronic with a C-C backbone of most polymers used in daily life. Moreover, the P–B 

backbone of poly(phosphinoboranes) is polar due to the electronegativity difference and 

might introduce conductivity throughout the chain, which is an added advantage 

compared to polymers having a C-C backbone. Due to their inherent polar nature, the 

polymers can organize in a systematic way, which might be beneficial to construct 

optoelectronic devices. Fe A and Fe B are thermally very stable and soluble in a wide 

range of solvents, which helped blending them with other polymers. Co-spinning agents 

such as poly(ethylene oxide) (PEO) and polystyrene (PS) were used to facilitate 

electrospinning. These polymers provided the matrix for co-spinning of Fe A and Fe B. 

Additionally, the lone pair of electrons at oxygen in PEO and the electron cloud present in 

polystyrene might be involved in weak interactions with the polar P–B backbone of Fe A 

and Fe B [183]. 
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Figure 4.1: Structure of poly(ferrocenylphosphinoboranes) Fe A 
[{Fe(C5H5)(C5H4CH2PHBH2)}n] and Fe B [{Fe(C5H5) (C5H4PHBH2)}n]. 

This chapter presents unique combinations of a polymer matrix and ferrocene-based 

polymers Fe A and Fe B, providing unique collective physical properties toward higher 

surface reactivity and conductivity of the resulting hybrid nanofibers. Moreover, we 

demonstrate possibility for the enhanced processability of smart inorganic polymers 

based on ferrocene by introducing them as functional components of generated hybrid 

nanofibers. This could further be optimized by adding higher quantities of the functional 

inorganic polymers to the electrospinning solution hence, increasing their effectivity or 

influence on the collective properties of the nanofibers.

4.3   Materials and Methods  

4.3.1 Materials  
PEO powder (Mw = 300 kD) and polystyrene (PS) beads (Mw = 250 kD), obtained from 

Sigma Aldrich, Darmstadt, Germany and Carl Roth, Karlsruhe, Germany, respectively, 

were used as template for co-spinning with Fe A [{Fe(C5H5)(C5H4CH2PHBH2)}n] (Mw = 

14–17 kD) and Fe B [{Fe(C5H5)(C5H4PHBH2)}n] (Mw = 12–15 kD). Fe A and Fe B were 

prepared according to the literature [24,25]. Tetrahydrofuran and chloroform (CHCl3) 

from Carl Roth, Karlsruhe, Germany were the best choices for electrospinning due to their 

ability to dissolve both, the inorganic and organic polymers. 

4.3.2 Preparation of electrospun nanofibers  
Electrospinning was performed using four different solutions. Each of the solutions 

contained one of the poly(phosphinoboranes) and the polymer for co-spinning. Fe A/PS 

and Fe B/PS solutions were prepared by mixing the polymers in a ratio of 1:4 (wt./wt.) in 

THF. Similarly, Fe A/PEO and Fe B/PEO solutions were prepared in a ratio of 5:16 in 

chloroform. Both poly(phosphinoboranes) dissolved rapidly in their respective solvents 

giving a distinctive shade of rust brown colour which was also noticed in the electrospun 

nanofibers. The solutions were stirred at room temperature for a couple of hours followed 

by ultrasonication for an hour for homogeneity. All the solutions were used within a week 

of preparation. The electrospinning was started by preparing four formulations with fixed 

concentrations of Fe A and Fe B added to respective concentrations of PEO and PS. Table 

4.1 displays the composition and used terminology. 

 Polymer concentrations % (w/v)  

 Fe A Fe B PS PEO 
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Fe A/PEO 2.5 - - 8 

Fe B/PEO - 2.5 - 8 

Fe A/PS 2.5 - 10 - 

Fe B/PS - 2.5 10 - 

Table 4.1: Polymer composition of hybrid nanofibers and their concentrations. 

4.3.3 Electrospinning of hybrid polymer (PEO/PS) 

nanofibers 
An electrospinning platform with options to control various parameters was used for 

producing nanofibers. The machine was developed by IME medical electrospinning 

technologies (Netherlands) and consisted of a closed chamber to prevent accidental 

interaction with high voltage, separating the electrospinning process from outside 

interference, such as temperature and humidity. The setup was used in horizontal 

configuration with a rotating negatively charged cylinder covered with aluminium foil as 

collector. The prepared solutions were transferred to 3 ml syringes attached to a PTFE-

tube via Leur-Lock with blunt ended needles (internal diameter 0.8 mm). The syringes 

were placed on a programmable pump to control the flow rate while electrospinning. For 

all solutions, the flow rate was fixed at 0.3 ml h-1. The collector was rotating at 2300 rpm. 

Additionally, voltages applied to the spinneret and the collector were fixed at 14 kV and -

2 kV. Electrospinning was conducted at 25°C and 28% relative humidity. 

 

4.3.4 Preparation of polymers Fe A and Fe B 
A dehydrocoupling reaction was employed to obtain the ferrocene-based 

poly(phosphinoboranes) from their respective monomers [39,182] namely, the 

ferrocenyl phosphine-borane and ferrocenyl methylphosphineborane adducts. 

Dehydrocoupling of phosphineboranes is a well-established process and can be 

performed with [{Rh(μ-Cl)(cod)}2] (cod = 1,5-cyclooctadiene) as catalyst. The 

polymerization process can be monitored through 31P NMR spectroscopy. The monomer 

contains a PH2 group, the polymer a PH group. This fact can be detected in the proton-

coupled 31P NMR spectrum. The monomer exhibits a triplet, the polymer a doublet [182]. 

4.3.5 Analysis of Fabricated Nanofibers  
Scanning electron microscopy (using a JSM-IT 100 InTouchScope instrument) was 

used to analyse the surface morphology of co-spun nanofibers at accelerating voltage of 

20 kV. The fibers were removed from the aluminium foil by scratching and were fixed on 

the stage using carbon tape. ImageJ [184] was used for measuring diameter and statistical 

analysis of the generated nanofibers.  

Multinuclear NMR spectroscopy was employed to check the purity of the electrospun 

polymers. NMR spectra were recorded in CDCl3 with a Bruker AVANCE DRX 400 

spectrometers. The chemical shifts of 1H, 11B, and 31P NMR spectra are reported in parts 
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per million (ppm) at 400.1, 128.4, and 161.9 MHz, respectively. Tetramethylsilane (TMS) 

was used as an internal standard for 1H NMR spectroscopy and for referencing the 11B and 
31P NMR spectra to the unified scale [185]. The hybrid nanofibers were also compared 

with pristine polymers (PEO or PS). FTIR spectra were recorded with a PerkinElmer 

Spectrum 2000 spectrometer. IR spectra of the electrospun polymers exhibited the 

distinctive vibrations of both pristine polymers (PEO or PS) and 

poly(ferrocenylphosphinoboranes) (Fe A and Fe B) without significant changes (see 

Figures A.7 and A.8 in appendix). 

Differential scanning calorimetry (DSC) (PerkinElmer, Waltham, MA) was performed 

under nitrogen atmosphere to analyse the change in thermal properties in the hybrid 

nanofibers as compared to the reference sample. 3.5 mg of each type of nanofiber was 

sealed in an aluminium pan for measurements. The samples were subjected to multiple 

heating and cooling cycles at a rate of 10°C min-1 from −70 to 350°C, depending on the 

type of polymer used for co-spinning. Thermogravimetric analysis (TGA) (Perkin Elmer) 

was performed to check the thermal stability and degradation of the co-spun polymers. 

