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I Abstract 

Materials are the basis for the survival of human beings, as well as the symbol of 

the development process of human civilisation. Polymeric fibres have been 

widely used in filtration, energy storage, healthcare, and the environment due to 

their physical and chemical properties, especially the unique surface effects. The 

manufacturing of fibrous materials at the micro-scale has emerged as a 

prominent focus in materials science. Electrospinning is currently one of the most 

widely adopted fibre production technologies in both academic and industrial 

fields. Centrifugal spinning, phase separation, template synthesis, and self-

assembly are also common methods for fibre formation. Given the rapid growth 

in market demand and the pressing quest for sustainable production, the 

development of scalable fibre manufacturing technologies has become 

increasingly urgent. 

Pressurised gyration (pressurised spinning or pressure spinning) is a more recent 

fibre production method. It combines the features of centrifugal spinning and 

solution blowing for efficient production of fibres through a facile one-pot process. 

The process involves a perforated cylindrical vessel that spins at high speed, 

where polymer jets are ejected from orifices due to the combined effects of 

rotational force and externally applied gas pressure. Originally developed as a 

scalable alternative to electrospinning, pressurised gyration has been used with 

a wide range of polymers and allows for high-throughput fibre production. The 

method has been adapted for various applications, including tissue engineering 

scaffolds, air/water filters, and drug delivery systems. In this study, a modified 

nozzle-based pressurised gyration system is developed to improve fibre 

morphology and spin biopolymer fibres from natural sources. This new spinning 
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system is proven to produce polymeric fibres with greater uniformity and 

alignment, compared with conventional nozzle-free pressurised gyration. The 

efficacy of this enhancement is validated across different synthetic polymers 

(polycaprolactone (PCL), polyvinylpyrrolidone (PVP), and poly(ethylene oxide) 

(PEO)). The improved fibre alignment effectively enhances their mechanical 

strength along the fibre length compared to electrospun fibres, which typically 

exhibit anisotropic properties. In addition, nozzle-pressurised gyration further 

reduced the fibre diameter. PCL fibres and PVP fibres with diameters of 

approximately 1 micron and PEO nanofibres with a diameter of 172 nm are 

produced by nozzle-pressurised gyration. This new method achieves a 

remarkable fibre production rate that is 20 ~ 40 times higher than that of 

electrospinning. 

To expand the application scenarios of nozzle-pressurised gyration, this 

equipment was further modified by incorporating a CaCl2 coagulation bath to 

produce alginate fibres, addressing the current challenges associated with the 

processing of biopolymers. It leverages the precise control and impressive 

efficiency of nozzle-pressurised gyration, combined with the adaptability of wet-

spinning alginate-based materials. This makes it a highly promising and cost-

effective technology for scaling up alginate fibre production with simplicity and 

ease. By meticulously adjusting the solution concentration and the processing 

parameters, a comprehensive protocol for producing alginate fibres using this 

innovative method is established. The resulting alginate fibres combine the 

inherent biological properties of biopolymers and surface characteristics of fine 

fibres to maximise their potential in biomedical applications, showing 94 ± 2.8% 

cell viability. Combined with Cinnamomum verum extracts, these alginate-based 
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fibres show significant antibacterial efficiency. The decrease in bacterial adhesion 

and biofilm formation is detected log 1 ~ log 5 for gram-negative Escherichia coli 

and gram-positive Staphylococcus aureus bacteria species.  

The modified nozzle-pressurised gyration device is also being used to spin 

natural cellulose, sourced from Laminaria hyperborea seaweed and recycled 

dairy farm waste, into micro-scale fibrous materials. This process explores 

extended sources of raw materials for nozzle-pressurised gyration, achieving the 

conversion of low-grade plants into value-added products while also promoting 

the upcycling and reuse of waste materials. This work aligns with the principles 

of a circular economy by fostering sustainability and resource efficiency.  
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II Impact Statement 

This research introduces nozzle-pressurised gyration, an advanced and scalable 

fibre production method designed to meet growing industrial demands for fine 

fibres. This new method effectively mitigates the common limitation associated 

with gyro-spun fibres, particularly in achieving consistent and uniform morphology, 

making the technology more suitable for practical production and clinical 

applications. By enabling the efficient and uniform fabrication of fibres from both 

synthetic and natural polymers, the technology holds strong potential for future 

applications in healthcare, including wound dressings, tissue scaffolds, and drug 

delivery systems, ultimately contributing to improved human wellbeing. 

From an economic perspective, nozzle-pressurised gyration offers a low-cost, 

high-throughput alternative to conventional spinning techniques, such as 

electrospinning and wet spinning, with simpler equipment, faster production rates, 

and lower energy consumption. Its industrial scalability makes it highly suitable 

for commercial adoption in diverse sectors, including filtration, energy storage, 

smart textiles, and biomedical devices. 

The technology also supports environmental sustainability by facilitating the use 

of renewable, biodegradable biopolymers, such as alginate and cellulose, without 

the need for toxic additives. This reduces the environmental and public health 

impacts associated with synthetic polymer wastes and processing chemicals. 

Furthermore, by enabling the use of upcycled and natural resources, the method 

aligns with the principles of a circular economy, offering a more responsible path 

for future material innovation. 
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Overall, the impact of this research extends across industry, health, economics, 

and environmental sustainability, positioning nozzle-pressurised gyration as a 

next-generation fibre production technology with wide-ranging future benefits.  
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1 Introduction 

1.1 Research Background  

The global outbreak of SARS-CoV-2 has heightened public awareness and 

concern about personal healthcare and the need for effective measures to 

prevent the spread of viruses. Face masks, generally using fibrous materials as 

filter media, are recommended by the World Health Organization (WHO) as the 

simplest and a highly effective tool of personal protection [1, 2]. Aleksandra et al. 

[3] further underscored the critical role of this non-pharmaceutical measure in 

containing the rapid spread of the pandemic in their study. Fibrous materials with 

very fine diameters (micro- or nano-scale) exhibit superior filtration performance 

due to their high specific surface area, tunable porosity, and unique surface 

effects. Given that the SARS-CoV-2 viruses and other coronaviruses have a very 

small particle diameter (100 ± 10 nm), treatments leveraging nano-materials have 

garnered significant attention, driving a growing demand for fine fibres [4]. In 

addition to personal protective equipment, fibrous membranes play an essential 

role in air and water filtration systems. High-efficiency particulate air (HEPA) 

filters, typically composed of fine fibres, remove contaminants such as dust, 

bacteria, and viruses via microscopic sieves. According to the U.S. Department 

of Energy, compliant HEPA filters achieve up to 99.97% filtration efficiency for 

aerosols as small as 0.3 µm in diameter [5]. 

The application of fibres is by no means limited to filtration. There is increasing 

interest in the versatility and the ability to be engineered with specific properties 

of polymeric fibres, especially biopolymer fibres that are inherently biocompatible 
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and biodegradable. These fibres are encouraging candidates in biomedical fields, 

such as drug delivery carriers, tissue engineering scaffolds, wound dressings, 

and biosensors for diagnosis and therapy [6-9]. The additional attention on bio-

based polymer fibres aligns with global efforts to promote circular economies and 

sustainable practices. Beyond healthcare, fibrous materials find applications in 

energy and environmental fields. Particularly, conductive polymeric fibres show 

remarkable potential in green energy (fuel cells, solar cells), optical devices, and 

transistors due to their unique electrical and optical properties [10, 11]. Ultra-

lightweight polymer fibre composites are also increasingly used in aerospace and 

automotive sectors for their high specific strength and stiffness compared to 

traditional inorganic materials [12]. Additionally, their outstanding thermal and 

acoustic insulation properties have garnered increasing interest in the 

construction industry [13]. 

In view of the surging interest and demand for fibrous materials, research on 

advancing fibre manufacturing and processing methods is both critical and urgent. 

Electrospinning is currently the most versatile method for continuous fibre 

manufacturing [14]. However, the difficulty of scale-up is the most prominent 

impediment to the further development of this technology. Pressurised gyration 

(PG) has emerged as a promising alternative, offering scalability alongside 

competitive efficiency in fibre production [15]. Despite the many successes that 

have been achieved since its proposal in 2013, PG is not ideally perfect. While 

PG offers notable advantages in fibre production efficiency, this comes at the cost 

of reduced control over fibre fineness. Fibres produced by electrospinning are 

typically much thinner (down to 200 nm in diameter), compared to the several 

micrometres commonly achieved through PG, and can exhibit greater uniformity 
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in diameter. This is likely attributed to the significantly lower infusion rate used in 

electrospinning, which allows for more precise control over fibre formation. 

Addressing these challenges, this research focuses on advancing PG-based fibre 

manufacturing techniques to improve the quality and quantity of gyrospun fibres. 

By refining the PG process, this work aims to bridge the gap between scalability 

and precision, meeting the growing demand for high-performance fine fibres in 

diverse applications, while supporting sustainable development principles. 

1.2 Aims and Objectives  

The focus of this research is to develop advanced fibre manufacturing processes 

based on the PG technique. The aim is to refine fibre morphology and to expand 

the diversity of spinning materials to a more natural aspect through innovative 

methods. The polymeric fibres produced will be used in specific biomedical 

applications, especially as wound-healing patches and drug delivery carriers. 

1.2.1 Novel Design of Pressurised Gyration  

Through the novel design of the spinning vessel to improve fibre uniformity and 

production consistency of the PG technique. The new PG setup will be used to 

enhance fibre morphology and structure. The effects of processing parameters 

will be discovered by extensive experiments. The outcomes will be validated on 

different materials. The morphological characteristics, mechanical properties and 

drug release behaviours of the obtained fibres will be compared with fibres 

prepared using the prevailing spinning method—electrospinning, to demonstrate 

the remarkable enhancement of the new design.  
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1.2.2 Fabrication of Biopolymer Fibres using Advanced Pressurised 

Gyration  

The new spinning apparatus will be upgraded by integrating a coagulation bath 

to facilitate the wet spinning of alginate (Alg) fibres. The spinnability of Na-

Alg/H2O solutions and processing parameters will be discovered by extensive 

experiments. The primary aim is to produce Alg fibres with a well-defined fibrous 

morphology and a consistently narrow diameter distribution, ensuring high-quality 

outcomes in the spinning process. 

1.2.3 Assess the Efficacy of the Cinnamon-Alginate Fibres as Natural 

Antimicrobial Patches.  

Considering the outstanding biocompatibility of Alg, Alg fibres incorporated with 

a natural antioxidant-rich spice—Cinnamomum verum, will be manufactured 

using the upgraded PG setup. These cinnamon-Alg fibres will undergo thorough 

evaluation for cell viability and antibacterial properties to indicate their potential 

as innovative and effective alternatives to conventional antimicrobial biomaterials. 

1.2.4 Manufacture of Cellulose Fibres from Recycled Waste Materials 

Cellulose derived from natural sources (Laminaria hyperborea seaweed and 

recycled dairy farm waste) will be used as the feedstock for the upgraded PG 

process, to investigate their spinnability. Besides their morphology, the produced 

cellulose products will be characterised by Fourier transform infrared 

spectroscopy (FTIR) and X-ray diffraction (XRD) to indicate their chemical 

compositions and crystallisation form. A more sustainable and environmentally 

friendly fibrous biomaterial is highly sought after. 
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1.3 Thesis Outline 

This dissertation details the way in which the research proceeded and is ordered 

in the following chapters:  

Chapter 1 provides a brief introduction of the background information relevant to 

the themes explored in this work, outlines the research aims and objectives, and 

offers an overview of the thesis structure. 

Chapter 2 presents an in-depth review of the existing knowledge in this 

interdisciplinary field. Details regarding the fundamentals of fibres, materials used 

for fibre production, fibre manufacturing techniques, and their application 

prospects in various areas. It addresses the current challenges of fibre 

manufacturing and explores future development trends in fibre processing. 

Chapter 3 presents the design of the spinning equipment, the preparation of 

spinning materials, the spinning parameters, and the methods used for fibre 

characterisation. 

Chapter 4 presents a novel design of pressurised gyration and discusses the 

associated parameter effects, highlighting its advantages in the manufacturing of 

polymeric fibres in terms of fibre morphology and performance, as well as fibre 

productivity, compared to the current spinning technologies. 

Chapter 5 elucidates the adaptation of the advanced pressurised gyration 

apparatus for biopolymer fibre spinning and assesses the cell viability and 

antimicrobial properties of the obtained cinnamon-Alg fibres, highlighting their 

potential as sustainable and innovative biomaterials. 
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Chapter 6 explores extended raw material sources for the proposed pressurised 

gyration equipment from recycled waste streams and assesses their spinnability, 

alongside an analysis of their chemical characteristics. 

Chapter 7 sums up the key outcomes and current limitations of the research and 

outlines potential directions for future research.  
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2 Literature Review  

2.1 Fundamentals of Polymeric Fibres 

The term fibre originates from the Latin word fibra, having the meaning of the 

thread-like structures in plants and animals since the 17th century, that is, natural 

fibres [16, 17]. Plant fibre materials such as cotton, hemp, and flax have been 

important textile materials for centuries, dating back to the Neolithic in ancient 

Egypt [18, 19]. Animal fibres are primarily composed of proteins, such as those 

found in silk, hair, fur, and feathers [20]. The technique of manufacturing silk cloth 

from silkworm filaments originated in ancient China, which had been the only silk 

producer for over 300 years [21]. Exquisite silk products were important trade 

commodities between ancient China and Persia, Egypt, bringing China a 

numerous income. 

Although the idea of man-made fibres rather than being obtained directly from 

nature had been proposed in 1664, it was not until 1855 that Swiss chemist 

Georges Audemars made the first rayon from mulberry trees [17]. Using a needle, 

Audemars pulled cellulose-based long filaments from a mixed solution of 

mulberry bark pulp and gummy rubber [22, 23]. Rayon was then expected to 

become the replacement for high-priced silk due to the wide resources and low 

price of its raw materials. Nevertheless, the process was cumbersome and time-

consuming, hindering its suitability for large-scale production. In the late 19th 

century, French chemist Hilaire de Chardonnet discovered a method of man-

made silks from cellulose nitrate, called “Chardonnet silk” [24]. Chardonnet 

patented the technique and established the first artificial silk manufacturing 
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company in Besançon, France [25, 26]. Chardonnet was widely known as the 

"Father of Rayon" for revolutionising textile manufacturing by pioneering the 

large-scale production of artificial silk. Subsequently, viscose spinning was 

developed, a versatile approach for producing regenerated cellulose fibres (also 

known as “rayon”) via cellulose dissolution in alkaline solutions. The rayon, 

obtained from natural long-chain polymers, is a semi-synthetic fibre, that 

dominated the fibre industry for decades in the early 20th century. However, the 

use of highly toxic carbon disulfide in the viscose process has raised significant 

safety concerns [27]. Lyocell rayon was later proposed as a more eco-friendly 

and high-performing alternative in the late 20th century, eliminating toxic 

chemicals and reactions, while significantly reducing air and water emissions [28]. 

Despite that, the high production cost remains a significant barrier to the broader 

adoption and application of Lyocell. 

Nylon fibres are the first synthetic fibres, synthesised entirely from petroleum. In 

1935, nylon was developed by Wallace Hume Carothers and his colleagues at 

the DuPont Experimental Station [29]. The invention of nylon led to the era of 

commercial synthesis fibres. Women's stockings made of nylon were 

enthusiastically sought after by the market and became the vane of the trend of 

the times, with 800 000 sold on the first day of release [29]. In World War II, nylon 

replaced silk to be used in various military items such as parachutes, cords, and 

bulletproof vests [30, 31]. Synthetic fibres such as Orlon acrylic, Dacron polyester, 

Lycra spandex, Teflon fluorocarbon, and Nomex high-temperature fibres were 

successively launched by DuPont in the 1950s [24]. Today, synthetic fibres are 

widely used in textile, construction, environment, military, medicine, and other 

fields due to their low cost and huge quantity. 
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2.2 Materials for Fibre Production 

The choice of materials for fibre production plays a critical role in determining the 

morphologies, properties, performance, and potential applications of the resulting 

fibres. In fibre manufacturing, both synthetic and natural polymers are used due 

to their ability to form continuous filaments, enabled by their viscoelastic 

behaviour in solution or melt form. The chemical composition, molecular weight, 

chain branches, solution viscosity and surface tension of these materials are 

essential impact factors in the fibre formation process and fibre properties. 

Synthetic polymers refer to polymers that are artificially produced by chemical 

reactions in laboratories [32], such as polycaprolactone (PCL), 

polyvinylpyrrolidone (PVP), and poly(ethylene oxide) (PEO). PCL is a 

biodegradable polyester, composed of repeating single units of Ɛ-caprolactone 

(C6H10O2)n. Owing to its superior viscoelastic properties compared to other 

biodegradable polymers, PCL is well-suited for manufacturing into various 

structures, such as films, fibres, microbubbles, etc [33]. Additionally, PCL is 

widely recognised as a promising biomaterial duo to its excellent mechanical 

strength and biocompatibility, making it a popular choice for biomedical devices 

and healthcare. However, its slow degradation rate has raised concerns 

regarding its long-term presence when used in implantable devices [34].  PVP is 

a hydrophilic synthetic polymer, composed of repeating N-vinylpyrrolidone units 

(C6H9NO)n. It is also widely used in biomedical applications due to its excellent 

biocompatibility and solubility in green solvents, such as water and alcohols. Its 

hydrophilicity makes it particularly valuable when used as biomaterials, where it 

helps reduce protein adhesion and improve surface properties [35]. However, the 
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polymer's non-biodegradability restricts its use in long-term or implantable 

applications, as it cannot be naturally broken down or metabolised in the body. 

Moreover, its extensive use may raise environmental concerns, particularly 

regarding its potential accumulation in soil and aquatic ecosystems [36]. PEO is 

a hydrophilic synthetic polymer, composed of repeating ethylene oxide units 

(CH2CH2O)n. PEO is widely recognised for its excellent water solubility, low 

toxicity, and high biocompatibility, and is approved by the FDA for various 

biomedical and pharmaceutical applications [37]. Biomaterials with PEO-based 

surface can restrict protein adhesion, thereby reducing complement activation 

system, immunogenicity and antigenicity in vivo [38]. Therefore, it becomes a 

promising matrix for tissue engineering applications. However, PEO is also non-

biodegradable under physiological conditions, restricting its application in long-

term or implantable medical devices. 