7.5 mg of nanofibers was placed in a ceramic cuvette under nitrogen atmosphere (flow 

rate - 20 ml min-1). The samples were heated at 10°C min-1 from 30 to 700°.

4.4   Results and discussion  
Nanofibers were prepared from optimized concentrations of co-spinning polymers, 

which was obtained by analysing various weight ratio and eliminating the concentration, 

which gave no fibers (checked with SEM). Moreover, the selected solvents had to dissolve 

Fe A, Fe B, PEO and PS, and form stable solutions for the electrospinning process. The 

polymers, PEO and PS, have very high molecular weights and long chains, which were 

ideal for electrospinning [135]. Moreover, they interact with the Fe A, Fe B polymers via 

hydrogen bonds and dispersion forces, therefore stabilizing the solution. The spinning 

solution was loaded into the syringe and voltage was applied. Once the polymer was 

charged enough to overcome the surface tension, a fine jet emerged from the spinneret 

and deposited at the other end on the aluminium foil. The presence of Fe A or Fe B in their 

respective resulting nanofibers could easily be identified due to the distinctive colour of 

the fibers as shown in Figure 4.2. Additionally, the presence of Fe A or Fe B in the 

nanofibers was also proven by NMR and IR spectroscopy.  
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Figure 4.2: Example of nonwoven fibers scratched from Al foil after co-spinning PEO and 
Fe A. PEO fibers are white or semitranslucent; the distinctive colour is due to the presence of 

polymer Fe A. 

 

Figure 4.3: SEM of blended ferrocene-based polymers Fe A and Fe B with corresponding 
copolymers revealing various morphologies: (a) Fe A/PS, (b) Fe B/PS, (c) Fe A/PEO, and (d) Fe 

B/PEO. 

The analysis revealed that the nanofibers obtained by co-spinning Fe A/PS fibers had 

a mean diameter of 623 nm with a standard deviation of 491 nm and Fe B/PS fibers 478 

nm with a standard deviation of 325 nm. Similar sized fibers were also obtained when Fe 

A and Fe B were co-spun with PEO (mean diameter 525 nm with standard deviation 252 

nm, and 491 nm with standard deviation 271 nm, respectively) (Figure 4.4). 

Multinuclear NMR studies confirmed that the respective polymers were present in 

their resulting nanofibers. 1H NMR spectroscopy showed the distinctive broad signals of 

the ferrocenyl protons in Fe A and Fe B around 4 ppm and indicated that the 

poly(phosphinoboranes) were present in very small amount compared to the co-spinning 

organic polymers (see Figures A.1–A.6, appendix). The broad signals of P–H and B−H 

protons were not detected due to the inherent broadness of the peaks of the polymers. 
31P{1H} NMR spectra of the electrospun polymers showed broad signals at around −60 

ppm, which is a characteristic peak of Fe A and Fe B. The change in their chemical shifts 

in the 1H and 31P{1H} NMR spectra was, however, insignificant. The 11B{1H} NMR spectra 

of the electrospun polymers exhibited a very broad peak around 0 ppm along with 

distinctive peaks for Fe A or Fe B at around −40 ppm for tetracoordinated boron bonded 

to phosphorus (see Figures A.5 and A.6, appendix) [186–188]. Interaction of the B–H 

protons with the organic polymer could be the reason for these changes. 
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Figure 4.4: Distribution of diameter of nanofibers prepared by co-spinning of polymers Fe 

A or Fe B with: (a) PEO and (b) PS. 

In the IR spectra, νP–H and νB–H of the respective poly(phosphinoboranes) were observed at ca. 2,400 

cm−1 (see Figures S7 and S8, ESI) [189,190].  

Thermal characteristics of co-spun nanofibers were studied by TGA (Figure 4.6). The initiation for major 

weight loss occurred at lower temperature for Fe B (219°C) as compared to 246°C for polymer Fe A and 

can be attributed to degradation [39]. However, both polymers retain 60–67% of their initial weight even 

at 700°C. There was a marked difference in the initial temperature for degradation compared to the 

reference fibers. 

 
Figure 4.5: DTG graph comparing the degradation of (a) co-spun Fe A and Fe B nanofibers 

to respective polymers Fe A and Fe B, (b) graph comparing the degradation of co-spun Fe A 
and Fe B nanofibers to PEO reference nanofibers. 

Degradation of the reference fiber containing only PEO occurred at 420°C, whereas degradation of Fe 

A/PEO and Fe B/PEO was observed at 426 and 432°C, respectively (Figure 4.6). More significant differences 

were found when comparing the thermal degradation for Fe A/PS and Fe B/PS with the corresponding 

reference sample. The difference between peaks in the thermogram for nanofibers samples blended with 

PS was more distinguishable as compared to that observed from PEO blended nanofibers. The degradation 

of the reference sample started at 418°C. As shown in Figure 4.7, the same peak for hybrid fibers containing 

Fe A or Fe B had shifted to higher temperatures, 449 and 444°C, respectively. 
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Figure 4.6: DTG graph comparing the degradation of (a) co-spun PS/Fe A or PS/Fe B 

nanofibers to the respective polymer Fe A and Fe B, (b) graph comparing the degradation of 
co-spun PS/Fe A or PS/Fe B nanofibers to PS reference nanofibers. 

Differential scanning calorimetry (DSC) was performed on the nanofibers (Figure 4.8a, 

b). Hybrid nanofibers were compared with either PEO nanofibers or PS nanofibers as 

reference. While analysing Fe A/PEO and Fe B/PEO in comparison to pristine nanofibers, 

a typical DSC curve was obtained with one significant event. As the hybrid nanofibers and 

pristine nanofibers were heated from −50 to 200°C, a dominant peak was observed. The 

peak in positive y-axis represents an endothermic process and can also be interpreted as 

the melting point of the respective sample. The peak shifted toward the positive x-axis for 

hybrid nanofibers Fe A/PEO (63°C) and Fe B/PEO (6°C) as compared to 62°C for pristine 

PEO nanofibers. Additionally, by calculating the area under the curve the heat required to 

enable the phase transition observed through DSC is 15.2 mW mg-1 for pristine PEO 

nanofibers, whereas it is 16.4 and 15.3 mW mg-1 for PEO Fe A and PEO Fe B nanofibers, 

respectively. Hence, in conjugation with similar results obtained by TGA, it was concluded 

that blending of polymers Fe A or Fe B with PEO for co-spinning, provided added 

functionality and thermal stability of the corresponding hybrid nanofibers. 

 
Figure 4.7: DSC graphs highlighting changes in pristine nanofibers and hybrid nanofibers: (a) co-spinning 

PEO, and (b) co-spinning P 
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In contrast, for Fe A/PS or Fe B/PS no significant change was observed. A typical DSC 

curve was observed in each sample containing PS and functionalized nanofibers, with Tg 

of polystyrene in case of functionalized nanofibers moving a few degrees higher to around 

86°C as compared to 79°C for pristine PS polymer. Both samples functionalized with 

polymer Fe A and Fe B exhibited a similar curve at higher temperature. When pristine Fe 

A and Fe B were subjected a to similar program, they showed a typical DSC curve 

reflecting their glass transition temperature. 

 

4.5  Conclusions 
In this chapter, a method for template fabricating nanofibers containing functional 

inorganic polymers blended with organic polymer as matrix was established. Advanced 

hybrid multifunctional nanofiber mats were obtained with high surface reactivity and 

electron-rich domains for varieties of interaction with macromolecules and redox 

chemistry. 

Template nanofibers were obtained from 2% (w/v) of inorganic polymer blended with 

homopolymers PS and PEO, providing the electrospinnable solution. Resulting elongated 

continuous uniform nanofibers had average diameter between 475 and 625 nm. The 

interaction between the inorganic and organic polymers was confirmed by NMR and FTIR 

spectroscopy. Furthermore, the templated nanofibers showed higher thermal stability. 

Poly(ferrocenylphosphinoboranes) containing domains namely, ferrocenylphosp-

hineborane and ferrocenylmethylphosphineborane were used taking advantage of 

valence-isoelectronic P–B polymer backbone. Inorganic polymers possessed polarity due 

to electronegativity differences therefore, had the potential to induce conductivity in 

nanofiber structure.Co-spinning of polymer resulted in improved collective properties of 

generated nanofibers.
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5.1   Introduction 
This chapter report the first fabrication and testing of formulation of polycaprolactone 

(PCL)-based nanofibers functionalized with bare (ligand-free) titanium nitride (TiN) 

nanoparticles (NPs). Laser ablation was used for the synthesis of bare nanoparticles 

which were then dispersed in to provide a platform for tissue engineering applications. 

The possibility to functionalize the nanofibers with plasmonic TiN NPs, without affecting 

their biological compatibility was demonstrated. The nanofibers were electrospun at the 

facility in Rhine-Waal University, Germany while the nanoparticles were synthesised in 

LP3, Marseille, France. The nanofibers were subjected to in vitro viability tests using the 

incubation of 3T3 fibroblast cells at research department in Institute of Experimental 

Medicine of the Czech Academy of Sciences, Czech Republic.  Results discussed in this 

chapter are now in press (LoP-1). 

5.2   Context 
The development of novel platforms for regenerative medicine forms one of the 

attractive applications of nanotechnologies and newly synthesized inorganic 

nanomaterials, which can be used in combination with organic matrices for tissue 

engineering [57,59,191]. Here, hybrid nanofibers fabricated via electrospinning can 

provide numerous advantages over counterparts prepared by conventional techniques, 

including the possibility of using bio-degradable natural or synthetic polymers [55,56], or 

conductive polymers such as poly(ferrocenylphosphinoboranes) (when blended with 

traditional synthetic polymer such as polystyrene ) [172], good control of nanofiber 

dimensions, capability of incorporating multiple drugs (even if they are hydrophobic) 

[172,192,193]. These attractive properties stimulate the development of novel nanofiber 

formulations and their functionalization for a variety of applications ranging from 

antimicrobial action to biosensing and tissue grafting [43,194–197].  

Various polymers with varying molecular weights, bio-degradability and 

hydrophilicity have been successfully electrospun in the form of homogenous nanofiber 

structures. Such nanofibers can have unique properties such as high surface area and pore 

size, but their functional domain remained limited. To enable new functionalities, one can 

decorate the nanofibers with functional agents such as inorganic nanoparticles (NPs) or 

biomolecules [132,164,180]. As an example, nanofibers functionalized by silver (Ag) and 

copper (Cu) NPs were shown to exhibit antibacterial activity and used as extracellular 

matrix (ECM) to promote wound healing and tissue engineering  [198], while gold (Au) 

NPs are often used as additives to improve mechanical properties of nanofibers, promote 

protein adsorption and cell adhesion, and finally to reduce bacterial colonization 

[58,60,199]. However, since most inorganic nanomaterials are fabricated by chemical 

methods implying the use of various reagents and stabilizing agents, they are often 

contaminated by hazardous by-products complicating their applications in biological 

systems [200].   
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Pulsed laser ablation presents a “physical” alternative to fabricate nanomaterials, 

which are free from stabilizing agents and impurities [68,69]. This technique is based on 

natural production of nanoclusters under the action of laser radiation on a solid target 

[201], followed by their release into a gaseous or liquid medium to form a nanostructured 

film [153,202] or a nanoparticle solution [68,69], respectively. In this case, solutions of 

NPs can be stable even in bare (ligand-free) state and contamination-free, which opens 

avenues for their successful use in biological systems in vitro and in vivo [157,203]. As an 

example, we recently elaborated the technique of femtosecond (fs) laser ablation in water 

and organic media, which makes efficient control over size characteristics of NPs from a 

variety of materials possible, including Au and Si NPs [155,156,204]. As demonstrated in 

previous chapters, the inclusion of such ligand-free Au and Si NPs into chitosan nanofibers 

via electrospinning provided a very promising platform for tissue engineering 

applications [10,54,76,205]. Here, the functionalized nanofibers were shown to be stable, 

with uniform thickness for given electrospinning parameters, while the presence of NPs 

could lead to the decrease of their mean diameter. It was also important that such NPs-

blended nanofibers did not cause any negative effect on cell viability. However, the 

employment of chitosan for the fabrication of nanofibers imposes some limitations on the 

electrospinning process due to its poor solubility and swelling behaviour [206]. In 

addition, post processing based on the neutralization of NH3+ is typically required to 

stabilize the nanofibers and adapt them for the utilization in biological systems.  

It was inferred from research done in previous chapters, the properties of 

nanoparticle-decorated hybrid nanofiber matrices must be further improved, by the 

choice of appropriate materials as building-blocks. Here, polycaprolactone (PCL) looked 

as a promising material for the formation of nanofiber matrix, as a result of the 

combination of biocompatibility and biodegradability options [122,207,208], as well as 

easy-solubility in acetone and dichloromethane (DCM) for making electrospinning 

solutions. In addition, PCL has been approved for use in human body for controlled drug 

delivery, implants, etc. On the other hand, having strong and broad plasmonic peak 

around 640–700 nm with a significant tail over 800 nm even for small NPs sizes (<7 nm) 

[53], bare laser-synthesized titanium nitride (TiN) nanoparticles seemed as extremely 

promising functional element for such hybrid nanofiber platforms. Several studies had 

already shown, TiN NPs possessed low toxicity in vitro and in vivo, as well as can initiate 

strong photothermal therapeutic effect under near-infrared laser irradiation in the region 

of relative tissue transparency [207–209]. Furthermore, processability of PCL in acetone, 

while synthesis of stable solutions of TiN NPs in acetone by femtosecond laser ablation, 

simplified their co-dissolution for electrospinning.      

This chapter reports a successful electrospinning of PCL together with laser-

synthesized TiN NPs at various ratios, providing an advanced hierarchical hybrid 

nanofiber platform for tissue engineering. The obtained nanofibers are characterized by 

a panel materials analysis technique such as scanning electron microscopy (SEM), Fourier 

Transform Infrared Spectroscopy (FTIR) and thermal analysis (TGA and DSC). The 

nanofibers containing various concentrations of TiN NPs were further studied to compare 
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their influence on cell growth behaviour and overall cytotoxicity of the functionalized 

nanofibers.

5.3   Materials and methods  

5.3.1 Materials  
Commercial, Polycaprolactone (PCL) powder (Mw = 80 kD) from Purasorb®, Corbion, 

Netherlands. Dichloromethane (DCM), acetone (analytical reagent grade) and ethanol 

from Carl Roth, Karlsruhe, Germany were used as solvents. A TiN (99.99%) pellet from 

GoodFellow, Cambridge, United Kingdom was used as the target for the synthesis of TiN 

NPs. 