Overall, synthetic polymers offer excellent solubility in common solvents and are 

widely used in fibre fabrication due to their consistent fibre-forming capability and 

reproducible results. In addition, synthetic polymers provide structural stability 

and can be easily functionalised, making them suitable for a wide range of 

applications, including filtration, energy storage, and biomedical scaffolds. 

However, concerns regarding their environmental impact and limited 

degradability present significant challenges for extensive use, particularly in 

contexts requiring sustainability and eco-compatibility. 

Natural biopolymers are macromolecular materials synthesised by living 

organisms and are generally considered as a renewable resource [39]. Owing to 

their distinctive biocompatibility, biodegradability, and sustainability, biopolymers, 
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encompassing proteins, polysaccharides, lipids, and nucleic acids [40], have 

attracted increased interest for applications in the biomedical and pharmaceutical 

fields [41, 42]. Among them, water soluble Alg (C6H8O6)n is of particular interest 

due to its unique gelling properties and water absorption capacity [43-47].  

In addition to Alg, cellulose ((C6H10O5)n) is also a popular option among 

renewable polymers, owing to its favourable mechanical and thermal properties 

[48]. Cellulose has conventionally been sourced from botanical constituents such 

as wood, plant stems, and leaves. Recent efforts have turned towards exploring 

alternative sources through waste recycling streams that are rich in cellulose 

content [49-54]. This approach not only prolongs the use cycles of materials but 

also effectively mitigates the environmental impact of waste disposal, integrating 

with the concept of circular economy. Agricultural residues, e.g. rice straw and 

bagasse fibres, have received much attention due to their functionalities that are 

very similar to hardwood cellulose [55]. In addition, the derivation of cellulose 

from animal waste presents a promising pathway for sustainable cellulose 

production, contributing to a broader objective of resource efficiency and 

environmental sustainability [56]. 

However, the poor solubility of cellulose poses a significant challenge to its 

secondary processing and large-scale production. Cellulose is insoluble in water 

and most organic solvents due to the strong inter and intra-molecular hydrogen 

bonds [57]. Chemical derivatisation and direct solvent systems, such as N-

methylmorpholine N-oxide (NMMO) and lithium chloride/N, N-dimethylacetamide 

(LiCl/DMAc) [58, 59], are common strategies for cellulose dissolution. However, 

cumbersome processes, thermal instability, and harmful by-products are 
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significant drawbacks of these methods. Recently, imidazolium-based ionic 

liquids have attracted attention due to their excellent ability to dissolve cellulose 

without any pre-activation [60, 61]. Ionic liquids dissolve cellulose by forming 

hydrogen bonds with their hydroxyl groups and both anions and cations are 

involved in this process [60, 62, 63]. The advantages of ionic liquids as solvents 

for cellulose and other biomass are enormous, including chemical and thermal 

stability, non-flammability, low vapour pressure, and excellent solvency [63, 64]. 

In addition,  ionic liquids are considered green solvents and can be recycled for 

reuse [65]. Various methods can be used to recover the ionic liquid, for example, 

liquid-liquid extraction [66], supercritical CO2 separation [67], and membrane 

separation [68], depending on the ionic liquid used and their applications. 1-Butyl-

3-methylimidazolium chloride (BMIMCl), 1-ethyl-3-methylimidazolium acetate 

(EMIM OAc), and 1-allyl-3-methylimidazolium chloride (AMIMCl), etc. have been 

used for cellulose dissolution [61, 69-72]. This new dissolution process offers the 

potential to fabricate cellulose fibres as sustainable alternatives to viscose and 

Lyocell in the textile industry [73]. 

Despite their many inherent advantages, the transformation of natural polymers 

into commercially value-added products still faces many challenges. The primary 

and secondary processing of natural polymers without altering their structure and 

properties is notably more challenging than that of synthetic polymers. As such, 

there is an urgent need to develop a straightforward, efficient, and low-cost 

technology for processing natural polymers. 
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2.3 Fibre Manufacturing Technologies  

A variety of fibre-forming technologies have evolved over the long history of 

polymeric fibre development, with each generation of scientists building upon the 

innovations of their predecessors. Today, global demand for fibre materials is at 

an all-time high, with expectations extending beyond texture and comfort in 

textiles to include enhanced functionality such as strength, elasticity, durability, 

lightweight, flame insulation, and biocompatibility. These qualities are essential 

for their applications in diverse fields.  

Currently, spinning—where continuous fibres are extruded through a spinneret—

is the most widely used fibre-forming approach. Among the various spinning 

techniques, electrospinning and centrifugal spinning have gained significant 

attention due to their simplicity, controllability, and relative cost-effectiveness. A 

comprehensive analysis of these fibre technologies helps to understand their 

unique features, advantages, and limitations, thus determining their appropriate 

applications and perspectives on their future development potential. 

PG, a more recent fibre-manufacturing technique, shows promise as a leading 

future technology in this field. By addressing the challenges of existing spinning 

methods, it offers exceptional spinning performance and economic efficiency, 

positioning it as a potential game-changer in fibre manufacturing. This thesis 

focuses on the research of advanced spinning technologies based on PG. 

2.3.1 Electrospinning  

Electrospinning has played a pivotal role in the advancement of fibre production 

over recent decades. The theoretical foundation of this technology dates back to 
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1964-1969, when Geoffrey Taylor first elucidated the dynamics of electrically 

charged jets [74, 75]. A slightly conductive viscous liquid, extruded through a 

capillary, deforms under a strong electric field due to its surface tension, resulting 

in a cone—known as the “Taylor cone”. This deformation intensifies as the 

voltage increases. Once a critical threshold voltage (Rayleigh limit) is reached, 

the rounded tip of the cone emits a jet of polymer fluid. The jet then travels through 

the air accompanied by solvent evaporation, leaving behind charged fibres that 

can be electrically deflected or collected on a metal plate [76]. 

The apparatus used in electrospinning consists of a high-voltage supplier, a 

needle with a small inner diameter connected to a capillary tube, an infusion 

syringe pump and an adjustable metal plate [77], as shown in Figure 2-1. The 

electrospinning process starts with the delivery of polymer solutions with a 

determined flow rate using an infusion pump [78-80].  As the electrical forces 

increase, a force opposite to the surface tension occurs on the surface of the 

electrically charged polymer liquid coming out of the needle, causing a “Taylor 

cone” of the ejected droplet. When the charge on the droplet accumulates to a 

certain critical value, this force overcomes the surface tension and forms a liquid 

stream. This stream is followed by forming a jet when the molecular cohesion of 

the polymer liquid is sufficiently high, rather than split into large droplets [81]. 

Thereafter, the jet undergoes violent whipping or splitting motions in the electric 

field due to bending instability [82, 83]. During this process, the jet greatly 

stretches and thins while the solvent largely evaporates, ultimately depositing on 

the collector as fine fibres. Electrospinning is exceptionally effective at creating 

ultrafine fibres, capable of generating polymeric fibres with diameters ranging 

from 40 nm to 2 microns [81]. Certain technical parameters affect the morphology 
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of electrospun fibres, involving solution parameters (molecular weight, viscosity, 

surface tension, conductivity, and volatility of solvent), processing parameters 

(voltage, flow rate, collection design and distance), and ambient parameters 

(relative humidity, temperature) [14, 77, 84].  

 

Figure 2-1 Schematic diagram of an electrospinning apparatus. 

Electrospinning is no doubt a highly successful fibre fabrication technology, 

offering numerous advantages such as a simple experimental setup, ease of 

processing, the ability to produce ultrafine fibres at the nanoscale, versatile and 

flexible applications and controlled patterning [85]. However, this technique has 

certain limitations. These can be specified as low yield capacity (about 0.01 - 0.3 

g/h) [25, 85], crystallisation at the needle tip for specific polymer solutions [86], 

and intricate structure of the fibre scaffolds. In addition, the applied voltage can 

adversely affect sensitive materials such as enzymes, biotins, and proteins, as 
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well as decrease fibre uniformity [87]. By incorporating a rotating drum collector 

or an auxiliary electrode, the jet motions and fibre deposition can be regulated to 

produce well-aligned fibres [88]. However, this significantly increases the 

complexity of the equipment construction. Furthermore, the dense two-

dimensional structure of electrospun scaffolds poses limitations for tissue 

engineering applications, as they fail to replicate the inherently three-dimensional 

architecture of human tissues. This structural mismatch can hinder cell infiltration, 

nutrient diffusion, and overall tissue integration, making it less suitable for 

regenerating complex biological environments. Despite considerable research 

aimed at overcoming the current challenges of electrospinning, many of these 

solutions have compromised the simplicity of the equipment and the ease of the 

process [85, 88]. Efforts to address issues such as scalability, fibre uniformity, 

and material limitations often involve complex modifications or additional 

components [83, 89], which can detract from the straightforward nature of the 

original electrospinning setup. 

2.3.2 Centrifugal Spinning  

Centrifugal spinning was proposed as an efficient spinning strategy to eliminate 

the many limitations encountered in electrospinning and is known for its rapid 

production rate and low cost. Centrifugal spinning was initially applied for the 

production of glass fibres in industry, with its origins dating back to a patent by 

Ernst Pick in 1909 [90]. In this process, molten glass is drawn by centrifugal force 

generated by a rotating spinner (a bowl-shaped container with orifices in the 

walls), enabling the continuous formation of glass fibres [91]. This early 

innovation laid the groundwork for the modern use of centrifugal spinning in 



43 
  

various fibre production industries. It wasn’t until the late 1990s that centrifugal 

spinning attracted significant attention as a viable method for producing polymeric 

fibres. 

A typical centrifugal spinning setup is shown in Figure 2-2, which consists of a 

perforated spinneret connected by a high-speed motor, and a fibre collector. The 

activated motor can provide the spinneret with a rotational speed of up to 12 000 

rpm so that the loaded spinning liquid can overcome its surface tension to be 

ejected from the orifices on the spinneret wall, initiating the fibre formation 

process [92]. Similar to electrospinning, centrifugal spinning ejects the polymer 

solution at high velocity, leading to rapid solvent atomisation and evaporation. 

Once the jet is expelled from the spinneret, it follows a centrifugal trajectory 

around the axis of rotation. During this process, the drawn jet is continuously 

stretched and thinned, resulting in the formation of fine fibres. Eventually, the 

dried fibres are deposited on the collector in a high alignment.  

 

Figure 2-2 Schematic diagram of a centrifugal spinning setup. 
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Instead of an electric field, centrifugal force drives the fibre formation process in 

centrifugal spinning, minimising the energy consumption and safety concerns 

related to high-voltage fields in electrospinning and widening its range of material 

selections (conductive or non-conductive, melt or solution) [93], making the 

technique more versatile and accessible for various applications. 

Fibres manufactured by centrifugal spinning generally feature a high fibre 

alignment due to the coaxial unidirectional rotation. Moreover, centrifugal 

spinning can be adapted with different spinnerets, either with nozzles or without 

nozzles (featuring small orifices), and can be configured as single-channel or 

multi-channel systems [84, 92]. The multi-channel spinneret enables centrifugal 

spinning to achieve a fibre yield several orders of magnitude higher than that of 

electrospinning [94]. The easy-to-replace spinneret makes this technology allows 

for enhanced control over the spinning process, making it versatile to 

accommodate different materials and production requirements. Overall, 

centrifugal spinning is considered an efficient and low-cost fibre manufacturing 

method. 

2.3.3 Pressurised Gyration 

PG is a scalable fibre-forming technology that combines high-pressure and 

gyratory spinning systems [95]. Much like in centrifugal spinning, PG primarily 

relies on centrifugal force to generate polymer jets for fibre formation, effectively 

addressing many of the limitations of current fibre-forming strategies. The 

introduction of the high-pressure system enhances PG's capability to produce 

ultrafine nanofibres, expanding its potential in advanced applications. Its highly 

controllable processing parameters, easy-to-replace spinning vessels, and 
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compatibility with a broader range of materials offer unique advantages for fibre 

customisation. These attributes establish PG as a highly versatile and promising 

technology to meet the evolving demands of modern fibrous material 

manufacturing. 

The PG apparatus consists of three main sections: the spinning vessel, the 

nitrogen gas circuit, and the collector (Figure 2-3).  

 

Figure 2-3 Schematic diagram of a conventional pressurised gyration setup.  

In conventional laboratory PG equipment, the spinning vessel is an aluminium 

perforated cylindrical container (bottom diameter and side height are 60 mm and 

30 mm, respectively). The number of orifices on the vessel wall is up to 24, and 

the diameter of each orifice is 0.5 mm. The spinning vessel is connected by 

bearings to an RS PRO geared DC motor, which provides a rotational speed of 
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up to 36 000 rpm. The electrical motor is connected to a speed control knob to 

adjust the rotational speed. The lid of the spinning vessel is connected to a 

nitrogen gas cylinder through a plastic tube, which can provide a working 

pressure of up to 3 × 105 Pa during spinning. The collector is placed at a certain 

distance (100 − 200 mm) from the spinning vessel to collect dry fibres with the 

desired morphology.  

The fibre formation in PG can be summarised into three main stages, namely jet 

initiation, jet extension, and solvent evaporation [96]. Upon starting the spinning 

process, the polymer fluid is rapidly spread in the spinning vessel under the 

centrifugal force provided by the motor.  The fluid profile takes on a parabolic 

shape [97]. After applying the nitrogen flow, the polymer fluid reaches the orifices 

at approximately the same time, which means that they have almost equal initial 

velocity and height. Subsequently, the polymer fluid starts to overflow from the 

orifices. The polymer droplets at the orifices form a surface tension gradient along 

the air-liquid interface (Marangoni effect) under the action of external forces, such 

as gravity, centrifugal force, and pressure differences [98]. The polymer droplet 

expands outward in the direction of decreasing surface tension and forms a finger 

shape [99]. This process is defined as jet initiation. Due to the high viscosity of 

the spinning fluid, the ejected fluid does not break into individual droplets but 

forms a continuous jet. The schematic diagram demonstrating the initial jet 

evolution is presented in Figure 2-4. During the jet extension stage, the polymer 

jet leaving the orifice continues to move outward and stretch under the action of 

inertia. At this stage, the polymer jet is subjected to centrifugal force, forming a 

curved jet around the circumference of the spinning vessel. The air resistance at 

the air-liquid interface promotes the elongation and thinning of the jet.  
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Figure 2-4 Schematic diagram of the initial jet evolution in gyratory spinning. 

Reproduced (Adapted) with permission from ref [99] Copyright © 2014, John 

Wiley and Sons. 

During the jet movement, the solvent gradually evaporates, resulting in the further 

thinning of polymer jets. The dry fibres are eventually deposited on the collector. 

The fibres produced by this process generally have higher alignment than 

electrospun fibres that undergo whipping motions.  

System Parameters 

The electrical motor is one of the most significant components of the PG 

apparatus. Once energised, the motor drives the spinning vessel to rotate at a 

high speed (up to 36 000 rpm). The polymer fluid loaded in the vessel is subjected 

to centrifugal force (Fcentri). According to Newton's second law: 
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𝐹𝑐𝑒𝑛𝑡𝑟𝑖 = 𝑚𝜔2𝑟 

Equation 2-1 

where, m is the mass of the spinning fluid, ω and r are the rotational speed and 

the radius of the vessel, respectively. From Equation 2-1, it is evident that the 

centrifugal force acting on the spinning fluid increases with higher rotational 

speeds. Only when the centrifugal force is sufficient to overcome the surface 

tension of the spinning fluid, spinning jets can be formed and ejected from the 

orifices. The minimum rotational speed required to generate sufficient centrifugal 

force to overcome the surface tension of the polymer fluid is referred to as the 

critical rotational speed. Below this critical speed, the centrifugal force is 

insufficient to produce spinning jets. In addition, the solvent may separate from 

the polymer at a low rotational speed. Solution loss occurs in this scenario [15].  

After the polymer fluid is ejected from the vessel, these jets are simultaneously 

subjected to centrifugal force and air resistance (Fair): 

𝐹𝑎𝑖𝑟 =  
1

2
𝜋𝐶𝜌𝐴𝜔2𝐷2 

Equation 2-2 

where, C is the numerical drag coefficient, ρ is the air density, A is the cross-

sectional area of the spinning jet, ω is the rotational speed of the jet, and D is the 

diameter of the jet path [92]. As indicated by Equation 2-1 and Equation 2-2, 

both the centrifugal force and air resistance acting on the spinning jets increase 

with the rotational speed of the spinning vessel. This enhancement promotes jet 

stretching, facilitating the formation of finer, elongated fibres. Conversely, at low 
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rotational speeds, PG usually produces thicker and shorter fibres or droplets due 

to insufficient stretching. 

The most prominent feature of PG is the integration of a high-pressure system 

within the gyratory spinning process. Working pressure plays a critical role in 

influencing fibre diameter. Compared to conventional pressure-free centrifugal 

spinning, the incorporation of gas pressure in PG significantly increases the 

acceleration of the spinning flow. As a result, the spinning flow ejected from the 

orifices has a larger initial velocity. Increased pressure also reduces the time 

required for spinning jet formation. Moreover, the elevated gas pressure 

enhances jet stretching, enabling the production of finer fibres. This effect arises 

because the higher pressure boosts the kinetic energy of the spinning jets, 

facilitating additional elongation during the stretching phase. According to the 

microscopic jet flow model reported by Gañán-Calvo et al., the liquid jet diameter 

(dj) : 

𝑑𝑗 ≅ (
8𝜌

𝜋2∆𝑝
)

1 4⁄

𝑄1 2⁄  

Equation 2-3 

where, ρ is the density of the liquid, Δp is the pressure difference and Q  is the 

flow rate [100]. Equation 2-3 suggests the inversely proportional relationship 

between jet diameter and pressure difference, which is consistent with 

experimental results [95]. 

The working pressure also affects fibre morphology and alignment. The higher 

working pressure results in greater kinetic energy of the spinning jets but also 
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introduces greater kinematic instability, which can result in the formation of beads 

and reduced fibre alignment [101]. As the solvent evaporates from the spinning 

jets, the enthalpy of vaporisation causes a local temperature drop [102]. This 

temperature reduction can lead to condensation of water vapour on the fibre 

surface. Upon evaporation of these water droplets, their imprints remain, creating 

a porous fibre surface. Higher working pressures accelerate solvent evaporation, 

intensifying the formation of surface pores and contributing to the unique 

morphology of the fibres [15]. 

The spinning vessel is also an important component of a PG setup. During the 

spinning process, the loaded spinning fluid slips on the vessel wall and extrudes 

from the liquid channels while overcoming its surface tension. Therefore, the 

materials, dimensions, and geometry of the vessel have a great impact on fibre 

morphology. In the reported studies, the PG vessel is typically constructed from 

materials such as metal (aluminium or steel) or plastic, consisting of a perforated 

reservoir and an adapted lid [95, 97]. Different friction factors exist between the 

spinning fluid and the vessel made of different materials, which affect the flow 

behaviour of the spinning fluid and the formation of spinning jets. Additionally, the 

choice of vessel material significantly impacts performance due to differences in 

density and other properties. Low-density metals with relatively high melting 

points, such as aluminium, are often preferred for their lightweight and durability. 

Vessels made of steel, on the other hand, offer superior corrosion resistance, 

making them ideal for use in chemically aggressive environments. Optically 

transparent plastic vessels offer a distinct advantage by allowing real-time 

observation of fluid behaviour within the vessel, which is invaluable for 

experimental investigations and process optimisation. 
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Fibre morphology is also affected by the vessel dimension. From Equation 2-1 

and Equation 2-2, the centrifugal force and air resistance of the spinning fluid 

increase with the increase of the vessel radius. Therefore, at a constant rotational 

speed, increasing the radius of the spinning vessel facilitates the formation and 

stretching of the jets, thereby reducing fibre diameter. 

In a typical PG setup, multiple orifices (up to 24) with a diameter of 0.5 mm are 

evenly distributed on the perimeter of the vessel wall at equal intervals, resulting 

in the formation of various spinning jets at the same time [15, 95, 103, 104]. Thus, 

PG is considered a very promising scalable fibre manufacturing technology. In 

addition, vessels featuring multi-layer reservoirs have been used for the 

preparation of core-sheath fibres [105, 106]. The inner and outer reservoirs are 

loaded with different polymer solutions, enabling the formation of the core and 

the sheath structures of dual-layer fibres, respectively. 

Fibre morphology is also significantly influenced by the type of collection method 

used. In addition to the typical plate collectors (Figure 2-3), surrounding collection 

meshes and collection rods (Figure 2-5) are also used in PG. Compared to the 

relatively air-closed environment of plate collectors, the collection meshes and 

collection rods are more favourable for solvent evaporation due to improved air 

convection. This setup also facilitates better fibre alignment during collection. 

Furthermore, the collection distance plays a crucial role, as it directly impacts 

fibre formation and overall morphology. When the collection distance is too short, 

the jets undergo insufficient stretching, resulting in thicker and shorter fibres. 

Additionally, a very short distance may hinder solvent evaporation, leading to 

bead formation or the deposition of wet jets on the collector [107]. Conversely, 
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increasing the collection distance facilitates jet elongation to reduce fibre 

diameter. However, an excessively long collection distance will cause jet rupture, 

reducing fibre yield and compromising the collection process. Balancing the 

collection distance is therefore crucial for achieving optimal fibre morphology and 

yield. The optimal collection distance of the PG system varies with solution 

properties, solvent volatility, flexibility and ductility of the polymer, ambient 

temperature, relative humidity, etc. 

 

Figure 2-5 Different collector designs in pressurised gyration: (a) mesh-like 

collector and (b) rod collector.  
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Spinning Fluid Properties 

The spinnability of spinning fluid (polymer solution/polymer melt) and the fibre 

morphology in PG are significantly affected by the inherent properties of the 

spinning liquid, such as molecular configuration, molecular weight, 

polymerisation, crystallinity, concentration, viscosity, surface tension and solvent 

volatility. Among them, the influence of surface tension and viscosity plays a 

dominant role in PG, while other liquid properties affect the spinning process by 

changing these two main properties. 

Not all polymer liquids form fibres through the PG process. The ability of the 

spinning fluid to be stretched into fine jets is referred to as its spinnability, which 

is dependent on its viscoelasticity [108]. In general, the viscosity of a polymer 

solution increases with the increase of its concentration. For successful jet 

formation, the solution concentration must reach a critical threshold, which is 

determined by the polymer's molecular weight and solubility. At this critical 

concentration, the viscoelastic properties of the solution provide sufficient 

molecular entanglement to support the formation of stable spinning jets. Polymer 

solutions with concentrations below the critical threshold only form droplets rather 

than jets due to insufficient viscoelasticity. The increase in solution viscosity 

imposes greater resistance to centrifugal force and dynamic fluid blowing, as well 

as inhibits solvent evaporation [95]. Thus, for spinnable polymer solutions, the 

fibre diameter tends to increase with the increase of the solution concentration.  

However, when viscosity becomes excessively high, the centrifugal force is 

unable to overcome the surface tension of the solution. Spinning jets cannot be 

formed in this scenario. The bead formation is also affected by the solution 
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concentration. With the increase in concentration, the product of PG under 

identical working parameters gradually transitioned from beads to bead-on-string 

fibres, and finally to bead-free smooth fibres [109]. For polymer melts, the 

viscosity is typically controlled by adjusting the polymer molecular weight and 

processing temperature. Table 2-1 summarises the effects of various parameters 

on the properties of the produced fibres. 

Table 2-1 The effects of system parameters and spinning fluid properties on fibre 

morphology in pressurised gyration.  

  
Fibre 

Diameter 
Bead Others 

System 

Parameters 

Rotational Speed ↑ ↓ ↓ 

Fibre length ↑ 

Bead size ↓ 

Uniformity ↓ 

Working Pressure ↑ ↓ ↑ 

Fibre length ↑ 

Bead size ↑ 

Uniformity ↓ 

Yield ↑ 

Collection Distance ↑ ↓  
Fibre length ↑ 

Uniformity ↓ 

Infusion Flow Rate  

(PCIG) ↑ 
↑ ↑ Yield ↑ 

Melting Temperature 

(PMG) ↑ 
↓  Surface roughness ↑ 

Spinning 

Fluid 

Properties 

Molecular Weight ↑ ↑ ↓ 
Bead size ↑ 

Fibre length ↓ 

Concentration ↑ ↑ ↓ 
Bead size ↑ 

Fibre length ↓ 

Solvent Volatility ↑ ↓  Pore size ↑ 
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Others 

Temperature ↑   Solvent evaporation ↑ 

Humidity ↑   Pores ↑ 

*↑ and ↓ denote increase and decrease respectively. PCIG and PMG denote 

pressure-coupled infusion gyration and pressurised melt gyration respectively. It 

should be noted that these are the most common overall outcomes. Exceptions 

may exist for some polymer systems used. 

Sister Technologies  

Although PG has achieved a production efficiency that far surpasses that of 

electrospinning, there are still limitations [95]. The typical PG device cannot 

support the continuous spinning process. To advance the industrialisation of this 

technique, Hong et al. introduced a syringe pump into the device to automate the 

feedstock loading process, named pressure-coupled infusion gyration (PCIG) 

(Figure 2-6) [110].  

Polymer solutions can be continuously fed into the spinning vessel at a controlled 

infusion flow rate, enabling precise regulation of fibre diameter, diameter 

distribution, and morphology. In addition, the increasing infusion flow rate 

effectively increases the fibre yield, highlighting its potential for industrial uses. 

Compared to conventional PG, PCIG produced fibres with smaller diameters 

under the same solution properties and system parameters. The interaction 

effects of key parameters, including solution concentration, working pressure, 

rotational speed and infusion flow rate, on fibre diameter in PCIG have been 

thoroughly studied. Hong and coworkers [111, 112] developed effective and 

reliable mathematical models to describe these interactions, demonstrating high 

consistency with experimental observations. 
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Figure 2-6 Schematic diagram of pressure-coupled infusion gyration.  

Furthermore, to address the potential toxicity and environmental concerns 

associated with chemical solvents, as well as to facilitate the spinning of polymers 

with limited solubility, Xu et al. [113] introduced pressurised melt gyration (PMG), 

a method that combines the features of melt spinning and conventional PG 

(Figure 2-7) 

In the PMG setup, a heating gun is used to elevate the temperature of the 

spinning vessel, reaching up to 600 °C, resulting in a molten polymer. The system 

is equipped with an in-situ thermocouple to monitor and control the temperature. 

The increased temperature reduces the viscosity of the molten polymer, which in 

turn promotes the formation of finer fibres. Using this innovative approach, Xu  

[113] successfully fabricated Ag nanoparticle-loaded PCL scaffolds, 
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demonstrating exceptional antibacterial properties and cell viability, all without the 

use of chemical solvents. 

 

Figure 2-7 Schematic diagram of pressurised melt gyration.  

Biphasic fibres can be produced through the multi-layer design of the spinning 

vessel in core-sheath PG [105, 106]. As shown in Figure 2-8a, the spinning 

vessel of core-sheath PG features a dual-layered reservoir, with the inner and 

outer reservoirs used to load different polymer solutions to form the core and 

sheath structures of the fibres, respectively. 
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Figure 2-8 (a) Schematic diagram of core-sheath pressurised gyration and (b) 

confocal microscopy image of PVP-PCL core-sheath fibres. Reproduced 

(Adapted) with permission from ref [114] Copyright © 2022, Elsevier.  

To achieve a uniformly encapsulated core-sheath structure, the essential 

condition is the flow synchronisation of the inner and outer polymer solutions. 
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Therefore, prior to the spinning process, the flow rate and production rate of the 

spinning solution loaded in the outer reservoir are required to be tested. Then the 

flow of the inner solution will be manipulated to match a synchronous flow. In 

core-sheath PG, the liquid volume ratio of core-solution and sheath-solution is an 

important factor. A portable core-sheath PG device designed by Alenezi et al. 

[115] has been developed to achieve continuous large-scale production of core-

sheath nanofibres in a facile step. 

In core-sheath fibres, the core solid and the sheath layer are formed from different 

polymers (Figure 2-8b), providing different physical and chemical properties 

[116]. The outer sheath of the fibre can serve as a protective barrier, effectively 

delaying the release of the therapeutic agents loaded in the core layer over an 

extended period. Alternatively, the active substance can be incorporated directly 

into the sheath layer, facilitating enhanced contact with the target site for 

immediate therapeutic action. In this case, a more robust and durable material 

can be used for the core layer, providing enhanced structural support. By varying 

the fibre design, the sheath-core configuration can be optimally tailored to 

maximise the desired effect, offering flexibility in therapeutic strategies. Core-

sheath polymer fibres produced by core-sheath PG are fascinating candidates 

for biomedical materials that are used in tissue engineering scaffolds, drug 

release, and wound healing bandages [114, 117].  

Fibres Produced by Pressurised Gyration 

Thus far, there has been a wide variety of polymeric fibres produced by PG and 

its sister technologies. The applications of these fibrous products span a wide 

range of areas, especially in filtration and healthcare. Compared with 
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electrospinning, PG averts the influence of high voltage on sensitive materials, 

as well as has wider options in materials and solvents due to its controllable 

environmental conditions. In addition to common synthetic polymer fibres (such 

as PEO, PCL, PVP, poly(methyl methacrylate) (PMMA), polyacrylonitrile (PAN), 

polylactic acid (PLA), etc.) [95, 101, 103, 118-121], there are also biopolymer 

fibres synthesised using PG, including silk fibroin, polyhydroxyalkanoates (PHA), 

starch, etc [122-125]. These fibres have broad prospects in biomedical 

applications due to their inherent biocompatibility and environmental friendliness. 

Moreover, ceramic fibres, such as polymethyl-silsesquioxane (MK resin), 

polymethylphenyl-silsesquioxane (H44 resin), have been successfully fabricated 

by PG [126]. The products of PG are diverse in terms of their structure. Besides 

uniform solid fibres, PG has been used to produce beaded fibres, multi-layer 

fibres, and microbubbles [105, 109, 127, 128]. Microbubbles are a promising 

material in diagnosis, therapeutic applications, targeted drug delivery, etc [129-

132]. Such many successful cases undoubtedly validate the practicability and 

extensibility of PG technology in the preparation of micro/nano-materials. Table 

2-2 summarises the polymers processed using PG and its sister technologies.  
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Table 2-2 Polymer materials processed by pressurised gyration, detailed information of final products and their potential applications. 

Polymer 
Molecular 

Weight Solvent 
Concentra-

tion Agent Product Type 
Average 

Fibre 
Diameter 

Application Technique Ref. 

Polycapro-
lactone (PCL) 

Mw = 8×104 
g/mol 

acetone 
5-30% 
(w/v)  

beads, beaded 
fibres, fibres 

bead: 145-
658 µm  

fibre: 3-28 
µm     

drug delivery PG [109] 

chloroform 

15% (w/v) 
nano-clay  
(2-5 wt%) 

microfibre 
scaffolds 1.1-3.9 µm 

bone tissue 
regeneration 

PG, 
Nozzle-PG [101, 133] 

10-12 wt% 
tetracycline 

hydrochloride  
(2 wt%) 

porous fibres 1.7-5 µm 
drug release, 

wound dressing PG [114, 134] 

Mn ≈ 8×104 

chloroform 15% (w/v) 
cinnamon 

powder (250-
500 mg/mL) 

fibre meshes 1.7-6 µm 

antimicrobial 
fibres,  

wound healing 
bandages 

PG [135, 136] 

 
molten 

liquid (95-
200°C) 

Ag nanoparticle 
(0.01% (v/v) ) 

microfibre 
scaffolds 14-38 µm 

antibacterial 
fibres,  

muscular tissue 
engineering 

PMG [113] 

Polyethylene 
oxide (PEO) 

Mw = 2×105 
g/mol water 5-21 wt% 

DsRed-AuBP2-
engineered 

protein,  
Au nanoparticle 

nanofibres 
50-1085 

nm 
aligned 

nanofibres 

PG, PCIG, 
Nozzle-PG, 

Infusion 
Gyration 

[95, 97, 
101, 112, 
123, 137] 

         

Continued 
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Poly(methyl 
methacrylate) 
(PMMA) 

Mw = 
1.2×105  
g/mol 

N,N-dimethyl-
formamide (DMF) 30% (w/v)  nanofibres ≈ 290 nm  PG [138] 

chloroform 20% (w/v) 
hydroxyapatite 
(HA, 10 wt%) 

nanofibre 
scaffolds ≈ 800 nm targeted therapy PG [139] 

chloroform, 
acetone, DMF, 

ethyl acetate, and 
dichloromethane 

(DCM) 

20 wt% 

graphene 
nanoplalete 
(0-8 wt%), 

graphene oxide 
nanosheet 
(0-8 wt%), 

tungsten oxide 
nanoparticle 
(0-8 wt%),   
W-Ag-Cu 

nanoparticle 
(0-0.5 wt%) 

smooth/porous 
microfibres  1-20 µm 

antimicrobial 
fibres PG 

[118, 140-
144] 

Polyvinyl-
pyrrolidone 
(PVP) 

Mw = 
2.8×104-
1.5×106  
g/mol 

phosphate 
buffered saline 
(PBS), ethanol 

10-30% 
(w/v)  nanofibres 

462-971 
nm 

pharmaceutical 
sciences, 
binders,  

drug delivery 

PG [103, 145] 

Mw = 1×105 
-1.5×105 

g/mol 
ethanol 15% (w/v) 

Ibuprofen 
(10-50% (w/v)) microfibres 1.2-5.4 µm 

oral 
administration, 
drug delivery 

PG [145] 

Mw = 
1.3×106 
g/mol 

ethanol 
10-15% 

(w/v) 

amphotericin B  
(5 wt%), 

itraconazole  
(2.5 wt%) 

uniform and 
aligned fibres 1.3-3.5 µm drug delivery 

PG, 
Nozzle-PG, 

Core-
sheath PG 

[101, 114, 
144] 

a mixture of 
ethanol and 
methanol 
(4:1, v/v) 

10-20% 
(w/v) 

pioglitazone 
hydrochloride 
(12 mg/mL) 

nanofibres 0.6-3.2 µm 
biodegradable 
drug release 

system 
PG [146] 

         
Continued 
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Poly-
acrylonitrile 
(PAN) 

Mw = 
1.5×105 
g/mol 

DMF 

4-15% 
(w/v)  nanofibres 

200-520 
nm  PG [138, 147] 

8-10 wt% 

graphene 
nanoplatelets 

(0-8 wt%),  
graphene oxide 

(3-10 wt%) 

carbon fibres 0.7-20 µm 
conductive fibre, 
energy storage 

devices 
PG [119, 148] 

10 wt% 
carbon 

nanotubes  
(0-0.5 wt%) 

carbon 
nanofibres 

400-800 
nm 

energy storage 
device, 

supercapacitors 
PG [120] 

Poly(vinyl 
alcohol) (PVA) 

Mw = 
1.46×105-
1.86×105  

g/mol 

water 10% (w/v) 
lysozyme (4% 

(w/v)), gold 
nanoparticle 

microbubbles 10-250 µm 

antibacterial 
fibres, 

biosensors,  
intracellular 

probes, 
ultrasound 

contrast agents, 
drug delivery 

PG [127, 128] 

Polylactic acid 
(PLA) 

Mw = 
1.1×105 
g/mol 

chloroform 
8-15% 
(w/v) 

progesterone 
(10 wt%) 

drug-loaded 
fibrous patches 6.8-26 µm 

sustained drug 
release system PG [121, 134] 

Polyvinyl-
idene fluoride 
(PVDF) 

Mw = 
2.75×105 

g/mol 

a mixture of DMF 
and acetone 

15-25% 
(w/v)  beaded fibres 1.6-26 µm face masks PG [144, 149] 

Polyethylene 
(tere-
phthalate) 
(PET) 