5.3.2 Laser-Ablative Synthesis of Bare AuNPs  
Bare TiN NPs were synthesized using methods of femtosecond (fs) laser ablation of 

bulk TiN target in acetone, as it was earlier described in [53]. Briefly, a 2.3mm diameter 

beam from a Yb:KGW laser (Amplitude Systems, France, 1025 nm, 480 fs, 10 kHz) was 

focused via a 75mm lens on the surface of the hot-pressed TiN target placed at the bottom 

of a glass cuvette filled with acetone. The thickness of the liquid above the target was kept 

constant at 1cm. Concentration of the nanoparticles in the solution was calculated at 0.15 

mgL-1, as determined from target weight loss during laser ablation.  

5.3.3 Preparation of electrospun solutions  
Electrospinning was performed using 7 different solutions, increasing the 

concentration of PCL until homogenous fibers were not identified in SEM micrographs. 

Two solutions were prepared using PCL starting with the concentration of 8% (w/v) in 

DCM (3 mL) and acetone/ethanol (2 mL). 5 mL solution was prepared for each 

concentration for electrospinning, as described in Table 5.1. Based on micrographs from 

SEM, 20% (w/v) PCL was chosen as optimised concentration for the functionalization 

with TiN NPs. Solutions of the polymer with TiN NPs at various concentrations were 

solubilized in DCM and acetone having the ratio of 3:2 (v/v).  

5.3.4 Electrospinning of PCL and functionalized PCL 

nanofibers 
An electrospinning system from IME Technologies, Netherlands having a climate 

control among many other parameters was used for the fabrication of nanofibers. The 

system consisted of a closed chamber enabling a controlled temperature and humidity, as 

well as excluding the contact of users with high voltages. The setup had a horizontal 

configuration and included a rotating negatively charged cylinder as the collector. 

Prepared solutions were transferred to 5 mL syringes attached to a PTFE tube via a Leur-

Lock with blunt ended needles (internal diameter 0.8 mm), which were inserted into a 

spinneret. The syringes were placed on a programmable pump to control the flow rate 
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during the electrospinning. The flow rate for all the solutions was fixed at 0.2 or 0.3 mL 

hr-1. The collector was covered in aluminium foil and rotated at 2500 rpm. The voltages 

applied to the spinneret and the collector were fixed at 10 kV and -2 kV, respectively. The 

electrospinning process was conducted at 18°C and 80% relative humidity. 

Table 5.1: Summary of used solutions and electrospinning parameter for successful 
fabrication of functionalized PCL TiN nanofibers.   

5.3.5 Morphological and physicochemical analysis 
To characterize the size and surface morphology of electrospun nanofibers, a scanning 

electron microscope (JSM-IT 100 InTouchScopeTM, Germany) was used at the accelerating 

voltage of 20 kV. The observation was done after scratching the fibers from the aluminium 

foil and fixing them on the stub using a carbon tape, which was attached to the stage. A 

DSM 982 Gemini Zeiss, Germany system at the accelerating voltage of 20 kV was used to 

provide higher magnification micrographs after the functionalization process. ImageJ® 

and OriginLab software were used for the analysis and graphical representation of 

obtained nanofibers images.  

A differential scanning calorimetry (DSC) (Perkin Elmer, USA) was used to characterize 

thermal properties of formed nanofibers. The samples were subjected to multiple heating 

cycles at the rate of 10°C min-1 from -70°C to 200°C. Briefly, 7 mg of each fiber type was 

sealed in an aluminium pan, while an empty pan of similar dimension was used as a 

reference. The heating cycle was carried out in nitrogen atmosphere. The degradation 

profile of functional nanofibers was studied using Thermogravimetric analysis (TGA) 

(Perkin Elmer, USA). For each sample, 7.5 mg of scratched nanofibers from aluminium foil 

Sample 
name 

PCL 
concen-
trations 
(w/v) 

Solvents (mL) 

TiN NPs Morphology 
Voltage 

(kV) 
Flow rate 
(mL hr-1) DCM  Acetone  

 T8_0 8% 3 
0 (2 mL 
ethanol) - Fibers/Beads 10 0.3 

 T8_2 8% 3 2 - Fibers/Beads 10 0.3 
 T10_2 10% 3 2 - Fibers/Beads 10 0.2 
 T12_2 12% 3 2 - Fibers/Beads 10 0.2 
T15_2 15% 3 2 - Fibers/Beads 10 0.2 
 T20_2 20% 3 2 - Fibers 10 0.2 
T25_2 25% 3 2 - Fibers 10 0.2 

T20_1N1 20% 3 1 

1 mL 
(0.15 mg 

L-1) Fibers 10 0.2 

T20_0N2 20% 3 0 

2 mL 
(0.15 mg 

L-1) Fibers 10 0.2 

 T20_0N6 20% 3 0 

2 mL 
(0.45 mg 

L-1) Fibers 10 0.2 
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were placed in a ceramic cuvette at nitrogen flow rate of 20 mL min-1. The samples were 

heated at 10°C min-1 from 30°C to 700°C. 

Infrared spectroscopy was applied for nanofibers and polymers in their solid state to 

distinguish specific vibrational frequency of pristine nanofibers and its changes due to 

functionalization. FTIR spectra were recorded using a PerkinElmer Spectrum 2000 

spectrometer. 

5.3.6 In vitro testing 
 Basic cytotoxicity tests that are commonly used in in vitro studies, including metabolic 

activity, cell proliferation, cell adhesion and live/dead staining assays were performed. 

Mouse 3T3 fibroblasts, clone A31, which are used as a standard cell line were used for 

cytotoxicity testing. 

Nanofibers were cut to circles with the diameter of 6 mm and sterilized in 70% ethanol 

for 30 min, washed twice with phosphate buffered saline (PBS) and seeded with mouse 

3T3 fibroblasts at a density 25.8 x 103 cells cm-2 and cultured in Dulbecco´s Modified 

Eagle´s Medium (high glucose, Sigma Aldrich, USA), supplemented with 10% fetal bovine 

serum (Cat. No. 10270, Gibco, Brazil) and 100 I. U. mL-1 penicillin and 100 ug mL-1 

streptomycin (Gibco, USA). Four samples were seeded for each item for MTS/DNA testing, 

three samples for live/dead test and three samples for DiOC6(3)/propidium iodide 

staining. 

Metabolic activity was evaluated using CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS, Promega Corporation, USA) after 1, 3, 7, 10 and 15 days. 

Scaffolds were put into new wells with 100 μL medium and 20 μL MTS solution and 

incubated in CO2 incubator for 2 hours. Then, absorbance of 100 μL solution was 

measured using a spectrophotometer Infinite M200 Pro (Tecan, USA). Scaffolds without 

cells were used as negative controls. 

DNA amount was measured using a Quant-iT tm dsDNA assay (High sensitivity KIT 

Q33120, Invitrogen, USA). Fluorescence was measured using a spectrophotometer 

(Infinite M200 Pro, Tecan, USA) and dsDNA amount was counted from calibration curve 

of standards.  

1μg mL-1 DiOC6(3) staining (Cat. No. D273, Invitrogen™), was used for cells 

visualization on day 1. After 45 min incubation with DiOC6(3), the cells were incubated 

with 5 μg mL-1 propidium iodide for 8 min, washed with PBS and visualized using a 

confocal Zeiss LSM 880 Airyscan microscope at λexc = 488 nm and λem = 505-515 nm for 

DiOC6(3) and λexc = 561 nm and λem > 576 nm for propidium iodide. 