Mw = 1×105 
g/mol 

trifluoro acetic 
acid, 

trichloroacidic 
trichloro acetic 

acid 

20 wt%  nanofibres 
290-714 

nm  PG [150] 

Nylon 6,6 
Mw = 3×104 

g/mol formic acid 5-20 wt% 
Ag nanoparticle 

(1-4 wt%) nanofibres 50-500 nm 
antibacterial 

fibres PG [151] 

         
Continued 
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Thermo-plastic 
polyurethane 
(TPU) 

 DMF 15-25 wt% 
graphene 

nanoplatelet 
(5 wt%) 

microfibres  1-13 µm 
fuel cells, 
electronic 
packaging 

PG [152] 

Poly-
acrylamide 
(PAM) 

 (hydrogel)  

montmorillonite 
(0.89 wt%), 

chitosan  
(0.16 wt%) 

nanocomposite 
hydrogels in 

rod/ball shapes 
≈ 5.5 µm  PG [153] 

Poly(N-
isopropylacryl 
amide) 
(PNIPAm) 

Mw = 3×105 
g/mol 

a mixture of 
chloroform and 

ethanol 
(2:1, v/v) 

20% (w/v)  pore-free fibres ≈ 6.3 µm  PG [144] 

Cyclodextrin  water 
180-220% 

(w/v)  pore-free fibres 5.5-6.5 µm  PG [154] 

Polyhydroxyal
kanoates 
(PHAs) 

Mw > 4×105 
g/mol chloroform 7.4 wt% 

HA nanopowder  
(10 wt%) 

aligned porous 
fibres 2.5-9.1 µm 

hard (bone) and 
soft (nerve and 
cardiovascular) 

tissue 
engineering 

PG [124] 

Silk fibroin 
(SF)  

1,1,1,3,3,3-
hexafluoro-2-

propanol (HFIP) 

8-12% 
(w/v)  pore-free fibres 0.8-30 µm 

tissue 
engineering, 

filtration 
PG [122, 123] 

PCL/PVA 
Mw = 8×104 

/5×104 
g/mol 

chloroform/ 
water 

10 wt%/ 
10wt% 

HA nanoparticle  
(1-10 wt%) 

core-sheath 
fibres 3-4 µm 

bone tissue 
engineering 

Core-
sheath PG [117] 

PCL/bacterial 
cellulose (BC) 

Mw(PCL) = 
8×104  
g/mol 

chloroform 
12 wt% 

(wPCL/BC = 
9:1-1:9) 

 composite fibres 5-9 µm  PG [134] 

PEO/PMMA 
Mw = 2×105/

1.2×105 
g/mol 

water/ 
chloroform 

15 wt%/ 
15wt% 

Ag-Cu-W 
nanoparticle 

core-sheath 
fibres 

core: 6-9 
µm  

sheath: 21-
32 µm 

filtration, tissue 
engineering 

Core-
sheath PG [105] 

         Continued 
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PEO/PVP 
Mw = 2×105 
/1. 5×106 

g/mol 

water/ 
water 

15 wt%/ 
15wt%  

core-sheath 
nanofibres 

331-998 
nm  

Core-
sheath PG [106] 

PEO/PCL 
Mw = 6×105 

/8×104 
g/mol 

water/ 
a mixture of 

chloroform and 
methanol 
(3:1, v/v) 

10 wt%/ 
20 wt%  

core-sheath 
nanofibres ≈ 740 nm  

Core-
sheath PG [115] 

PEO/PLA 
Mw = 6×105 

/1.1×105 
g/mol 

water/ 
a mixture of 

chloroform and 
methanol 
(3:1, v/v) 

10 wt%/ 
20 wt%  

core-sheath 
nanofibres ≈ 529 nm  

Core-
sheath PG [115] 

PEO/sodium 
carboxy-
methyl-
cellulose 
(CMC) 

Mw = 2×105 
/2.5×105 

g/mol 

water/ 
a mixture of 

ethanol and water 

12.5-
15 wt%/ 

0-2.5 wt% 

Progesterone 
(0-5 wt%) 

composite 
nanofibres 

161-550 
nm drug delivery PG [155-157] 

PEO/sodium 
alginate 

Mw = 2×105 
g/mol 

/medium 
viscosity 

water 
11 wt%/ 
1 wt%  

composite 
nanofibres ≈ 170 nm drug delivery PG [157] 

PEO/poly-
acrylic acid 
(PAA) 

Mw = 2×105 
/4.5×105 

g/mol 
water 

11 wt%/ 
1 wt%  

composite 
nanofibres ≈ 215 nm drug delivery PG [157] 

PEO/starch 
Mw = 2×105 

/1×105 
g/mol 

a mixture of water 
and dimethyl 

sulfoxide (DMSO) 
(1:1, w/w) 

7.5-
13.5 wt%/ 

1.5-7.5 wt% 
 

composite 
nanofibres 

163-285 
nm  PG [125] 

PMMA/PAN 

Mw = 
1.2×105 
/1.5×105 

g/mol 

DMF 
10 wt%/ 
10 wt%  nanofibres ≈ 580 nm  PG [138] 

         Continued 
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PMMA/BC 

Mw(PMMA)
= 1.2×105 

g/mol 
DMF:THF 
(1:1, w/w) 

20-50 wt%/ 
5-10 wt% 

Cu-Ag-Zn, CuO, 
Cu-Ag-WC 

nanoparticle 
(0.05-1 wt%) 

composite fibres 2-36 µm wound dressing PG [158, 159] 

PMMA/ 
poly(l-lactide) 
(PLLA) 

Mw = 
1.2×105 
g/mol/ 

Mn = 2 500 

chloroform 
10 wt%/ 
10 wt% 

a mixture of  
HA and protein composite fibres ≈ 17 µm 

shape memory 
fibres PG [160] 

PVP/PCL 

Mw = 
1.3×106 
/8×104 
g/mol 

a mixture of 
chloroform and 

methanol 
(4:1 ,v/v) 

12% (w/v) 
(wPVP/PCL = 
6/4, 7/3, 

8/2) 

glibenclamide  
(4 mg/mL), 
pioglitazone  
(12 mg/mL) 

composite 
nanofibres 

677-900 
nm 

biodegradable 
drug release 

system,  
wound healing 

PG [146, 161] 

ethanol/ 
chloroform 

10 wt%/ 
10 wt% 

tetracycline 
hydrochloride  

(2 wt%) 

core-sheath 
fibres 4.1-5 µm 

sustained drug 
release system, 
wound healing 

Core-
sheath PG [114] 

PAN/cellulose 
acetate (CA) 

Mw = 
1.5×105 

/3×104 
g/mol 

a mixture of 
acetone and DMF 

(2:1) 
10 wt% vanillin (Kosher) 

porous 
composite fibres 0.5-2 µm 

drug release 
system PG [147] 

PVA/PCL 

Mw = 
8.9×104-
9.8×104  
/8×104  
g/mol 

water/ 
a mixture of 

chloroform and 
methanol 
(3:1, v/v) 

20 wt%/ 
20 wt%  

core-sheath 
nanofibres ≈ 743 nm  

Core-
sheath PG [115] 

PVA/PLA 

Mw = 
8.9×104-
9.8×104  
/1.1×105  

g/mol 

water/ 
a mixture of 

chloroform and 
methanol  
(3:1, v/v) 

20 wt%/ 
20 wt%  

core-sheath 
nanofibres ≈ 542 nm  

Core-
sheath PG [115] 
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PLA/PCL 

Mw = 
1.1×105  
/8×104  
g/mol 

chloroform 
12 wt% 

(wPLA/PCL = 
9:1-1:9) 

 composite fibres 5-19 µm  PG [134] 

water/ 
a mixture of 

chloroform and 
methanol  
(3:1, v/v) 

20 wt%/ 
20 wt%  

core-sheath 
nanofibres ≈ 875 nm  

Core-
sheath PG [115] 

PLA/BC 
Mw(PLA) = 
1.1 × 105 

g/mol 
chloroform 

12 wt% 
(wPLA/BC = 
9:1-1:9) 

 composite fibres 6-19 µm  PG [134] 

PLA/PCL/BC 

Mw = 
1.1×105  
/8×104  
g/mol 

chloroform 
12 wt% 

(wPLA/PCL/BC 
= 7:3:3 

 composite fibres ≈ 10.7 µm  PG [134] 

Poly(glycerol 
sebacate) 
(PGS)/PVA 

Mw(PVA) = 
3×104-
7×104 
g/mol 

HFIP 

10-15% 
(w/v) 

(wPGS/PVA = 
55:45) 

 composite fibres ≈ 16 µm 
tissue 

engineering PG [104] 

SF/PEO 

30% de-
gumed/ 

Mw = 2×105 
g/mol 

water 
40-45 wt%/ 
1.5-3 wt%  

composite 
nanofibres 0.7-2.1 µm 

tissue 
engineering PG [123] 

Polymethyl-
silsesqui-
oxane/PVP 

Mw = 9 100 
/1.3×106  

g/mol 

a mixture of 
chloroform and 
DMF (5:3, w/w) 

25 wt%/ 
25 wt%  ceramic fibres 10-50 µm  PG [126] 

Polymethyl-
phenyl-
silsesqui-
oxane/PVP 

Mw = 2 100 
/1.3×106  

g/mol 

a mixture of 
chloroform and 
DMF (5:3, w/w) 

20.7 wt%/ 
20.7 wt% graphene (3%) ceramic fibres 1-8 µm  PG [126] 

Phenolic 
resin/PVP  DMF 

10-25 wt%/ 
10 wt% 

graphene 
nanoplatelet  

(5 wt%) 
composite fibres 2-8.5 µm 

fuel cells, 
electronic 
packaging 

PG [152] 
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2.3.4 Wet Spinning 

Although the aforementioned spinning technologies have been widely used to 

produce a variety of polymeric fibres with notable success, they still face 

significant challenges when applied to biopolymers. One major issue is the 

solubility of biopolymers. Many biopolymers, such as Alg, chitosan, gelatin, and 

cellulose, are insoluble in common volatile organic solvents and can only be 

dissolved in water or complex solvent systems [162-165]. These solvents have 

limited volatility, making it difficult to achieve efficient polymer/solvent separation 

in electrospinning and other spinning technologies. In contrast, wet spinning 

offers a more suitable and effective approach for processing biopolymers, while 

preserving the properties of the biopolymers [166].  

Wet spinning involves extruding a polymer solution directly into a coagulation 

bath through a spinneret/needle, forming continuous filaments [167]. Within the 

coagulation bath, the solvent is removed, resulting in the solidification of the 

polymer. The coagulant typically consists of a nonsolvent or a nonsolvent/solvent 

mixture that is incompatible with the polymer being processed [168]. After 

extrusion, the filaments undergo a series of mechanical stretching, washing, and 

drying steps to produce long, continuous fibres, which are then collected, as 

shown in Figure 2-9. 

Rather than relying on solvent evaporation, wet spinning forms fibres through the 

diffusion and exchange of the solvent and the nonsolvent phases in the 

coagulation bath [168, 169]. In certain cases, the coagulation process is 

accompanied by chemical transformations, such as ion exchange reactions 
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between the polymer molecules and the coagulant [170], which can contribute to 

the structural integrity and functionality of the resulting fibres. 

 

Figure 2-9 Schematic diagram of a wet spinning setup. Reproduced (Adapted) 

with permission from ref [166] Copyright © 2017, John Wiley and Sons. 

As a result, the surface morphology, size, and properties of fibres produced 

through wet spinning are profoundly influenced by the conditions of the 

coagulation process. Critical factors such as coagulant composition, ion 

concentration, temperature, and coagulation time can be adjusted to control fibre 

morphology. Besides coagulation conditions, polymer viscoelasticity, extrusion 

rate, mechanical stretching, and drying conditions significantly impact fibre 

characteristics, including cross-sectional shape, diameter uniformity, porosity, 

surface roughness, and mechanical properties [171-174]. By carefully optimising 

these parameters, the desired fibre attributes can be achieved. 
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2.4 Applications of Polymeric Fibres  

In terms of fibre morphology and properties, gyrospun fibres are highly similar to 

electrospun fibres, indicating that these fibrous products can be theoretically used 

in the same application areas. Although in this thesis I highlighted the biomedical 

applications such as tissue engineering, drug delivery, wound healing, targeted 

therapy, etc., fibres produced using PG have encouraging prospects in filtration, 

energy storage, catalysis, biosensors, electronics, and optical components [120, 

149, 175-178].  

2.4.1 Biomedical Applications 

Tissue Engineering  

Polymeric fibres play significant roles in tissue engineering as scaffolds 

supporting cell seeding and tissue growth, as well as carriers of bioactive factors 

[179-181].  Polymer fibrous scaffolds serve as a temporary extracellular matrix 

(ECM) in tissue engineering. The desired 3D structures of these polymer 

scaffolds provide specific mechanical and biological properties to modulate 

cellular behaviour [182]. The aligned orientation of fibres induces the polarisation 

and migration of cells along the fibre direction, accelerating wound closure [183, 

184]. Seeding cells on gyrospun scaffolds, which typically have a highly aligned 

orientation, promotes cellular activities. This is due to the regular or defined 

architecture of most of the ECMs in the human body [185]. In addition, the surface 

topography of gyrospun fibres is determined by the solvent types and the 

environmental conditions, which is tunable to form the desired pore size and 

porosity for cell infiltration [186, 187]. Gyrospun fibrous scaffolds have been 



71 
  

reported to be promising material candidates for tissue engineering. For example, 

the non-woven PCL scaffold fabricated by PMG technology by Xu et al. [113] 

showed remarkable attachment, growth, and proliferation results for myoblasts. 

The fibre surface roughness and porosity of these scaffolds can be tuned by 

melting temperature to promote muscular tissue regeneration. Moreover, the 

PGS/PVA blended fibrous scaffold spun by PG possessed unique 

biocompatibility and non-toxicity [104]. The dermal fibroblast cells that adhered 

to these scaffolds showed superior cell viability, which is a promising material for 

soft tissue engineering. Kundu et al. [133] incorporated composite nanoclay and 

hydroxyapatite into PCL fibres by PG. The fabricated fibrous scaffolds had good 

cell viability and promoted osteogenic differentiation, calcium deposition, and 

collagen formation. Their results also showed that the osteogenic differentiation 

of mesenchymal stem cells (MSCs) was enhanced with the addition of PCL fibres. 

The PHA fibres spun by PG not only enhanced bone regeneration but also 

showed great application potential in soft tissue engineering such as nerve and 

cardiovascular [124]. Additional growth factors are not required of PHA scaffolds 

in tissue engineering, which is considered a unique advantage of PHA fibres.  

Heseltine et al. [123] achieved the efficient production of aqueous-based silk 

fibroin using PG. Osteocytes exhibited significant cellular activity and proliferation 

on these aligned silk fibroin fibres. The core-sheath fibres manufactured by core-

sheath PG is a new fascinating strategy in tissue engineering. The 

hydroxyapatite-loaded sheath (PVA) provides the environment and conditions 

required for biological activities in tissue engineering, while the core (PCL) acts 

as a mechanical support [117]. 
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Drug Delivery  

Drug delivery systems are a critical component of disease treatment, playing a 

pivotal role in achieving optimal therapeutic outcomes. Traditional drug delivery 

methods, whether oral administration or intravenous injection, usually face the 

limitations of systemic administration, short-term and uncontrollable release 

efficacy, fast metabolism, low bioavailability, and the potential for causing drug 

resistance and cytotoxicity, etc. The new generation of drug delivery systems 

seeks to overcome these challenges by establishing delivery programs that are 

stable, controllable, and targeted. 

Polymeric fibres, especially nanofibres, are one of the most promising carriers for 

drug delivery due to the high surface area-to-volume ratio, which allows high 

loading capacity and high encapsulation efficiency [188-190]. Encapsulating 

hydrophobic drugs into hydrophilic polymer fibres helps to solve the poor solubility 

of many drug molecules [191, 192]. The tunable characteristics of polymeric 

fibres such as fibre diameter, morphology, and porosity help to modulate the 

release rate for specific therapy. Moreover, controlled release at the action site 

maximises the effect of the drugs, achieving topical treatment and reducing drug 

dispersion [193, 194]. PG is considered a potential strategy for fibre drug delivery 

systems due to its highly controllable system parameters. Progesterone, an 

endogenous sex hormone that helps the development of the fetus and protects 

the endometrium during the female reproductive cycle, is widely used for the 

prevention of pre-term birth [195]. Progesterone was mainly administered by oral 

or parenteral injection, but these methods have the problem of rapid metabolism 

and inactivation before taking effect or causing some potential side effects [196]. 
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Fibrous patches for vaginal administration are a promising therapeutic strategy. 

Brako et al. [155-157] and Cam et al. [121] manufactured progesterone-loaded 

fibrous constructs with mucoadhesion by PG, which proved to be a successful 

method for vaginal administration to the treatment of pre-term birth. Oral 

antidiabetic agent-loaded fibre mats having different release kinetics (burst 

release or sustained release) produced by PG showed significant effects of 

accelerating wound healing and reducing inflammation in diabetes treatment [146, 

161]. Sustained release delivery systems were reported to exhibit more effective 

results. Majd et al. produced PVP-PCL core-sheath fibres by core-sheath PG, 

which showed excellent encapsulation efficiency and controlled release of 

tetracycline hydrochloride [114]. Core-sheath PG has great potential in the 

encapsulation and controlled release of growth factors, drugs, and peptides in 

polymer fibres in a more precise manner. 

Wound Dressings  

Once the skin is structurally or functionally deficient, its function as the body's 

protective barrier will be compromised. The invasion of bacteria, fungi, viruses, 

etc. on the damaged site leads to slow healing, wound infection, and even life-

threatening [197]. Wound dressings are used to isolate the wound from 

pathogens and provide a suitable physiological environment for wound healing 

[198]. Compared with typical textile dressings, which take effects only by isolation 

and secretion absorption, fibre-based dressings show greater potential for wound 

healing [199-201]. The small pore size and high porosity of fibre mats maintain 

good air permeability while isolating microorganisms. The 3D structure of fibre 

mats, resembling that of ECMs, combined with their appropriate mechanical 
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strength, provides an ideal environment to support cell growth, adhesion, and 

proliferation [202]. The unique high surface area-to-volume ratio of fine fibres is 

the significant carrier for antibacterial agents and drugs, which has been 

discussed above. Through the material selection and 3D structure design of fibre 

products, polymer fibre-based dressings with excellent wound healing efficacy 

and good comfort were successfully fabricated by PG. With its inherent 

biocompatibility, bacterial cellulose (BC) is a fascinating candidate for wound 

dressings. The BC/PMMA binary fibres spun by PG not only overcame the 

difficulties of BC processing but also achieved the scalable production of natural 

polymer-based bandages [158]. The BC/PMMA bandages incorporated with 

metal nanoparticles have been proven to show excellent cell vitality and 

antibacterial properties, providing an attractive strategy for wound dressings [159]. 

Ahmed et al. [135, 136] studied the antimicrobial properties and cytotoxicity of 

cinnamon-containing PCL bandages manufactured by PG, demonstrating the 

prospects of this natural active substance-based bandage. 

PG is also used in clinical imaging, diagnosis, therapy, etc. Mahalingam and his 

colleagues [127, 128] synthesised protein-coated polymer microbubbles—

lysozyme-coated PVA microbubbles, using PG. The Au nanoparticles contained 

in these microbubbles have excellent chemical stability and biocompatibility, 

which has the potential for the application of intracellular probes. In addition, the 

Au nanoparticles can be used to make quantum dots (Q dots) to be imaged in a 

bimodal way in both fluorescence and ultrasound, which is a complementary 

technology for ultrasound imaging. These lysozyme-coated PVA microbubbles 

were demonstrated to have good biosensing abilities. 
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2.4.2 Filtration 

With the development of industrialisation, particulate pollutants in the air have 

become a thorny environmental problem, threatening public health [203]. 

Airborne aerosol particles containing bacteria and viruses are one of the main 

transmission routes of many emerging infectious diseases (EIDs), such as the 

SARS-CoV-2 that is prevalent worldwide [204, 205]. Besides, water is also an 

important transmission medium of these tiny particulate pollutants [206]. 

Separating these pollutants from air/water using filter materials is a crucial 

process in air/water purification. Fibrous materials with very small diameters have 

large surface area-to-volume ratios, high porosity, and small pore size, becoming 

effective filtration pads [207]. PG is an efficient and facile method that can 

produce polymeric nanofibres with a diameter of less than 500 nm [95, 101, 112, 

125, 137, 138, 150, 151, 157]. The unique surface effects of nanofibres effectively 

improve filtration efficiency. Filtration based on nanomaterials not only physically 

intercepts particles larger than the pore size through the sieve effect, but also 

captures extremely fine particles through the diffusion mechanism of the 

Brownian effect, or collides with these particles [203, 206, 208, 209]. In addition, 

gas slip occurs on the nanofibres, thereby reducing air resistance [210]. On the 

other hand, charged particles can be captured by electrostatic attraction with 

nanofibres [4, 149]. These nanofibre filters are promising to be used in healthcare 

facilities, electronic component manufacturers, pharmaceuticals, personal 

protective equipment, and food where superior air purification is desired [206]. 

Beaded fibres produced by PG, tailored through precise solution properties and 

processing parameter design, have shown significant potential as advanced filter 

media [109]. This is due to the fact that the beaded structure increases the 
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surface area of the filter and is beneficial to optimise the packing density. 

Moreover, the cavity structure caused by the beads further reduces the pressure 

drop by providing channels for airflow, which is an important criterion for 

evaluating filtration efficiency [149]. Wrinkled and porous fibres with a very high 

specific surface area are also typical products of PG, which can improve the 

filtration performance of filters [118, 124, 147, 204]. 

2.4.3 Energy Storage 

The development of high-performance energy storage systems is a significant 

means to reduce the dependence on fossil fuels and promote the transition to 

clean energy. In addition to large specific surface area and unique surface effects, 

carbon nanofibres (CNFs) have considerable mechanical strength and excellent 

electrical conductivity, having great application potential in electrochemical 

energy storage [211]. CNFs are generally used in rechargeable batteries and 

supercapacitors as active electrode materials, conductive additives, and 

metal/metal oxide-loaded substrates [212, 213]. On one hand, carbonaceous 

materials with high specific surface area and porous structure are conducive to 

storing ions. On the other hand, reversible surface or near-surface reactions of 

the loaded metals/metal oxides improve charge storage [214]. Customised 

electrode materials with desired structures, sizes, morphologies, and 

compositions are of utmost importance for the development of superior energy 

storage systems. In addition, carbon nanotubes (CNTs) are also promising 

energy storage materials due to their higher electrical conductivity and larger 

surface area than CNFs [215, 216]. PAN is a material widely used to prepare 

CNFs due to its high carbon yield, high tensile strength, and relatively low price 
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[217]. The morphology of PAN fibres containing graphene oxide and graphene 

nanosheets prepared by PG highly depends on the processing parameters 

(rotational speed, working pressure, solution concentration, etc.) The mechanical 

properties and electrical conductivity of these fibres have been reported [119, 

148]. Zhao et al. [120] used PG to prepare PAN nanofibres loaded with CNTs, 

achieving a 40% enhancement in specific capacitance along with improved 

reversibility. These characteristics make the material a promising candidate for 

rechargeable battery applications. 

Regarding commercial applications, the fibre material market is vast in terms of 

market size and volume. In addition to the aforementioned uses, the aerospace, 

automotive, and apparel manufacturing sectors have significant shares in the 

fibre market. The rising need for lightweight components due to the increasing 

demand for automotive and commercial aviation is propelling the fibre materials 

market, specifically for those with high-strength modulus and lightweight 

properties. In addition, polymeric fibres are used in ultra-light clothing, fire-

resistant and water-resistant textiles, and high-strength helmets, which also add 

to the rising demand for fibre materials in the commercial sector. 

2.5 Research Gap 

Since its inception, research on PG has developed rapidly, establishing a 

relatively complete processing framework and demonstrating significant potential. 

PG, emerging as a promising fibre manufacturing technology that can be 

expanded on a large scale, is likely to become a focal point in industrial fibre 

production. However, before it can be commercially adopted, addressing the 

consistency and reliability of the process is crucial. Although the introduction of 
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high-velocity airflow in PG greatly improves production efficiency, it tends to 

cause more beads or defects in the fibre than electrospinning. Enhancing the 

stability of the polymer fluid's motion state is the key to addressing this problem. 

Additionally, in the existing literature, PG primarily involves the spinning of 

synthetic polymer/organic solvent solutions. The preparation of high-content 

natural polymer fibres remains to be discovered. Given the increasing emphasis 

on environmental sustainability, developing spinning techniques on natural 

materials and green solvents is a critical area for future research. Nonetheless, 

spinning fine biopolymer fibres presents significant challenges, with few 

successes even in the well-established field of electrospinning. 

Addressing these issues will offer valuable insights into enhancing the 

performance of PG, expanding its application range, and ultimately facilitating its 

transition to industrial use. 
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3 Experimental Details 

3.1 Spinning Apparatus Design 

The spinning devices used in this study include conventional PG and nozzle-PG. 

The nozzle-PG setups were designed and hand-built by me, with the spinning 

vessels constructed by the UCL Mechanical Engineering Workshop. Figure 3-1a 

shows that the spinning vessel in the conventional PG setup is a cylindrical 

container, connected with a nitrogen gas inlet and an electrical motor. The vessel 

features 24 orifices, each with a diameter of 0.5 mm. In contrast, the nozzle-PG 

setup replaces these orifices with four external nozzles, each having an inner 

diameter of 0.5 mm and a length of 5 mm (Figure 3-2b). The spinning vessels 

have identical height and diameter (30 mm × 60 mm) in both setups. 

Figure 3-2 presents an inverted nozzle-PG setup integrated with a coagulation 

bath, specifically designed for the wet spinning of biopolymers. Similarly, the 

system includes a nozzle-PG vessel fitted with eight external nozzles, connected 

to a nitrogen gas circuit and an electric motor for jet generation. The vessel 

chamber has dimensions of 30 mm in height and 60 mm in diameter, with each 

nozzle featuring an inner diameter of 0.3 mm and a length of 5 mm. Positioned 

beneath the inverted spinning vessel, the coagulation bath is mounted on an 

adjustable stage, enabling precise control of the air gap length. 
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Figure 3-1 Schematic diagrams of (a) conventional pressurised gyration setup 

with 24 orifices and (b) nozzle-pressurised gyration setup with 4 external nozzles. 
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Figure 3-2 Schematic diagram of a modified nozzle-pressurised gyration setup 

incorporated with a coagulation bath. 

3.2 Materials 

3.2.1 Polymers and Chemicals 

PCL (Mw ≈ 80,000 g/mol, CAS: 24980-41-4), PVP (Mw ≈ 1,300,000 g/mol, CAS: 

9003-39-8), and PEO (Mw ≈ 200,000 g/mol, CAS: 25322-68-3) were obtained 

from Sigma-Aldrich (UK). Sodium alginate powders (Na-Alg, CAS: 9005-38-3) 

were obtained from Scientific Laboratory Supplies (UK). 

The solvents used: ethanol absolute (CAS: 64-17-5) was purchased from VWR 

Chemicals (France). Chloroform (CAS: 67-66-3), 1-ethyl-3-methylimidazolium 

acetate (EMIM OAc, CAS: 143314-17-4) and dimethyl sulfoxide (DMSO, CAS: 
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67-68-5) were obtained from Sigma-Aldrich (UK). A mixture of EMIM OAc and 

DMSO with a weight ratio of 1:1 was used as the solvent for cellulose in this work. 

DMSO has been reported to be a good cosolvent for cellulose dissolution in ionic 

liquids [218]. 

Phosphate buffer saline (PBS), Tween 20 (CAS: 9005-64-5), glycerol (CAS: 56-

81-5), potassium hydroxide (KOH, CAS: 1310-58-3), sodium chloride (NaCl, 

CAS: 7647-14-5), glacial acetic acid (CH3COOH, CAS: 64-19-7), sodium 

hypochlorite solution (NaClO, 6-14% active chlorine, CAS: 7681-52-9), sodium 

hydroxide (NaOH, CAS: 1310-73-2), concentrated 37.5% hydrochloric acid 

solution (HCl, CAS: 7647-01-0), and Luria-Bertani medium (#L7275) were 

acquired from Sigma-Aldrich (UK). Calcium chloride (CaCl2, CAS: 10043-52-4) 

was purchased from Fisher Scientific (UK). Dulbecco’s modified Eagle’s medium 

(DMEM), fetal bovine serum (FBS), L-glutamine, and penicillin/streptomycin were 

purchased from Biochrom (Germany). All chemicals were of analytical grade and 

were used as received. 

Curcumin (CUR, CAS: 458-37-7) was purchased from Cayman Chemical 

Company (USA). Cinnamomum verum in three different forms, ground cinnamon 

(GC), cinnamon essential oil (CEO), and cinnamaldehyde (CA) was provided by 

HDDES EXTRACTS PVT LTD (Sri Lanka). The gas chromatography-mass 

spectrometry (GC-MS) report of the CEO is shown in Figure 3-3. The GC-MS 

spectrum reveals that besides cinnamaldehyde-E, common antibacterial 

compounds such as eugenol and cinnamyl acetate were detected in CEO.  
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Figure 3-3 GC-MS results of the cinnamon essential oil used. 

MF-MilliporeTM mixed cellulose ester (MCE) membrane filters (pore size = 0.22 

µm, diameter = 25 mm) were purchased from Sartorius (Germany). WST-1 Cell 

Proliferation Assay Kits were obtained from Cayman (USA).  

3.2.2 Waste-Derived Cellulose 

Seaweed Cellulose Derivation 

Sugar kelp (Laminaria hyperborea) was provided by Marine Biopolymers Ltd, UK. 

The cellulose derived from this seaweed was a byproduct of Alg production. After 

the soluble alginate fraction was extracted, the insoluble cellulose fraction 

remained as a residual material. These residuals were dispersed in 0.5 M NaCl 

and washed thoroughly in water to remove any remaining soluble fractions and 

salts from the alginate extraction process. The material was subjected to high-

pressure homogenisation without any further pretreatment following the 

procedure of Onyianta et al. [219], resulting in high aspect ratio cellulose 

nanofibrils. The average fibril width is 19 ± 5 nm and the fibril length is of several 
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micrometres, resulting in an aspect ratio greater than 100.  Subsequently, free-

flowing cellulose powders were prepared by a series of solvent exchange, 

filtration, and freeze-drying steps.  

Animal Waste Cellulose Derivation 

The raw cow manure sample was first dried in the open air, followed by oven 

drying at 105 °C overnight for disinfection. The dried cow manure crust was then 

ground and sieved to a smaller particle size. The nanocellulose extraction started 

with a bleaching process, where the dried cow manure particles were placed in 

an acidified 3 wt% NaClO solution at room temperature and stirred overnight for 

delignification of the material. The sample was then processed in a 1 wt% NaOH 

aqueous solution in the ambient with constant stirring for 2 h. An extra 

delignification process was used subsequently by placing the sample in the same 

NaClO solution as above for 2 h under continuous stirring. The material was 

washed vigorously in ultrapure water between each step by successive 

centrifugation and decantation. High aspect ratio cellulose nanofibrils were 

successfully obtained through this process, with an average fibril width of 12.8 ± 

4.1 nm and an estimated fibril length greater than 1 µm. Subsequently, the above 

material underwent a series of solvent exchange, filtration, and freeze-drying 

steps to produce free-flowing dry cellulose flakes. 

3.2.3 Spinning Solutions 

PCL, PVP and PEO 

PCL pellets were dissolved in chloroform and stirred magnetically at ambient 

temperature (~20 °C) for 24 h to obtain a homogeneous 15% (w/v) PCL solution. 
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15% (w/v) PVP solution and 15% (w/v) PEO solution were prepared by dissolving 

PVP and PEO powders in ethanol and distilled water, respectively, and 

processing under the same conditions.  

Sodium Alginate 

Na-Alg powders were dissolved in distilled water to prepare a series of Na-Alg 

feedstock with concentrations ranging from 1.0 to 3.5 wt%. Glycerol with a relative 

weight ratio of 1:10 to the polymer was added to the prepared solutions to 

improve the solution spinnability and reduce the brittleness of the resulting Alg 

products [220, 221].  

Cellulose 

The solid content of cellulose obtained above was dissolved in the EMIM 

OAc/DMSO mixture to form a series of cellulose solutions with concentration 

gradients (1, 1.5, 2, 2.5, 3 wt% for seaweed-derived cellulose and 2, 4, 6, 8, and 

10 wt% for animal waste-derived cellulose). The dissolution process was 

promoted by gentle heating (≈ 40 °C) and prolonged mechanical stirring (≈ 48 h).  

3.3 Fibre Preparation 

3.3.1 PCL, PVP and PEO Fibres 

Pressurised Gyration and Nozzle-Pressurised Gyration 

For an individual spinning experiment, 3 mL of the polymer solution was loaded 

into the chambers in both PG and nozzle-PG (Figure 3-1) for spinning under the 

same conditions. Spinning was performed at a rotational speed of 13 000 rpm 
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under consistent ambient conditions (~20 °C temperature and ~50% relative 

humidity). The spinning parameters are listed in Table 3-1 and Table 3-2.  

Table 3-1 Spinning parameters for fibres produced using pressurised gyration 

and nozzle-pressurised gyration at a collection distance of 100 mm. 

Polymer Fibre Production 

Method 

Working Pressure 

[× 105 Pa] 

PCL 

PG 1, 2, 3 

Nozzle-PG 1, 2, 3 

PVP 

PG 1, 2, 3 

Nozzle-PG 1, 2, 3 

PEO 

PG 1, 2, 3 

Nozzle-PG 1, 2, 3 

 

Table 3-2 Spinning parameters for fibres collected at different distances in 

nozzle-pressurised gyration. 

Polymer Working Pressure 

[× 105 Pa] 

Collection Distance 

[mm] 

PCL 1 70, 100, 130 

PVP 1 70, 100, 130 

PEO 1 70, 100, 130 

 

 



87 
  

Electrospinning 

The PVP solution was also used as the electrospinning solution. An 18G 

(diameter = 1.25 mm, Futongda Co., Ltd. China) needle and a PTFE capillary 

tube (outer diameter = 2 mm and inner diameter = 1.6 mm) were used. The 10 

kV voltage was supplied by a DC power supplier (Glassman Europe Ltd., Tadley, 

UK). A grounded metal plate collector was used to collect the spreading fibres, 

with a distance to the needle tip of 150 mm. The flow rate was optimised as 0.2 

mL/min. Each sample was taken by spinning for 3 mins. 

Curcumin-loaded PVP Fibres  

CUR was incorporated into a 12% (w/v) PVP solution, at a concentration of 1% 

(w/w) relative to the polymer. This solution was used as the feedstock for both 

the nozzle-PG and electrospinning processes to produce CUR-loaded PVP fibres. 

The nozzle-PG process was conducted under the following parameters: the 

rotational speed of 13 000 rpm, the working pressure of 1 × 10⁵ Pa, and the 

collection distance of 100 mm. For the electrospinning process, the conditions 

included a voltage of 12 V, a flow rate of 0.1 mL/min, and a collection distance of 

120 mm. The temperature and relative humidity were controlled at approximately 

23 °C and 45%, respectively.    

3.3.2 Alginate Fibres 

The Na-Alg feedstocks were injected into the vessel chamber (Figure 3-2) with 

a syringe before spinning. In this work, nozzle-PG functioned as a jet generation 

apparatus, leading to the Na-Alg solution overflowing from the nozzles and 

forming spinning jets. Once these jets left the vessel, they underwent a stretching 
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process before their immersion in the coagulation bath. A 3.5 wt% CaCl2 aqueous 

solution was prepared as the coagulant. The stretching time is related to the air 

gap length between the nozzle tip and the surface of the coagulation bath. All the 

spinning experiments were performed at ambient temperature of 20 - 25 °C and 

relative humidity of 45 - 50%. The resulting Alg gels were collected from the 

coagulant, preliminarily dried with absorbent tissue, and then oven-dried at 55 °C 

until completely dry.  