Live/dead staining was performed using 1 μg mL-1 2′,7′-Bis(2-carboxyethyl)-5(6)-

carboxyfluorescein acetoxymethyl ester (BCECF-AM Cat. No. B8806, Sigma-Aldrich), 

which was dissolved in serum-free medium and incubated with the scaffolds for 45 min. 

The scaffolds were then incubated with 5 μg mL1 propidium iodide (in PBS) for 8 min. 

Cells were visualized using a confocal microscope Olympus FV10i at λexc = 488 nm and λem 

= 505-515 nm for BCECF-AM (living cells) and λexc = 561 nm and λem > 576 nm for 

propidium iodide (dead cells). 
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5.3.7 Statistical analysis 
Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, Inc., 

USA). One Way ANOVA of Variance and Student-Newman-Keuls Method were used for 

data analysis. The level of significance was set at 0.05. 

5.4  Results and Discussion 
Several nanofiber formulations based on PCL solutions were prepared by 

electrospinning and then examined using SEM to optimize parameters of nanofibers 

before their functionalisation with TiN NPs. Then, the nanofibers were fabricated using 

various concentrations of TiN NPs. Table 5.1 summarizes parameters of all used 

formulations, while Figure 5.1 presents SEM images of the nanofibers prepared under 

increasing concentrations of PCL. One can see that at low concentrations of 8% (w/v) the 

polymer matrix presented a combination of fibers disrupted by beads, while the increase 

of PCL concentration led to the minimization of number of beads. On the other hand, at 

highest concentration of 25% (w/v) the fibers merged and formed structures of a non-

uniform thickness. In addition, the electrospinning process at high concentrations was not 

stable due to high concentration of polymer blocking the flow of polymer through 

spinneret. Therefore, after careful analysis of morphologies of obtained structures, 20% 

(w/v) concentration was selected as the optimal one. This concentration was later used 

in co-electrospinning of PCL and TiN NPs. 
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Figure 5.1: SEM micrographs of nanofibers obtained at different concentrations of PCL in 
nanofibers: (a) 8%, sample T8_0 solvent ethanol instead of acetone; (b) 8%, sample T8_2; (c) 
10%, sample T10_2; (d) 12%, sample T12_2; (e) 15%, sample T15_2; (f) 20%, sample T20_2; 

(g) 25%, sample T25_2. 

Based on optimized parameters of PCL solutions, we then performed electrospinning 

of PCL together with TiN NPs at different concentrations. Typical SEM images of hybrid 

nanofibers prepared under different nanoparticle concentrations are shown in Figure 5.2. 

One can see that the nanofibers were decorated by the nanoparticles, while their mean 

diameter was larger as compared to non-functionalized nanofibers. ImageJ® software 

[184] was used to measure the diameter of nanofibers. These tests showed that there was 
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an increase of the mean diameter from 400 nm ± 210 nm to 1.1 µm ± 192 nm under the 

co-electrospinning of PCL together with the NPs, while the diameters of formed 

nanofibers did not depend on concentration of TiN NPs (Figure 5.3 and Table 5.2). 

However, the standard deviation for diameters of functionalized nanofibers was lower 

compared to the reference sample, suggesting that the nanofibers were more uniform 

when TiN NPs were co-electrospun with PCL, as shown in Table 5.2. It should be noted 

that the increase of the nanofiber diameter under the addition of NPs could be 

compensated by increasing the voltage applied to the spinneret, as the increase of 

potential up to the threshold voltage results in reduced diameter of obtained nanofibers 

[138]. 

Sample 
name 

PCL 
Concentrations 

(w/v) 

TiN NPs  Mean 
diameter 

Standard deviation 

T20_2  20% 0 400 nm 230 nm 
T20_1N1 20% 1 mL (0.15 mg L-1) 1.03 µm 0.19 µm 
T20_0N2 20% 2 mL (0.15 mg L-1) 1.05 µm 0.06 µm 
T20_0N6 20% 2 mL (0.45 mg L-1) 1.03 µm 0.15 µm 

Table 5.2: Summary of diameter statistics for pristine and functionalized nanofibers 
(Figure 5.3). 

The presence of TiN NPs on the surface PCL nanofibers can be clearly identified on SEM images, as shown 

in Figure 5.2. At high 150k resolution, single strands of nanofibers showing bunches of 

nanoparticles attached to the nanofiber surface could be observed (Figure 5.2a, b, c).  

 

Figure 5.2: SEM micrographs of functionalized nanofibers obtained under different 
concentrations of TiN solubilized in solutions: (a) 1 mL (0.15 mg L-1) TiN NPs, 20% PCL 
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(T20_1N1); (b) 2 mL (0.15 mg L-1) TiN NPs, 20% PCL (T20_0N2); (c) 2 mL (0.45 mg L-1) TiN 
NPs, 20% PCL (T20_0N6). 

 

Figure 5.3: Normal diameter distribution of non-functionalized and functionalized 
nanofibers with various concentrations of laser ablated TiN NPs. 

5.4.1 Thermal analysis 
 The thermal analysis was done using TGA. Our tests did not reveal any major 

difference in maximal degradation temperatures and degradation initiation 

temperatures, when the pristine nanofibers and the nanofibers functionalized with TiN 

NPs were used. All samples followed an identical trend with a single step degradation and 

similar degrading temperatures. The degradation initiation temperature was calculated 

with a minimum 5% mass loss for the samples (Figure 5.4). Pristine nanofibers displayed 

a classical PCL degrading behaviour with mass loss initiation at 329°C, while the 

functionalized nanofibers had lower initiation temperatures (328, 214 and 271°C for 

T20_1N1, T20_0N2 and T20_0N6, respectively). The degradation initiation temperature 

for pristine nanofibers was almost identical to the one observed for functionalised 

nanofibers with lowest concentration of TiN NPs (T20_1N1). However, when the 

temperature was further increased, both curves disassociated, while the functionalized 

nanofibers started to degrade faster. This trend was especially clear in the end of 

temperature cycle (441 and 439°C for pristine and functionalised nanofibers (T20_1N1), 

respectively) in which only 5% of initial mass was present. For comparison, the end 

temperature for samples T20_0N2 and T20_0N6 was observed at 429 and 441°C, 

respectively.     
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Figure 5.4: TGA graph depicting thermal degradation behaviour of TiN NPs-functionalized 
and pristine PCL nanofibers, inset zoomed view. (Table 5.1) 

Sample T20_0N2 prepared under relatively low concentration of TiN NPs (2ml at 

0.15mg mL-1) started to degrade at lower temperature of about 100°C, which could be 

attributed to insufficient number of NPs within fibers matrix to dissipate heat. The 

increase of concentration of TiN NPs improved the stability of nanofibers at low 

temperatures due to the increase of heat capacity. Here, sample T20_0N6 with highest 

concentration of TiN NPs (2 mL at 0.45 mg L-1) demonstrated similar degradation 

behaviour to pristine nanofibers. It should be also noted that most of the organic part 

degraded at the end of the program cycle. Indeed, about 0.1% of the initial mass was 

available in the cycle end for pristine nanofibers, while the relevant values for 

functionalized nanofibers were in the range of 0.2-0.35%. 