GC was added into distilled water and was ultrasonicated for 90 min until the 

solids were uniformly dispersed. Subsequently, Na-Alg powders were added into 

the GC/water suspensions and mechanically stirred for 48 h. This process 

resulted in 3.2 wt% Na-Alg solutions containing GC at weight ratios of 1%, 2%, 

and 4% relative to the polymer. CEO/Na-Alg solutions and CA/Na-Alg solutions 

with identical ratios and concentrations were prepared following the same 

procedure, ensuring consistent preparation methods across all formulations. 

After the preliminary experiment, all the obtained solutions were subjected to the 

inverted nozzle-PG apparatus (Figure 3-2) with rotational speed of 11 000 rpm, 

working pressure of 2 × 105 Pa, and air gap length of 6 mm.  

3.3.3 Cellulose Fibres 

The solid content of cellulose obtained above was used as the feedstock for the 

inverted nozzle-PG apparatus (Figure 3-2). Finding the optimal system 

parameters is crucial for the formation of continuous spinning jets, as presented 

in Figure 3-4a. Insufficient rotational speed and working pressure may result in 

feedstock retention in the chamber, whereas excessive rotational speed and 

working pressure can lead to a jet split into droplets (Figure 3-4b).  
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Figure 3-4 Digital photos of (a) continuous spinning jets and (b) droplets captured 

by a high-speed camera.  

Following preliminary testing, the working conditions for seaweed-derived 

cellulose stock were as follows: the rotational speed of 12 000 rpm, the working 

pressure of 1 × 105 - 2 × 105 Pa, and the air gap length was 6-20 mm. For the 

animal waste-derived cellulose stock, the working conditions were determined as 

the rotational speed of 12 000 rpm, the working pressure of 1 × 105 - 3 × 105  Pa, 

and a fixed air gap length of 10 mm. The spinning was performed at ambient 

temperature (≈ 20 °C) and relative humidity of 45 - 55%. The cellulose solutions 
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were spun into the water bath and allowed to coagulate in water for 5 h. The water 

was replaced every hour to remove the solvent as much as possible. Afterwards, 

the cellulose samples were removed from the water and placed in an oven at 

55 °C until completely dried. The preparation process is illustrated in Figure 3-5. 

 

Figure 3-5 The preparation process of cellulose fibres and cellulose films: (a) 

cellulose solutions, (b, c) cellulose gels, (d, e) cellulose fibres before and after 

drying, respectively, and (f) cellulose films. 

Table 3-3 summarises the spinning protocols used for fibre preparation via 

nozzle-pressurised gyration in this thesis. 
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Table 3-3 Summary of polymer solutions, system parameters, and experimental settings for fibre preparation using nozzle-

pressurised gyration. 

Polymer Solvent Concentration Speed 

[× 103 rpm] 

Pressure 

[× 105 Pa] 

Distance 

[mm] 

Nozzle number 

and dimeter 

Coagulation 

PCL chloroform 15% (w/v) 13 1-3 70-130 4, Φ 0.5 mm - 

PVP ethanol 13-15% (w/v) 13 1-3 70-130 4, 8, Φ 0.5 mm - 

PEO distilled water 15% (w/v) 13 1-3 70-130 4, Φ 0.5 mm - 

SA distilled water 1.0-3.5 wt%, 11 2 6 8, Φ 0.3 mm 3.5 wt% CaCl2 

Cellulose 

(seaweed-derived)  

EMIM OAc and 

DMSO  

(1: 1, w/w) 

1.0-3.0 wt%, 12 1-2 6-20 8, Φ 0.5 mm water 

Cellulose 

(animal waste-

derived) 

EMIM OAc and 

DMSO  

(1: 1, w/w) 

2.0-10 wt%, 12 1-3 10 8, Φ 0.3 mm water 
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3.4 Characterisation Methods 

3.4.1 Solution Properties 

The surface tension of the prepared polymer solutions was characterised by a 

Kruss Tensiometer (Germany) using the Du Nouy ring method. Before 

measurement, the tensiometer was calibrated with distilled water. The viscosity 

of the polymer solutions was measured using a Brookfield DV-III Ultra Viscometer 

(USA) with a small-sample adaptor attached to a SCV-18 spindle. All 

measurements were carried out three times for each sample at ambient 

temperature (~25 °C). 

3.4.2 Scanning Electron Microscopy (SEM) 

All fibres were imaged using a scanning electron microscope (SEM). Samples 

were coated using a Au sputtering machine to minimise charging effects before 

imaging. ImageJ (software) was used to measure the fibre diameter. The mean 

and the standard deviation of fibre diameter were calculated. The fibre diameter 

frequency distributions were plotted by OriginPro (software). OrientationJ 

(ImageJ plugin) was used to construct the distribution of fibre orientation and 

calculate the directional coherence coefficient of fibres. The coherence coefficient 

is an index between 0 and 1. A directional coherence coefficient close to 1 

indicates a high fibre orientation [222]. 

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical composition of the cellulose samples obtained was analysed using 

a Fourier transform infrared spectroscopy (FTIR) spectrometer at ambient 
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temperature. Each sample was scanned for 32 rounds between 4000-500 cm-1 

at a resolution of 4 cm-1, to obtain a reasonable signal-to-noise ratio. The samples 

were studied on diamond ATR. 

3.4.4 Microwave Plasma Atomic Emission Spectroscopy (MP-AES) 

The quantity of Na+ and Ca2+ in the obtained Alg samples was measured using 

microwave plasma atomic emission spectroscopy (MP-AES, Agilent 

Technologies 4210, USA). The Alg samples were dissolved in 6% (w/v) KOH 

aqueous solution. A concentrated 37.5% HCl solution was used to adjust the 

solution pH after proper dissolution of solids. The prepared solutions were then 

submitted to the MP-AES measurement.  

3.4.5 X-Ray Measurements 

X-ray diffraction (XRD) analysis was conducted on the cellulose samples. The 

measurement was performed on a STOE STADI-P diffractometer (Germany) with 

a Cu source (Kα1 = 1.5406 Å and Kα2 = 1.5444 Å), using a voltage of 40 kV and a 

current of 30 mA. The scanning rate was 5 s per step with a scanning step of 

0.015°. The samples were scanned within the range of 10° - 45° (2θ). The 

collected data was analysed using the peak deconvolution method and fitted with 

the Gaussian function in OriginPro. 

3.5 Mechanical Strength Testing 

Ultimate tensile strength (UTS) calculations of fibre samples were performed in a 

specially designed homemade setup. In a testing procedure, fibrous materials 

were twined to get a thread with a 500 µm diameter. The thread ends were 
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secured to rubber clamps, one of which is fixed at the top and the other one 

attached to a load carrier. The maximum force that the threads will withstand was 

determined by adding 10 g incremental weights to the carrier at the bottom. The 

tensile strength was calculated based on the maximum applied load. 

3.6 Absorption Properties 

The liquid absorption properties of the cellulose samples in PBS solution (pH = 

7.4) were investigated. Before the experiment, the initial weight of the dry 

samples was measured and denoted as w0. Each sample was prepared in three 

duplications for parallel experiments. The weighed samples were soaked in the 

PBS solution and placed in a 37 °C incubator. At selected time points, the 

samples were removed from the PBS solution and blotted with absorbent tissue. 

The weight of the samples after absorbing liquid was measured and denoted as 

wi. The percentage of liquid absorption (W%) was calculated according to 

Equation 3-1: 

𝑊% =
𝑤𝑖 − 𝑤0

𝑤0
 × 100% 

Equation 3-1 

3.7 Drug Loading Efficiency 

The CUR contents within the PVP fibres were quantified using a standard UV 

spectrophotometric assay at a wavelength of 427 nm, which was determined by 

the full wavelength scanning of a series of standard solutions. A 10 mg sample 

of the fibres was dissolved in 10 ml of PBS solution containing 2% (w/v) Tween 

20 and analysed using a Jenway 7315 UV/Visible spectrophotometer (Bibby 
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Scientific, Staffordshire, UK) at 427 nm. Each sample was prepared in three 

duplications to ensure accuracy across parallel experiments. Drug encapsulation 

efficiency (EE) was determined by comparing the experimentally measured CUR 

content in 10 mg of fibres to the theoretical CUR content expected for that mass, 

expressed in Equation 3-2. The calibration curve presented in Figure 3-6 was 

prepared in advance to support the cumulative drug release studies. 

𝐸𝐸 =  
𝑤𝑒𝑥𝑝𝑡.

𝑤𝑡ℎ𝑒𝑜.
 × 100% 

Equation 3-2 

where, wexpt. is the experimental CUR content and wtheo. is the theoretical CUR 

content. 

 

Figure 3-6 Calibration curve for curcumin dissolved in PBS. 
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3.8 In-Vitro Transdermal Release Study 

10 mg of each CUR-PVP fibre sample was cut into a disc (diameter = 8 mm) and 

placed on the surface of an MCE membrane, which was then positioned within 

the Franz diffusion cell (Figure 3-7). The exposed edges of the membrane were 

sealed to prevent leakage. The top orifice of the donor cell (outer diameter = 9 

mm) was covered with parafilm, with a small perforation to maintain pressure 

within the fibre system. The acceptor cell, with a volume of 4 mL, was maintained 

at a constant temperature of 37 °C to simulate physiological conditions. A 

magnetic stirrer was used to ensure thorough mixing of the CUR as it diffused 

through the membrane into PBS solution in the acceptor cell. 1 mL of solution 

was taken from the sampling port in intervals for concentration measurement, 

with 1 mL of PBS added into the solution immediately to maintain the solution 

volume. Each sample was prepared in three duplications to ensure accuracy 

across parallel experiments. 

 

Figure 3-7 Schematic diagram of Franz diffusion cell apparatus and a digital 

image of a PVP-curcumin fibre disc. 
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3.9 In-Vitro Cytotoxicity Testing 

The cytotoxicity tests of pure Alg and cinnamon-containing Alg fibrous samples 

were performed according to the ISO10993-5 standard. L929 mouse fibroblast 

cell line ATCC-NCTC clone 929:CCL1 was used [223]. All the samples were 

sterilised prior to the test. The test samples were prepared according to ISO 

standards with the 6 cm2/mL sample-medium ratio and tested by WST-1 assay 

to examine their cytotoxic response. The test samples were immersed in a cell 

culture medium and kept at 37 °C for 72 h. The cell culture medium was 

composed of 90% DMEM, 10% FBS, 2 mM L-glutamine, and 100 IU/mL 

penicillin/streptomycin. The cells were seeded in a 96-well plate at 1 × 104 

cells/well. Then the incubated cell culture media interacted with cells for 24 h. 

After 24 h, 10 µL WST-1 assay reagent was added to each well, and cells were 

incubated for 120 min. The 96-well plate (n = 3) was measured at 450 nm 

absorbance by an ELISA plate reader (SpectroStar nano, BMG Labtech). The 

non-reacted cell culture media was used as negative control and the 10% DMSO-

90% medium was used as positive control. 

3.10 Antibacterial Testing 

The antibacterial activity of pure Alg and cinnamon-containing Alg fibrous 

samples was evaluated to determine their activity to inhibit biofilm formation. 

Escherichia coli (E. coli, ATCC, #25922) and Staphylococcus aureus (S. aureus, 

ATCC, #29213) bacteria strains were used. The bacterial solution (Luria-Bertani 

medium) was adjusted to 0.4 OD. The fibrous samples were placed into a 48-well 

plate and 0.5 mL bacteria suspension was added (n = 3). The samples were 

incubated for 24 h at 37°C in a shaker incubator. After 24 h, samples were 
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collected and kept in 1 mL of PBS solution. Then the test samples were 

ultrasonicated for 15 min. The collected PBS solution was serially diluted and 10 

µL samples were cultivated to agar plates (n = 3). After 24 h, colony-forming units 

were counted and the antibacterial activity-antibiofilm formation was calculated. 

Additionally, after 24 h of incubation, the bacteria adhering to the surface were 

fixed in place and visualised by SEM. In the fixation procedure, the first cross-

linking was performed with glutaraldehyde for 30 min. Then, incubation was 

carried out with serial alcohol solutions (50, 60, 70, 80, 90, 95, and 100%) for 15-

min periods to gradually remove the water from the samples. All samples are Au-

plated prior to SEM imaging [224]. 
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4 Nozzle-Pressurised Gyration  

4.1 Introduction 

In recent decades, the enthusiasm for research on polymeric fibre spinning has 

remained unwavering. These efforts have been mainly focused on the reduction 

of fibre size and the increase of fibre yield. As the quality and quantity of the 

obtained fibres have increased to a satisfactory degree, much attention has been 

paid to the customisation of fibre structures and functions. Through technological 

innovation, polymeric fibres with uniform, beaded, hollow, core-sheath, and 

porous structures have been successfully prepared in laboratories [225-229]. 

Theoretically, an ideal uniform fibre means that there is no variation in the fibre 

diameter along the fibre length of individual fibre strands [230]. Compared with 

beaded fibres, uniform fibres show enhanced mechanical properties. Many 

reports have demonstrated that the presence of beads and defects on fibres 

considerably reduces the cohesion between fibres, resulting in lower Young's 

modulus, tensile strength, and elongation at break [231-233]. In addition, seeding 

cells on highly aligned fibre scaffolds tends to be more effective than that on 

randomly oriented fibre scaffolds, in order to achieve cell orientation control in 

tissue engineering [232, 234, 235]. This is related to the regular and defined 

orientation architecture of the natural ECMs found in tissues and organs [236]. 

The studies from Ottosson et al. and Norzain et al. have shown that the 

anisotropic orientation of fibres has significant impacts on cell adhesion 

mechanisms and promotes elongation and migration of fibroblasts along the fibre 
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direction [183, 237, 238]. The results suggest that the aligned fibre scaffold is a 

highly promising candidate for biomedical applications.  

In this work, I develop a nozzle-PG setup for the first time. It effectively improves 

the uniformity and orientation of produced fibres. Although PG has demonstrated 

clear advantages over electrospinning in scaling up fibre production, it often 

comes at the cost of fibre uniformity and integrity, resulting in increased bead 

formation and structural defects. However, the introduction of nozzle-PG 

effectively addresses these limitations, offering a promising solution to enhance 

fibre quality while maintaining high production efficiency. In nozzle-PG, the 

nozzles work to direct the polymer fluid when it’s ejected. I compare the 

differences in the morphology and alignment of fibres produced by PG with and 

without nozzles to demonstrate the advantage of nozzle-PG in producing uniform 

and aligned fibres. This work also reveals the effects of working pressure and 

collection distance on the fibre morphology obtained in nozzle-PG. Additionally, 

this technology is compared with electrospinning in terms of morphology, tensile 

strength, release behaviours of the resulting fibres, as well as fibre production 

rate, to thoroughly understand the distinct characteristics of each spinning 

method. 

4.2 Solution Properties 

The characteristics of PCL, PVP, and PEO spinning solutions are summarised in 

Table 4-1. Notably, even at the same concentration, the surface tension and 

viscosity of these polymer solutions can differ substantially, directly influencing 

their spinnability and will lead to differences in resulting spinning performance. 
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Table 4-1 Polymer type, concentration, solvent, surface tension and viscosity of 

the three solutions at ambient temperature.  

Polymer % (w/v) Solvent Surface Tension 

[mN/m] 

Viscosity  

[mPa s] 

PCL 15 Chloroform 32.7 ± 0.3 2065.0 ± 35.8 

PVP 15 Ethanol 24.6 ± 0.2 751.8 ± 6.1 

PEO 15 Distilled water 58.1 ± 0.4 2144.3 ± 74.9 

 

4.3 Effects of Vessel Nozzle 

Figure 4-1 illustrates the morphological differences in PCL fibres produced using 

PG with and without nozzles. It can be seen that under the same spinning 

parameters, nozzle-PG produced a PCL fibre mat without beads, while the PCL 

fibres obtained from the original PG were randomly arranged with large beads 

(Figure 4-1a, d). From the inset in Figure 4-1d, nozzle-PG fabricated PCL fibres 

with smoother and more uniform morphology than the PCL fibres produced by 

PG (Figure 4-1a). The fibre diameter distribution graphs (Figure 4-1b, e) 

illustrate that PCL fibres obtained from nozzle-PG had smaller fibre diameter and 

narrower diameter distribution than those obtained from PG, with a mean of 2.4 

µm and a standard deviation of 1.2 µm. PG-produced PCL fibres have an average 

diameter of 3.9 ± 2.4 µm. In addition, PCL fibres produced by nozzle-PG had a 

larger orientation coherence (0.58) than that of PG fibres (0.36), indicating the 

higher alignment of fibres obtained from nozzle-PG. 
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Figure 4-1 SEM images, fibre diameter distribution graphs and orientation 

distribution graphs of PCL fibres produced by (a-c) pressurised gyration, 1 × 105 

Pa working pressure, (d-f) nozzle-pressurised gyration, 1 × 105 Pa working 

pressure, (g-i) pressurised gyration, 2 × 105 Pa working pressure, (j-l) nozzle-
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pressurised gyration, 2 × 105 Pa working pressure, (m-o) pressurised gyration, 3 

× 105 Pa working pressure, and (p-r) nozzle-pressurised gyration, 3 × 105 Pa 

working pressure. The insets show the high-magnification SEM images of fibres. 

Similar results were obtained from the spinning under 2 × 105 Pa and 3 × 105 Pa 

pressures. PCL fibre mats fabricated by PG were randomly arranged with the 

presence of some thicker fibres and large beads (Figure 4-1g, m). While nozzle-

PG produced PCL fibres with more aligned orientation and fewer beads (Figure 

4-1j, p). The PCL fibres had diameters of 2.8 ± 2.8 µm and 2.1 ± 1.1 µm were 

produced by 2 × 105 Pa PG and nozzle-PG, respectively, suggesting that nozzle-

PG enabled the manufacture of thinner and more uniform fibres. The orientation 

coherency coefficient of fibres produced by 2 × 105 Pa nozzle-PG (0.46) is closer 

to 1 than that of PG (0.20), indicating its higher alignment [239]. Similar results 

were acquired from the spinning under 3 × 105 Pa working pressure (Figure 

4-1m-r). These results show that even under different working pressures, nozzle-

PG always produced finer and more uniform PCL fibres with a higher fibre 

alignment than those obtained from the original PG. 

These effects can be explained by the stability of spinning jets. Although the 

polymer solution undergoes a similar trajectory after moving out of the vessel in 

nozzle gyrospinning and nozzle-free gyrospinning, including jet necking, 

whipping, and formation of an anti-S shape jet path, the direction of the jet 

ejection and the flow state of the polymer solution are different [99, 240]. In PG, 

the gas outflow path from the orifices is jet-like (Figure 4-2a) [241]. In addition, 

turbulence occurs due to the chaotic change in pressure when the polymer fluid 

is ejected through the orifices [242]. This means that the polymer jets may be 
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formed at a certain angle to the central axis of the orifice and have different initial 

jet diameters (Figure 4-2b) [243]. This explains the lower alignment and 

uniformity of PG fibre products. However, when the fluid flows through the 

nozzles, it is subjected to the centrifugal force (Fcent), the static pressure (Fp), the 

viscous force (Fτ) and the surface tension (Fs) parallel to the axis of the nozzle, 

which help it move along the length of the nozzle (Figure 4-2c) [240]. Moreover, 

directing the liquid by nozzles helps to stabilise the flow state of the polymer flow 

and form stable spinning jets [244]. As a result, the polymer jets leave the nozzle 

in a more stable flow state and tend to move along the nozzle axis under the 

action of inertia, thereby improving the alignment and uniformity of fibres. 

 

Figure 4-2 Diagrammatic representation of (a) gas flows through an orifice and 

the liquid flow ejected from (b) orifices in pressurised gyration and from (c) 

nozzles in nozzle-pressurised gyration, respectively. 

The same experiment was carried out at 15% (w/v) PVP/ethanol. The results are 

shown in Figure 4-3.  
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Figure 4-3 SEM images, fibre diameter distribution graphs and orientation 

distribution graphs of PVP fibres produced by (a-c) pressurised gyration, 1 × 105 

Pa working pressure, (d-f) nozzle-pressurised gyration, 1 × 105 Pa working 

pressure, (g-i) pressurised gyration, 2 × 105 Pa working pressure, (j-l) nozzle-



106 
  

pressurised gyration, 2 × 105 Pa working pressure, (m-o) pressurised gyration, 3 

× 105 Pa working pressure, and (p-r) nozzle-pressurised gyration, 3 × 105 Pa 

working pressure. The insets show the high-magnification SEM images of fibres. 

Figure 4-3a and d are the SEM images of PVP fibres produced by PG and 

nozzle-PG at 1 × 105 Pa working pressure, respectively. PG produced a PVP 

fibre mat containing large beads. In contrast, the PVP fibre mat fabricated by 

nozzle-PG only had some small beads. The effects of vessel geometry played a 

key role in the fibre diameter value. PVP fibres with a diameter of 2.9 ± 1.2 µm 

were produced at 1 × 105 Pa with PG, while nozzle-PG under the same working 

pressure generated finer and more uniform fibres with a diameter of 1.8 ± 0.7 µm. 

In addition, PVP fibres processed by nozzle-PG also showed better fibre 

alignment with a larger orientation coherency coefficient (0.36) than that of PG 

(0.29) at the same pressure. These encouraging results were replicated in the 2 

× 105 Pa and 3 × 105 Pa spinning (Figure 4-3g-i and m-r, respectively). Nozzle-

PG always produced finer and more aligned PVP fibres with fewer and smaller 

beads than PG, even if the working pressure changed.  

Water-soluble polymer PEO was also spun using PG and nozzle-PG (Figure 4-4). 

Nozzle-PG successfully produced PEO nanofibres (172 ± 67 nm) with “ideal” 

morphology—smooth, uniform and of better alignment than the PEO nanofibres 

obtained by PG (198 ± 102 nm) under 3 × 105 Pa working pressure, as shown in 

Figure 4-4m-r. In addition, no beads were observed in PEO nanofibres fabricated 

by nozzle-PG. The nozzle-PG-produced PEO nanofibres also had narrower 

distributions of fibre orientation (Figure 4-4f, l, r) than those of PEO nanofibres 

produced by PG (Figure 4-4c, i, o), indicating their higher fibre alignment.  
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Figure 4-4 SEM images, fibre diameter distribution graphs and orientation 

distribution graphs of PEO fibres produced by (a-c) pressurised gyration, 1 × 105 

Pa working pressure, (d-f) nozzle-pressurised gyration, 1 × 105 Pa working 

pressure, (g-i) pressurised gyration, 2 × 105 Pa working pressure, (j-l) nozzle-
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pressurised gyration, 2 × 105 Pa working pressure, (m-o) pressurised gyration, 3 

× 105 Pa working pressure, and (p-r) nozzle-pressurised gyration, 3 × 105 Pa 

working pressure. The insets show the high-magnification SEM images of fibres. 

4.4 Effects of Working Pressure 

Through the comparison of fibres produced under different working pressures 

shown in Figure 4-1, Figure 4-3, and Figure 4-4, the influence of working 

pressure on the fibre morphology and fibre alignment can be deduced. The 

alignment and uniformity of PCL fibres significantly declined with the increase in 

working pressure from 1 × 105 Pa to 3 × 105 Pa. Meanwhile, the fibre diameter 

decreased accordingly from 3.9 µm to 1.5 µm in PG, and from 2.4 µm to 1.3 µm 

in nozzle-PG. Similarly, with this pressure increase, the PVP fibre diameters 

slightly decreased from 2.9 µm to 2.1 µm and from 1.8 µm to 1.5 µm in PG and 

nozzle-PG, respectively. The PEO fibre diameters decreased from 328 nm to 198 

nm and from 273 nm to 172 nm in PG and nozzle-PG, respectively. While their 

fibre uniformity and fibre alignment significantly decreased with the pressure 

increasing. A higher working pressure is generally preferred in PG to produce 

finer fibres, while it also leads to lower fibre alignment and the presence of beads. 

This occurs because increased pressure promotes additional stretching of the 

spinning jets, resulting in finer fibres [110]. However, the intensified gas flow also 

heightens the instability of spinning jets, causing bead formation and poor fibre 

alignment. Thus, increasing working pressure can be counterproductive when 

aiming to produce unidirectional fibres. 
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4.5 Effects of Collection Distance 

The effects of collection distance on fibre morphology are presented in the SEM 

images in Figure 4-5. When the collection distance was 130 mm, randomly 

oriented PCL fibres with large beads and a small diameter (1.3 ± 0.9 µm) were 

collected. Thicker PCL fibres (2.7 ± 1.4 µm) were collected at the 70 mm distance. 

The collection distance of 100 mm led to the best PCL fibres with pronounced 

fibre morphology and alignment, with a fibre diameter of 2.4 ± 1.2 µm (Figure 

4-1d-f). It has been known that the spinning jet in gyrospinning undergoes 

stretching before reaching the collector, during which the diameter of the jet 

decreases monotonously with the increase of movement distance [99]. Thus, it 

can be expected that collection distance has significant effects on fibre diameter. 

The polymer jet cannot be stretched sufficiently at a small collection distance, 

forming short and thicker fibres. Conversely, when the collection distance is 

excessively long, it will cause jet rupture, or fibres fail to deposit on the collector 

[92, 245]. In addition, collection distance determines solvent evaporation, thus 

affecting fibre morphology. This effect may lead to different results in different 

polymer solution systems. 

Similar results were obtained from the spinning of PVP at different collection 

distances (Figure 4-5g-l). PVP fibres collected at 70 mm, 100 mm and 130 mm 

distances had diameters of 2.1 ± 0.7 µm, 1.8 ± 0.7 µm, and 1.3 ± 0.9 µm, 

respectively. This result shows that a longer collection distance tends to produce 

finer PVP fibres. However, PVP fibres with lower alignment were collected with 

the distance increase. The 130 mm collection distance resulted in the randomly 

arranged PVP fibres with an orientation coherency coefficient of 0.23. The PVP 
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fibres collected at the 70 mm and the 100 mm distance were highly anisotropic, 

having narrower orientation distributions and higher orientation coherency 

coefficients (0.42 and 0.36, respectively).  

In Figure 4-5, some small beads were presented as a by-product of the spinning 

process. The formation of beads can be the result of multiple factors, among 

which polymer molecular weight and polymer chain entanglement are the 

important ones [95, 98, 225]. A molecular weight that does not provide sufficient 

chain entanglement results in the formation of beads. For a given molecular 

weight, the degree of chain entanglement increases with the increase of polymer 

concentration [105]. Thus, a high polymer concentration helps the production of 

smooth and uniform fibres, while a low concentration generally promotes bead 

formation [95]. The bead formation is also related to centrifugal force. Beads are 

produced when centrifugal force is insufficient to overcome surface tension 

before it reaches the collector [96]. This is the main reason for the beaded 

structure in fibres that are generated at a low rotational speed. In PG and nozzle-

PG, the application of high-pressure nitrogen flow can enhance the instability of 

the flow state of the polymer jets, promoting the formation of beads [99, 225]. The 

collection distance also affects bead formation. At a short collection distance, the 

solvent is not able to evaporate fully, and solvent droplets remain on the fibre 

chains. These solvent droplets can prevent proper mixing of the polymer during 

jet drying, resulting in the formation of beads [15]. When the collection distance 

is too long, excessive stretching causes jet rupture [246]. Thus, the polymer jets 

break up into small droplets. These droplets eventually deposit on the collector, 

forming polymer beads on fibres. 
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Figure 4-5 SEM images, fibre diameter distribution graphs and orientation 

distribution graphs of PCL fibres collected at (a-c) 70 mm and (d-f) 130 mm,  PVP 

fibres collected at (g-i) 70 mm and (j-l) 130 mm,  and PEO fibres collected at (m-
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o) 70 mm and (p-r) 130 mm, in 1 × 105 Pa nozzle-pressurised gyration. The insets 

show the high-magnification SEM images of fibres. The results of PCL, PVP, and 

PEO fibres collected at the 100 mm distance are shown in Figure 4-1d-f, Figure 

4-3d-f, and Figure 4-4d-f.  

However, the results show some differences for water-soluble polymer PEO. As 

shown in Figure 4-5m-r, the PEO nanofibres collected at the 130 mm distance 

not only showed the smallest diameter and greatest uniformity (243 ± 87 nm) than 

PEO nanofibres collected at the 70 mm distance (406 ± 124 nm) and the 100 mm 

distance (273 ± 72 nm) but also had significantly aligned arrangement. Different 

from PCL fibres and PVP fibres, increasing collection distance in nozzle-PG 

produced PEO nanofibres with a highly unidirectional arrangement, since it’s 

more difficult for pure water to fully evaporate compared with organic solvents 

[247]. The spinning jets experience air resistance when travelling in the air, during 

which the solvent undergoes forced convective mass transfer on the jet surface 

[248]. Subsequently, the solvent evaporates to form dry fibres. The time required 

for this process increases as solvent volatility decreases. Thus, for aqueous 

solvents which have relatively low volatility, a longer collection distance is desired 

to ensure proper fibre drying. In addition, it will extend the jet elongation so as to 

reduce the fibre diameter, especially for polymers with high flexibility and high 

ductility such as PEO. 

4.6 Fibre Production Rate 

Substantial fibre productivity is an essential prerequisite for the industrialisation 

and commercialisation of fibre manufacturing strategies. While electrospinning 

remains the most advanced and widely adopted method for fibre production, it 
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still faces significant limitations when it comes to scaling up. PG and its sister 

technologies have been developed in response to this challenge, aiming to 

realise the scale-up of fibre production. Figure 4-6 highlights the notably higher 

fibre production rates of PG and nozzle PG compared to conventional 

electrospinning, showcasing their potential for more efficient large-scale fibre 

manufacturing. 

 

Figure 4-6 Fibre production rate of electrospinning, pressurised gyration with 24 

orifices and nozzle-pressurised gyration with 4 and 8 nozzles.  

In this study, electrospinning yielded only 1.1 ± 0.1 g of PVP fibres per hour, which 

falls well below the requirements for industrial-scale production. In contrast, PG 

and nozzle-PG demonstrated fibre production rates up to twenty times greater. 

Specifically, PG produced 26.5 ± 4.7 g PVP fibres per hour, while nozzle-PG 

achieved a fibre production rate of 24.4 ± 2.1 g/h with four nozzles and 39.0 ± 4.0 
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g/h with eight nozzles, respectively. Notably, the optimised eight-nozzle vessel 

used in this work produced a significantly higher yield than the four-nozzle version, 

highlighting its greater potential for scalable fibre manufacturing. These findings 

confirm that optimising the spinning vessel is both effective and beneficial for 

enhancing fibre productivity. 

Moreover, it was observed that, despite having fewer liquid channels, nozzle-PG 

not only further enhanced fibre productivity but also demonstrated a more stable 

production rate compared to PG. This improvement may be attributed to the 

reduction in solution loss in nozzle-PG. In the PG process, solution flow instability 

often led to the aggregation and deposition of the polymer solution at the orifices, 

rather than the formation of fibres (Figure 4-7a), thereby significantly decreasing 

fibre yield. In contrast, nozzle-PG overcame this issue by improving the flow 

stability of the spinning jets, which were better directed by the nozzle. This 

enhanced flow stability contributed to more efficient fibre production and 

mitigated solution loss, further increasing the reliability of the nozzle-PG process, 

as shown in Figure 4-7b.  

Besides the superior production rate, by eliminating the need for high-voltage 

electricity, PG offers economic benefits through lower energy consumption, 

reported by Amarakoon et al. [249]. Specifically, the energy consumption per spin 

of 1 mL of polymer solution is 5.19 × 10⁵ J for PG, in contrast to 9.15 × 10⁵ J for 

electrospinning, underscoring the superior efficiency and scalability of PG.  
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Figure 4-7 The deposition of solidified polymers in (a) pressurised gyration and 

(b) nozzle-pressurised gyration setups. 

4.7 Mechanical Strength 

Tensile strength is critical for evaluating the performance of polymeric fibres, as 

it directly influences their mechanical functionality and indirectly affects their 

biochemical and other characteristics, especially when used as tissue scaffolds. 
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Fibres fabricated through different technologies may exhibit differing tensile 

strengths due to variations in factors such as fibre size, morphology, alignment, 

and the presence of defects. These variations can significantly impact the overall 

mechanical properties of fibres, including their strength, flexibility, and durability. 

As such, tensile strength serves as a key indicator of a fibre's suitability for 

specific applications, particularly those requiring high mechanical resilience. 

The ultimate tensile strength of PVP fibres fabricated by electrospinning, PG, and 

nozzle-PG was compared in Figure 4-8. The PVP fibres obtained from different 

methods had a tensile strength of 1 − 3 MPa, which is consistent with the data in 

the literature [250-252]. This correlation indicates that the test results are logical 

and reliable, reinforcing the validity of the findings. Under identical testing 

conditions, PVP fibres produced by nozzle-PG demonstrated superior 

mechanical strength compared to electrospun fibres, exhibiting ultimate tensile 

strengths of 2.9 ± 0.8 MPa and 1.9 ± 0.6 MPa, respectively, which aligns with our 

expectations. Electrospun fibres, characterised by a random orientation, possess 

isotropic properties, resulting in uniform mechanical behaviour in all directions. In 

contrast, highly aligned fibres from nozzle-PG concentrate strength along a 

specific axis, thus exhibiting the greatest tensile strength along the fibre length 

[253, 254]. The anisotropic mechanical properties of aligned fibres help distribute 

stress efficiently along the fibre length, minimising the risk of failure under tensile 

loads, and allowing for tailored performance based on the specific needs of the 

application. However, the relatively aligned fibres prepared by PG exhibited an 

unexpectedly low ultimate tensile strength of 1.2 ± 0.5  MPa, likely attributable to 

the presence of beads in fibres [255]. 
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Figure 4-8 Ultimate tensile strength of PVP fibres produced by electrospinning, 

pressurised gyration, and nozzle-pressurised gyration. 

4.8 Drug Encapsulation Efficiency and Release Analysis 

Drug loading and release capacity are also important properties of polymeric 

fibres when used as biomaterials, as these fibres often serve as carriers for 

specific drugs or bioactive substances that modulate the biological activities of 

cells or tissues. In this work, PVP fibres loaded with CUR were used as a model 

system to investigate the effects of fibre fabrication technologies on drug loading 

efficiency and release profiles. 

Figure 4-9 demonstrates the total encapsulation efficiency of CUR in the PVP 

fibres produced by electrospinning, PG, and nozzle-PG. The results show no 

significant differences in drug loading efficiency among the three fibre fabrication 

technologies. The highest efficiency at 77.4 ± 2.6% was achieved by nozzle-PG, 

while electrospinning and PG exhibited similar efficiencies of 73.3 ± 3.5% and 
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73.3 ± 4.5%, respectively. These findings suggest that all three methods perform 

comparably in terms of drug loading capacity. Notably, nozzle-PG exhibited the 

smallest intergroup variation in encapsulation efficiency, indicating a more stable 

and reliable encapsulation process. This enhanced consistency can be attributed 

to the improved jet stability conferred by the introduction of nozzles, which 

reduces the fluctuations typically encountered in nozzle-free PG systems. 

 

Figure 4-9 Drug encapsulation efficiency of PVP-curcumin fibres produced by 

electrospinning, pressurised gyration, and nozzle-pressurised gyration. 

The transdermal release profiles of free CUR and CUR encapsulated within PVP 

fibres are presented in Figure 4-10. The drug-loaded fibres demonstrated 

significantly enhanced CUR release compared to the free drug. All three CUR-

encapsulated PVP fibres achieved a release rate exceeding 60% over a 120-h 

transdermal test period, whereas free CUR exhibited a release rate of only 0.7%. 

CUR, known for its potent anti-inflammatory and antioxidant properties, suffers 
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from extremely low water solubility, leading to poor pharmacokinetic performance 

[256]. Encapsulating CUR within hydrophilic PVP fibres effectively improves its 

solubility and facilitates its release. Additionally, PVP fibres possess a high 

surface area-to-volume ratio and porosity, which reduces drug molecule 

aggregation and increases drug exposure, leading to the enhanced dispersion 

and diffusion of CUR molecules. Moreover, when embedded in the polymer 

matrix, CUR remains in an amorphous state rather than its crystalline form. The 

amorphous state is associated with higher solubility and a faster dissolution rate, 

thereby improving the drug's bioavailability [257]. Thus, hydrophilic polymer fibres 

provide an efficient delivery system for poorly water-soluble drugs. 