 As one can see from derivative thermogram (DTG) curve of hybridized nanofibers 

(Figure 5.5), the presence of NPs at lower concentrations in the nanofibers (T20_1N1) did 

not affect the temperature at the which the maximum mass loss event takes place, but the 

increase of NPs amount led to the decrease of this temperature by several degrees. The 

latter fact can be explained by the increase of heat transfer over the nanofibers due to the 

presence of inorganic TiN NPs in the matrix. As shown in the figure 5.5, the maximal mass 

loss event occurred at 412°C for pristine and nanofiber sample T20_1N1, while for 

T20_0N2 and T20_0N6 it took place at 406 and 409°C, respectively 
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Figure 5.5: Derivative thermogram depicting influence of TiN NPs-based functionalisation 
on degradation rate of PCL nanofibers, inset zoomed scale x-y. 

Differential scanning calorimetry (DSC) tests were then undertaken to further examine 

changes in thermal behaviour of the functionalised nanofibers. The samples were 

analysed through two heating cycles. There were no comprehensible differences between 

the 2 heating cycles used for DSC analysis. First heating cycle has been shown in Figure 

5.6. Typical DSC curves for all examined samples are shown in Figure 5.6. Here, one can 

see that the peaks were endothermic without mass loss for pristine and functionalised 

nanofibers samples indicating melting phase of PCL. We observed slight differences 

between the peaks for pristine and functionalised nanofibers. Here, phase change 

(melting temperature, Tm) for pristine nanofibers and sample T20_1N1 was observed at 

57.5 and 59°C, respectively. The area under the peak showing the enthalpy change (ΔH) 

was measured at 9.5 mWmg-1 for pristine nanofibers, while the nanofibers functionalised 

with lowest concentration of TiN NPs (T20_1N1) demonstrated a very slight increase in 

enthalpy up to 11.4 mWmg-1 (Figure 5.6). The nanofibers functionalized with TiN NPs at 

higher concentrations (T20_0N2 and T20_0N6) demonstrated similar behaviour, while 

the Tm decreased slightly from 57.8°C to 57°C under highest concentration of TiN NPs. 

The respective change of enthalpy ΔH was 8.9 mWmg-1 and 8.3 mWmg-1 for 

samplesT20_0N2 and T20_0N6, respectively.  
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Figure 5.6: Differential scanning calorimetry graph depicting the different phase changes 
with in functionalized and non-functionalized PCL nanofibers, inset zoomed scale x-y. (Table 

5.1). 

Such a trend was consistent with results of TGA/DTG analysis. It should be noted that 

there was a slight dip in curves observed for all the samples as the heating program goes 

above 120°C, which could be attributed a change in samples’ weight due to volatilization. 

No other phase change behaviour was observed until the end of the program at 200°C.   

5.4.2 FTIR spectroscopy  
The functionalized and non-functionalized nanofibers were then studied by FTIR 

spectroscopy to analyse changes in infrared absorption peaks. Results of FTIR 

examination are demonstrated in Figure 5.7. As shown in the graph, the peak 

characterizing the presence of a nitride group could be observed at 3324 cm-1, which is 

consistent with the literature [210,211]. One can also find that absorption spectra of the 

functionalized nanofibers are similar to that of the non-functionalized nanofibers. A 

signature peak for C=C stretching mode can be resolved at around 1650 cm-1, while a weak 

peak at 1600 cm-1 related to acetone is resolvable in the case of the pure nanoparticle 

solution. C-O stretched bonds from 1200 to 1160 cm-1 are also resolvable for all samples 

containing PCL [212]. It is also visible that the addition of TiN NPs to the polymer matrix 

did not lead to the interference with absorbance peaks of PCL  
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Figure 5.7: FTIR graphs of nanofiber samples prepared at different concentrations of TiN 
NPs. a) reference fibers T20_2, b) fibers prepared under 2 mL of 0.45 mg L-1 of TiN NPs, 

sample T20_0N6; c) fibers prepared under 2 mL of 0.15 mg L-1 of TiN, sample T20_0N2; d) 
fibers prepared under 1 mL of 0.15 mg L-1 of TiN NPs, T20_1N1; e) nanoparticle solution 

(Table 5.1). 

5.4.3 In vitro testing  
In MTS assays, absorbance increased every experimental day from day 1 till day 15 for 

all scaffolds. As shown in Figure 5.8a, there were no significant changes in metabolic 

activity of mouse 3T3 fibroblasts immobilized on the scaffolds from day 1 till day 10. On 

day 15, higher absorbance was observed for the sample prepared at higher concentration 

of TiN NPs (T10). Moreover, higher absorbance compared to that of the other samples 

was observed for tissue culture polystyrene (TCP), which is often used to improve cell 

culture viability. 

As shown in Figure 5.8b, no significant differences were observed in dsDNA assay 

during the whole experiment. The amount of dsDNA increased significantly after day 10 

for the all the samples. On day 15, maximum amount of the dsDNA was observed for both 

pristine and functionalised scaffolds. There is slight difference between the pristine 

scaffold and the scaffold functionalised with higher concentration of TiN NPs. However, 

the significance is not relevant to conclude the role of the TiN NPs, leading to an increase 

in the amount of dsDNA. On day 1, 3T3 fibroblasts were homogeneously adhered and 

spread over all scaffolds, while during next days the cell number significantly increased 

(Figure 5.9).  Cell viability (live/dead assay) was evaluated from live/dead staining and 

microscopy analysis. Here, one could observe areas with living cells and other areas with 

dead cells on samples of nanofibers with TiN NPs and TCP. No statistical differences were 

observed for different scaffolds (Figure 5.8c and Figure 5.9). 
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Inorganic nanomaterials have already been explored in various clinical applications. 

As an example, silver NPs were found to improve wound healing in both acute burn 

wounds and in chronic wounds [213], while zinc peroxide NPs showed both antimicrobial 

and anti-inflammatory effects in burn wounds [214]. The toxicity of NPs is typically 

influenced by chemical composition, physical characteristics, such as their size, crystalline 

structure, and photo-activation. In addition, the toxicity is often enhanced by the 

production of the reactive oxygen species (ROS) and leads to oxidative stress, 

inflammation, genotoxicity or carcinogenesis [215].  
 

 

Figure 5.8: Metabolic activity measured using the MTS assay (A), proliferation using 
dsDNA assay (B) and viability using live/dead assay (C) for 3T3 fibroblasts immobilized of 

nanofibers with different concentrations of TiN NPs. Tissue culture plastic (TCP) was chosen 
as a reference to provide the highest absorbance in MTS test. * means statistical difference 

related to all other samples. No significant differences were observed in both cell 
proliferation and cell viability tests. All assays show results as a mean and standard 

deviation. 

TiO2  nanofibers and TiO2 NPs in a dose range 2.5–80 μg cm-2 were tested for the 

viability of Raw 264.7 (macrophages) and adenocarcinoma epithelial cells A549 [216]. At 

the highest dose, the macrophages showed decreased viability by 22%, but no affect was 

seen using A549 cells. Interestingly, NPs did not show changes in cell viability of both cell 

types. Both TiO2 nanofibers and NPs induced low production of ROS species. TiO2 

nanofibers changed the normal round morphology of macrophages to spindle shaped 

[216]. On the other hand, anatase TiO2 nanospheres of longer fibre structures over 15 μm initiated 
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inflammatory response by alveolar macrophages and the production of inflammatory cytokines similarly to 

silica or asbestos [217]. 

 

Figure 5.9: Adhesion and viability of 3T3 cells.  On day 1, cell adhesion was labelled using 
DiOC6(3) staining (green) for plasma membranes visualization and propidium iodide staining 

(red) for cell nuclei (Dioc D1). As shown in images, 3T3 cell well adhered and spread on all 
scaffolds. On day 1 and 15, live/dead staining was done using BCECF-AM staining (green 
viable cells) and propidium iodide (red nuclei of dead cells). Cells were visualized using 

confocal microscope Zeiss LSM 880 Airyscan. Obj. 20x, bar = 50 µm for Dioc D1 staining and 
Obj. 10x, bar = 100 µm for live/dead staining. 

Owing to high wear-resistance, high hardness, high scratch resistance, low friction 

coefficient and high wettability, TiN-based materials had a wide spectrum of applications 
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as coatings of articulating surfaces of implants. This material is approved by FDA and 

considered as physiologically inert and non-carcinogenic. A prolonged exposure of 

biological objects and tissues to TiN does not cause any toxic effects [218]. Titanium 

oxynitride coating (TiNOx) thin layers prepared by atomic layer deposition on cellulose 

fibers demonstrated layer depth-depending adhesion of human adipose-derived adult 

stem cells with the highest adhesion for samples with 20 Å coating [219].  

Polished discs of pure titanium ASTM F67, titanium alloy (Ti‐6Al‐4V) ASTM F136 (10), 

stainless steel ASTM F138, and cobalt alloy (Co‐Cr‐Mo) ASTM F75 were explored in 

corrosion tests in condition of bare and TiN layer‐coated surface. 2.2 μm- height TiN 

coating of stainless steel increased its corrosion resistance, but no positive effect was seen 

on pure Ti or Ti-6Al-4V. Interestingly, TiN coatings of these materials exhibited no 

cytotoxicity, intradermal irritation, or acute systemic toxicity response (measured by 

intraperitoneal administration of 50 mL kg-1 solution) [220].   

In this investigation, TiN NPs were incorporated in PCL, a biocompatible polymer, 

which excludes a direct exposition of cells to potentially toxic TiN NPs. Biological tests 

showed good biocompatibility of all tested materials with increased metabolic activity on 

day 10 and highest increase of dsDNA content on day 15. Here, T20_0N6 samples with 

highest concentration of TiN NPs (4 mL) demonstrated the best metabolic activity. 

However, in both TiN NPs samples and PCL some areas with dead cells were observed on 

day 1 and 15. As the presented in vitro tests did not show fully biocompatible material, 

further long-term in vitro tests over at least 5 weeks must be performed. It is important 

that the fabricated hybrid organic-inorganic nanofiber structures can combine good 

biocompatibility of PCL and specific physical properties of inorganic TiN NPs. In 

particular,  plasmonic and catalytic properties of TiN NPs can be used e.g. for the 

phototherapy of cancer and its combination with chemotherapy and radiotherapy, which 

are especially effective during G2 phase of cell cycle and can be enhanced by optimizations 

of pH, microcirculation, metabolism, and the presence of sensitizers [221]. 

5.5   Conclusions 
This chapter concludes with a primary demonstration of simple methodology to 

fabricate functional hybrid nanofibers based on co-electrospinning of polycaprolactone 

solutions and bare laser-synthesized TiN NPs. A unique combination was formulated and 

standardised to achieve PCL TiN NPs nanofibers through electrospinning. PCL at 

concentration of 20% (w/v) dissolved in dichloromethane and acetone at 3:2 (v/v) ratio, 

was found to be optimal for functionalization with TiN NPs. Nanofibers were electrospun 

from solutions possessing several concentrations of TiN NPs.   

Electrospun hybrid nanofibers demonstrated an uniform morphology. The presence of 

TiN NPs in the system was confirmed by high-resolution scanning electron microscopy, 

where NPs could be observed being attached to the polymer matrix or partially 

embedded.  Thermal analysis by DSC and TGA revealed an improved thermal distribution 

character of functionalised nanofibers as compared to pristine PCL nanofibers. Further, 

biological assessment of hybrid nanofibers showed that NPs-decorated nanofibers 

https://d360prx.biomed.cas.cz:2630/doi/full/10.1046/j.1525-1594.2003.07241.x#b10
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demonstrated good biocompatibility in vitro identical to pristine PCL nanofiber samples. 

Overall, observed results are indications of multifunctional hybrid PCL (TiN NPs) 

nanofibers as excellent platform for tissue engineering and cancer theranostics. 



 

 
 

 

 

 

 

 

 

 



 

 
 

CONCLUSIONS 

This thesis was aimed at the development of multifunctional nanofibers platform and 

their physicochemical characterizations for potential applications such as tissue 

engineering scaffolds, theranostics, controlled drug delivery, catalytic activity, filtration. 

Various systems were designed with several polymers acting as matrix, for immobilizing 

metallic nanoparticles and inorganic polymers as functional agents. Electrospinning is 

used for fabrication of non-woven hybrid nanofiber mats. 

Organic matrix/matrices and inorganic functional agents used for electrospinning 

offered unique combination. While organic materials provided the structure and matrix 

for the nanofibers having very high surface area to volume ratio, inorganic functional 

agents provided improved functionality. Mainly, two types of functional agents were used 

in the research, metallic nanoparticles, and inorganic polymers. The nanoparticles were 

synthesised via wet-chemistry methods and pulsed laser ablation in liquids (PLAL). 

However, PLAL was preferred for the synthesis of nanoparticles due to the advantage of 

possessing a bare ligand-free surface with lower bio-toxic potential. Therefore, the focus 

was to immobilize this class of nanoparticles within nanofiber matrix along with inorganic 

polymers.  

1. Here, the differences in properties were analysed after functionalizing the 

nanofibers with laser ablation synthesized and wet-chemistry synthesised 

nanoparticles. The nanofibers were fabricated using chitosan blended in 

poly(ethylene oxide) with AuNPs. It was found that chemically synthesised 

AuNPs prepared by Turkevich’s method affected the thermal degradation of the 

nanofibers and the peak degradation temperature quite similar to nanofibers 

functionalised with laser ablated NPs. Further, the morphology analysis of 

nanofibers showed near identical diameter distributions. However, laser 

ablated nanoparticles provided an advantage to nanofibers while offering 

similar properties to chemistry synthesized particles, due to absence of surface 

ligands. Hence, functionalisation of nanofibers with such agents potentially 

offers much better bio-compatibility for use in biological system. Further 

analyses were proposed with some modifications for increasing the amount of 

AuNPs and chitosan.  

2. From observations in previous chapter, necessary modifications and 

optimizations were done to fabricate nanofibers with significantly higher 

concentrations of chitosan and AuNPs in poly (ethylene oxide) (PEO) blended 

nanofibers. Chitosan is a highly bio-degradable and biocompatible polymer but 

has very low processability. However, it was successfully electrospun by PEO 

blending, and functionalised by bare laser-ablated AuNPs. Nanofibers 
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mimicking the microscopic structural network of extracellular matrix (ECM) 

were obtained. Statistical analysis showed that nanofibers possessed an 

average diameter of 190 ± 86 nm. Furthermore, functionalised nanofibers had 

better thermal stability as compared to pristine nanofibers. FTIR analysis did 

not reveal any difference in the absorption spectra of functionalised and 

pristine nanofibers. However, the nanofibers solubilised quite effectively in PBS 

saline. Therefore, post-processing of nanofibers was done to obtain chitosan 

AuNPs nanofibers by immersing fibers in neutralising solutions which also lead 

to removal of PEO. This step transformed the -NH3+ group into the -NH2 

insoluble form, stabilising the nanofibers in aqueous medium. The nanofibers 

were stable and possessed fibril structure even after keeping in saline solution 

for considerable amount of time. The nanofibers possessed significant 

properties for their potential use as tissue engineering scaffolds.  

3. In this chapter, advanced nanofibers were fabricated and functionalised from 

unusual combinations of organic and inorganic (poly(ferro-

cenylphosphinoboranes)) polymers. Poly(ferrocenylphosphinoboranes) are a 

group of inorganic polymers denoted as Fe A and Fe B. The polymers had a 

slight difference in their monomer structure where Fe A monomer contains 

additional methane group attached to the phosphine. These polymers are poly-

cationic and have high thermal stability. However, they possessed low 

molecular weight, thus it had to be co-spun in blend of higher molecular weight 

homopolymers such as PEO and PS. At least, 2% (w/v) inorganic polymers were 

blended with the homopolymers and electrospun resulting in uniform 

nanofibers with colour similar to that of inorganic polymers. Hybrid nanofibers 

possessed an average diameter between 475 to 625 nm. Further analyses such 

as NMR and FTIR, confirmed the presence of the inorganic polymer within the 

organic matrix. DSC and TGA showed that functionalized nanofibers were 

thermally stable. As a result, hybrid nanofiber structures were obtained, 

possessing high surface reactivity, and positively charged surface due to 

presence in polycationic domains which can provide attachment sites for 

macromolecules and nanocatalysis.  

4. Finally, a distinctive formulation was electrospun from widely used and 

biocompatible polycaprolactone (PCL) and bare laser-ablated titanium nitride 

nanoparticles (TiN NPs). Initial fabrication of pristine nanofibers required 

extensive optimization of PCL concentration in electrospinning solution and 

electrospinning parameters. Thereafter, various concentrations of bare laser-

ablated TiN NPs were suspended in PCL solutions and electrospun into 

nanofibers. SEM was used to study the morphology of fabricated pristine and 

functionalised nanofibers which showed that bead-free smooth nanofibers 

were obtained. TiN NPs functionalised nanofibers were uniform and possessed 

higher average diameter. DSC and TGA showed that functionalised nanofibers 

had a better thermal dissipation. Their average weight normal heat capacity and 

maximum thermal degradation temperature were lower, as compared to 
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pristine nanofibers. Further, biological characterizations were done for 

analysing bio-compatibility of the functionalised nanofibers. MTS assay showed 

highest metabolic activity of 3T3 fibroblasts on day 10, for all the samples, 

except nanofibers functionalised with highest concentration of TiN NPS. While 

on day 15, highest amount of dsDNA could be observed for all samples. 

Correspondingly, no statistical insignificant differences were observed in cell-

viability. Some areas with dead cells were observed which requires further 

investigations. It was evident that hybrid multifunctional nanofibers were bio-

compatible even when TiN NPs were present in the matrix which also provided 

plasmonic resonance and catalytic activity, useful for theranostics of cancer, in 

combination with chemo- and radiotherapy. Moreover, providing a platform for 

tissue-engineering, offering an extracellular-matrix like scaffold network. 

This research provided multiple strategies for the fabrication of multifunctional hybrid 

nanofibers using electrospinning. Inclusion of functional agents such as laser-ablated 

nanoparticles offered a clean alternative with minimal bio-compatibility issues. 

Nanofibers have shown enormous potential owing to their unique properties. However, a 

major effort is required to establish nanofibers, by means of optimization and 

standardisation while offering reliability, reproducibility, and bio-compatibility. As the 

yield of nanofiber from electrospinning was relatively low and producing large amount of 

fibers required multiple hours of operation. However, multiple strategies have been 

implemented recently, utilising various spinnerets and collector mechanisms for 

improving the yield. Consequently, making the nanofibers a commercially viable and 

widely-accepted solution in future for existing and emerging technologies.



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 
 

List of abbreviations 

AC Alternating Current 

AFM Atomic Force Microscopy 

ASTM American Society for Testing and Materials 

ATR Attenuated Total Reflection 

AuNPs Gold Nanoparticles 

Cit. Citrate 

DC Direct Current 

DCM Dichloromethane 

DioC6(3) 3,3'-Dihexyloxacarbocyanine Iodide 

DNA Deoxyribonucleic Acid 

DLS Dynamic Light Scattering 

DSC Differential Scanning Calorimetry 

ds DNA Double Stranded Deoxyribonucleic Acid 

DTG Derivative Thermogravimetry 

ECM Extracellular Matrix 

EDX Energy-Dispersive X-ray (spectroscopy) 

Fe A Poly(ferrocenylmethylphosphinoborane) 

Fe B Poly(ferrocenylphosphinoborane) 

Fs Femtosecond 

FTIR Fourier transform infrared spectroscopy 

HAp Hydroxyapatite nanoparticles 

HR-TEM High-Resolution Transmission Electron Microscopy 

IR InfraRed 

K2CO3 Potassium Carbonate 

MTS Tetrazolium Salt 
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NaOH Sodium Hydroxide 

Nm Nanometers 

NMR Nuclear Magnetic Resonance 

NPs Nanoparticles 

Ns Nanosecond 

PBS Phosphate-Buffered Saline 

PCL Polycaprolactone 

PEG Poly(ethylene glycol) 

PEO Poly(ethylene oxide) 

PLAL Pulsed Laser Ablation in Liquid 

PS Polystyrene 

PTFE Polytetrafluoroethylene 

ROS Reactive Oxygen Species 

SERS Surface Enhanced Raman Spectroscopy 

SEM Scanning Electron Microscope 

SiNPs Silicon Oxide Nanoparticles 

TCP Tissue Culture Polystyrene 

TEM Transmission Electron Microscopy 

TFA Trifluoroacetic acid 

TGA Thermogravimetric Analysis 

Tg Glass Transition 

Tm Melting Temperature 

TM Trademark 

THF Tetrahydrofuran 

TiN NPs Titanium Nitride Nanoparticles 

TMS Tetramethylsilane 

UV Ultraviolet 

UV-Vis Ultraviolet-visible 
 



 

 
 

  



 

 
 

APPENDIX A 

Supplementary Data  
 

The NMR and IR spectra of the individual polymers before and after electrospinning 

were obtained and are presented here. The spectra gave insight about the interactions of 

these polymers with each other. 
 

 

Figure A.1: 1H NMR spectra of electrospun polymer Fe A/PEO and Fe B/PEO. 
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Figure A.2: 1H NMR spectra of electrospun polymer Fe A/PEO and Fe A/PS. 
 
 

 

Figure A.3: 1H NMR spectra of electrospun polymer Fe B/PS and Fe B/PEO. 
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Figure A.4: 1H NMR spectra of electrospun polymer Fe A/PS and Fe B/PS. 
 

 

Figure A.5: 1H NMR spectra of electrospun polymer Fe A/PEO and Fe B/PEO. 

 



  

  

APPENDIX A 
86 

 

Figure A.6: 1H NMR spectra of electrospun polymer Fe A/PS, Fe B/PS with pure PS. 
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Figure A.7: IR spectra of electrospun Fe A and Fe B in PEO and compared with pure PEO. 
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Figure A.8: IR spectra of electrospun Fe A and Fe B in PS and compared with pure PS. 
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Figure A.9: DSC curve for Pristine Fe A and Fe B polymers. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table A.1: Degradation Initiation temperature of polymers based on minimum 5% loss of 
mass. 
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Pristine Fe A 237 

Pristine Fe B 130 

Fe A/PEO 272 
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PEO reference 275 
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