 

Figure 4-10 Transdermal release of curcumin from PVP fibres produced by 

electrospinning, pressurised gyration, and nozzle-pressurised gyration.  
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This study also demonstrated that fibres produced by PG and nozzle-PG 

achieved release efficiencies comparable to those of electrospun fibres, with 

release rates of 63.7 ± 1.9%, 64.0 ± 2.3%, and 62.1 ± 1.6%, respectively. These 

findings highlight the effectiveness of PG and nozzle-PG as viable alternatives to 

electrospinning for the fabrication of drug-loaded fibres with efficient release 

profiles. 

Moreover, nozzle-PG offers distinct advantages over electrospinning in 

preserving the integrity of sensitive biological materials, such as enzymes, 

antibodies, and growth factors when used in fabricating drug delivery systems. 

The high-voltage electric fields applied in electrospinning can potentially degrade 

or denature these delicate substances. Nozzle-PG avoids such harsh conditions, 

thereby maintaining the functional properties of bioactive molecules. This 

characteristic makes nozzle-PG a highly suitable technique for applications that 

require the encapsulation or processing of sensitive biomolecules. 

4.9 Conclusions  

In conclusion, this research highlights significant advancements in PG, a scalable 

method for fibre production. The development of nozzle-PG offers notable 

improvements in fibre morphology, alignment, and production efficiency. This 

innovative technique facilitates the efficient formation of uniform and highly 

aligned fibres through a straightforward one-step process. These fibres exhibit 

comparable performance to electrospun fibres in terms of mechanical strength 

and drug release while achieving a fibre production rate of more than twenty times 

higher than electrospinning. Given its scalability, nozzle-PG emerges as a highly 
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promising technology for industrial-scale applications, paving the way for future 

innovations in fibre production and its diverse applications. 

Moreover, the high fibre alignment achieved through nozzle-PG broadens its 

application potential. The parallel orientation of these fibres mimics the structure 

of natural tissues, such as the cornea, heart, nerves, and skeletal muscles, which 

facilitates cell adhesion, migration, and proliferation. Combined with its high 

tensile strength, nozzle-PG fibres are considered an encouraging candidate for 

tissue engineering scaffolds. Additionally, the highly uniaxially oriented fibres 

have the potential to control electrical diffusion, positioning them as a promising 

material for the production of advanced biosensors. 

Overall, nozzle-PG has the potential to be a transformative technology in fibre 

production, offering a scalable method for generating high-performance fibres 

with broad applications in tissue engineering, drug delivery, and sensor 

technologies.  
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5 Nozzle-Pressurised Gyration for Biopolymer Spinning 

5.1 Introduction 

The extensive utilisation of polymer materials in diverse domains is well 

acknowledged. Presently, commercial polymer materials are predominantly 

petroleum-based synthetic polymers, also known as plastics. However, the 

challenge of plastic pollution is increasingly pressing, inflicting significant harm 

on ecosystems and human health. Global annual production of plastics surged 

from 1.5 million metric tons in 1950 to 390 million metric tons in 2021 [258]. While 

merely 20% of the resulting plastic waste is effectively managed, the majority 

ends up in landfills or the natural environment [259, 260]. The development of 

natural polymers, such as alginate, is perceived as a viable strategy to mitigate 

the challenges associated with the over-reliance on crude oil and plastic pollution 

[261]. 

This work performs ion exchange of Na-Alg by introducing a coagulation bath in 

nozzle-PG to produce Alg fibres. It is noted that high-molecular-weight Na-Alg 

solutions, even at a relatively low concentration (< 5 wt%), are significantly 

viscous, exhibiting a pronounced solid-like behaviour that complicates their 

processing [266]. The high working pressure applied in nozzle-PG effectively 

mitigates the viscous effects of Na-Alg solutions during spinning, facilitating the 

formation of continuous jets. Additionally, given the exceptional fibre production 

efficiency of nozzle-PG, this strategy stands out as a promising approach for the 

scaling up of Alg fibre production, compared with common methods like 

electrospinning and wet spinning. This study investigates the intricate interplay 
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between the solution properties/processing parameters and the resulting product 

in the modified nozzle-PG, providing a well-defined roadmap for producing 

desired Alg products. Cinnamomum verum is incorporated into Alg fibres using 

the modified nozzle-PG setup to explore their potential as antibacterial patches, 

highlighting a crucial aspect of these natural cinnamon-Alg fibrous patches as 

advancing biomaterials. 

5.2 Solution Properties 

Table 5-1 presents the surface tension and viscosity results of Na-Alg aqueous 

solutions. Notably, the acquisition of accurate surface tension data for the Na-Alg 

solutions with concentrations higher than 3.0 wt% was difficult, attributable to the 

pronounced influence of the measurement technique on surface tension 

determinations in highly viscous solutions, as reported by Lee [267]. As the 

concentration of Na-Alg increases from 1.0 wt% to 3.5 wt%, the viscosity 

escalates dramatically from 542.9 ± 1.2 mPa s to 67,873 ± 801 mPa s. This 

pronounced sensitivity of Na-Alg solution viscosity to concentration poses 

challenges for its processing via electrospinning. However, the high working 

pressure utilised in nozzle-PG effectively facilitates its spinning, offering a 

practical solution to these difficulties. 

Table 5-1 Solution properties of Na-Alg solutions at different polymer 

concentrations. 

Concentration 

[wt%] 

Surface Tension 

[mN/m] 

Viscosity 

[mPa s] 

1.0 22.0 ± 0.9 542.9 ± 1.2 
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1.5 36.6 ± 1.1 2042 ± 37 

2.0 58.5 ± 0.7 6783 ± 161 

2.5 68.6 ± 1.1 13949 ± 164 

3.0 - 27330 ± 251 

3.2 - 51328 ± 508 

3.5 - 67873 ± 801 

 

5.3 Crosslinking of Alginate 

In this work, Alg samples with different structures and morphologies were 

produced through a method based on the dry-jet wet spinning principle. 

Specifically, nozzle-PG was used to extrude the Na-Alg solutions into the ambient 

air, where the Na-Alg jets underwent stretching within the air gap (dry jet 

formation, Figure 5-1a). Subsequently, Alg gels with a more stable semi-solid 

structure formed in the CaCl2 coagulation bath (wet spinning process, Figure 

5-1b). Nozzle-PG, serving as a jet generator, has processing parameters such as 

rotational speed and working pressure that significantly influence jet formation 

and jet structure. Generally, increasing the rotational speed and working pressure 

of nozzle-PG is conducive to shortening the jet formation time and reducing the 

jet diameter, thus forming more and finer jets in a specific time [268]. The air gap 

length determined the degree of jet stretching. A longer air gap favoured sufficient 

stretching of the jets but may lead to relaxation of the polymer jets or jet rupture.  
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Figure 5-1 (a) Na-Alg solution jetting in nozzle-pressurised gyration and (b) 

crosslinking process of Alg chains in the Ca2+-riched coagulation bath. 

The divalent cations (Ca2+) in the coagulation bath played a pivotal role in the 

eventual formation of Alg gels. When Na-Alg solutions were extruded into the 

Ca2+-riched coagulation bath, Ca2+ selectively combined with the guluronic acid 

(G) blocks of the Alg chain, due to the higher degree of coordination with divalent 

ions of G blocks [269]. Thus, an ion exchange between Na+ and Ca2+ occurred. 

Ca2+ helped to bind adjacent Alg chains together in the cross-linked “egg-box” 

model, resulting in a robust gel network (Figure 5-1b) [270]. 
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Figure 5-2 reveals that the Ca content of the Alg samples increases from 1.1 wt% 

to 12.2 ± 0.9 wt% after crosslinking, demonstrating the binding of Ca2+ to Alg 

chains while part of Na+ is released from the Alg system. Therefore, controlling 

the gelation rate is beneficial to achieve a more uniform gel matrix with enhanced 

mechanical strength. 

 

Figure 5-2 The content of Na+ and Ca2+ in Na-Alg and the crosslinked Alg 

samples, determined by microwave plasma atomic emission spectroscopy (MP-

AES). 

5.4 Effects of Solution Properties 

To investigate the spinnability of Na-Alg solutions and their impacts on the 

morphology of Alg samples produced, Na-Alg solutions with concentrations 

ranging from 1.0 wt% to 3.5 wt% were processed using modified nozzle-PG. 

Apart from the solution concentration, all other processing parameters were kept 

consistent: rotational speed of 11 000 rpm, working pressure of 1 × 105 Pa, and 

air gap length of 6 mm. Figure 5-3 illustrates a marked alteration in the 
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morphology of the obtained Alg samples correlating with an increase in solution 

concentration.  

 

Figure 5-3 SEM images of Alg samples produced from Na-Alg solutions with 

concentrations of (a) 1.0 wt%, (b) 1.5 wt%, (c) 2.0 wt%, (d) 2.5 wt%, (e) 3.0 wt%, 

and (f) 3.5 wt%. 

The Na-Alg solution with a concentration of 1.0 wt% formed a smooth and non-

porous Alg film with an average thickness of approximately 30 µm after nozzle-

PG processing (Figure 5-3a). When the Na-Alg concentration increased to 1.5 

wt%, the Alg product evolved into a broad ribbon structure (Figure 5-3b). As the 

concentration continued to increase, more filamentous structures formed in the 

resulting samples, though some broad ribbons or large clumps persisted (Figure 
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5-3c, d). Upon the Na-Alg solution reaching a concentration of 3.0 wt%, these 

ribbon-shaped products and clumps dissipated entirely, yielding Alg fibres. 

Accordingly, with the concentration increasing from 3.0 wt% to 3.5 wt%, the 

obtained Alg fibres transitioned from flat (Figure 5-3e) to cylindrical (Figure 5-3f) 

in shape. 

The pronounced difference in the structure of obtained Alg products is 

predominantly attributed to the difference in rheological properties engendered 

by the solution concentration. The rapid increase of solution viscosity with its 

increasing concentration is a remarkable feature of Na-Alg solution, accompanied 

by a significant reduction in its fluidity [271]. Therefore, the 1.0 wt% Na-Alg 

solution had the best liquid fluidity, and when it entered the coagulation bath, the 

Na-Alg phase quickly flowed and dispersed into a uniform film before gelation 

occurred. Thus, an Alg film with a smooth surface formed in this scenario. 

However, when the viscosity increased gradually with the increase of solution 

concentration, the fluidity of the Na-Alg solutions correspondingly deteriorated. 

After being immersed in the coagulation bath, these Na-Alg jets, hindered by their 

reduced mobility, predominantly preserved the elongated structure they adopted 

upon emerging from the nozzle tips. The high viscosity also prevented the 

infiltration of Ca2+ from the coagulant into the central area of the Na-Alg solution. 

Consequently, gelation initially occurred on the surface of the Na-Alg phase, 

obstructing the dispersion of the Na-Alg solution within the coagulation bath. 

Hence, the morphology of the resulting Alg samples evolved from a thin film to a 

ribbon-like structure, ultimately obtaining a filamentous form at the concentration 

of 3.0 wt%. It can be concluded that to produce Alg fibres with well-defined 

filamentous structures, the preparation of Na-Alg solutions that meet the critical 
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rheological properties is the key. The correlation between the solution viscosity 

and the resulting Alg structure is revealed in Figure 5-4. Na-Alg solutions with a 

concentration above 4.0 wt% are difficult to process due to their excessive 

viscosity.  

 

Figure 5-4 The viscosity profile of Na-Alg solutions and the structures of 

corresponding Alg products. 

5.5 Effects of System Parameters 

To further enhance the quality of the Alg products, the impact of different 

processing parameters in nozzle-PG on fibre morphology was explored in this 

section. In this study, Na-Alg solutions spun without pressure failed to overcome 

their surface tension and remained confined within the chamber. This scenario 

indicates the significance of high working pressure applied in nozzle-PG to 
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effectively process highly viscous solutions. With the increase of working 

pressure, the kinetic energy of the spinning jet increases accordingly, which 

facilitates additional stretching and refinement of the jet [268]. Additionally, a high 

working pressure shortens the time required for jet formation, thereby improving 

the spinning efficiency of nozzle-PG [268]. Similarly, the rotational speed affects 

the fibre formation by influencing the motion state of the jet. Only when the 

rotational speed reaches the critical value, the solutions can be ejected to form 

spinning jets. The Na-Alg solution processed under low-speed spinning (< 9 000 

rpm) was subjected to decreased production efficiency and led to the waste of 

feedstock due to insufficient kinetic energy.  

Therefore, weighing the synergistic effect of working pressure and rotation speed 

is pivotal to producing Alg fibres via nozzle-PG, intending to attain optimal product 

morphology and production efficiency. In the context of this research, by setting 

the system parameters to the working pressure of 2 × 105 Pa, the rotational speed 

of 11 000 rpm, and the air gap length of 6 mm, the desired Alg fibres with an 

average diameter of approximately 10 µm were successfully produced using 3.2 

wt% Na-Alg solution (Figure 5-5). The inset in Figure 5-5a provides a 

microscopic depiction of the Alg fibre surface.  

The Alg fibre exhibited prominent striations along the longitudinal axis on the 

surface. The formation of these grooves can be attributed to the uneven diffusion 

of the coagulant on the jet surface in wet spinning [272]. A pronounced viscosity 

difference between the Na-Alg solution and the Ca2+ coagulant impeded biphasic 

diffusion, resulting in the formation of deeper grooves on the surface. Conversely, 

the small viscosity difference between the low-concentration Na-Alg solution and 
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the coagulant was conducive to the fluidity and diffusion of the Na-Alg phase in 

the coagulation bath, thus forming an Alg product with a smoother surface 

(Figure 5-3a). In terms of fibre size and morphology, there was no significant 

difference observed between the cinnamon-containing Alg and the pure Alg 

samples when the polymer concentration and the processing parameters were 

kept consistent. 

 

Figure 5-5 SEM image and diameter distribution of Alg fibrous patches produced 

by modified nozzle-pressurised gyration under the processing conditions of 3.2 

wt% of Na-Alg solution, working pressure of 2 × 105 Pa, rotational speed of 11 

000 rpm, and air gap length of 6 mm. 
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In conventional PG methodologies, higher pressures and rotational speeds are 

generally favoured to enhance fibre morphology and yield. Yet, the results from 

our experiments elucidated the negative impacts of excessively high pressure 

and rotational speed on the manufacturing of Alg fibres using this method. Such 

outcomes might stem from a discord between the balance of jet formation and its 

solidification rate. Within the coagulation bath, the double diffusion of Ca2+ and 

Na+ ions leads to the cross-linking interaction between the Ca2+ ions and Alg 

chains, resulting in the solidification of fibres. Therefore, the time required for the 

solidification process includes diffusion time and cross-linking time, which is 

longer than normal ionic bond formation. According to Yan et al. [273] when 

certain assumptions are met, the diffusion process can be expressed by 

Equation 5-1: 

𝑀𝑡

𝑀∞
= 1 − ∑

8

(2𝑛 + 1)2𝜋2

∞

𝑛=0

exp [
−𝐷(2𝑛 + 1)2𝜋2𝑡

𝑙2
] 

Equation 5-1 

where, l is half of the fibre diameter, Mt is the percentage of Ca2+ diffusing into 

the fibre at time t, M∞ is the percentage of Ca2+ diffusing into the fibre after 

diffusion, and D is the diffusion coefficient.  

The value of the intermediate stage of diffusion, specifically when 
𝑀𝑡

𝑀∞
= 0.5, is 

recognised as the actual diffusion coefficient. At this juncture, Equation 5-1can 

be simplified to: 

𝐷 = 0.0492
𝑙2

𝑡
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Equation 5-2 

In Equation 5-2, a relationship is established among the diffusion coefficient, the 

diffusion time, and the fibre diameter. This relationship provides valuable insights 

into the dynamic behaviour of jet coagulation processes. 

After analysing the solution properties and system parameters, as well as 

considering the results of preliminary experiments, the optimal spinning 

conditions were defined as follows: the Na-Alg concentration of 3.2 wt%, the 

rotational speed of 11 000 rpm, the working pressure of 2 × 105 Pa, and the air 

gap length of 6 mm. This protocol was applied to process Na-Alg solutions 

containing natural cinnamon substrates, resulting in the production of cinnamon-

containing Alg fibrous patches for evaluating cell viability and antibacterial 

properties. The specifics of each sample are listed in Table 5-2. 

Table 5-2 Solution properties, average fibre diameter, and acronym of Alg and 

cinnamon-containning Alg samples. The concentration of Na-Alg remained 

constant at 3.2 wt%.  

Cinnamon Source Cinnamon 

Concentration 

[w/w%] 

Average Fibre 

Diameter [µm] 

Acronym 

- 0 10.1 ± 7.5 Alg 

Ground cinnamon 1 12.8 ± 7.6 Alg-GC1 

Ground cinnamon 2 12.9 ± 6.0 Alg-GC2 

Ground cinnamon 4 13.5 ± 8.0 Alg-GC4 

Cinnamon 

essential oil 
1 12.2 ± 7.8 Alg-CEO1 
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Cinnamon 

essential oil 
2 12.6 ± 5.0 Alg-CEO2 

Cinnamon 

essential oil 
4 13.5 ± 7.7 Alg-CEO4 

Cinnamaldehyde 1 14.8 ± 8.0 Alg-CA1 

Cinnamaldehyde 2 12.6 ± 6.0 Alg-CA2 

Cinnamaldehyde 4 12.9 ± 6.9 Alg-CA4 

 

5.6 Cytotoxicity Features 

The indirect cytotoxicity test of pure Alg and cinnamon-containing Alg samples 

was conducted using the WST-1 assay, following the ISO 10993-5 standard for 

medical devices. The results highlighted the exceptional biocompatibility of Alg 

as a promising biomaterial with its fibrous patches retaining a cell-friendly nature 

[274]. As shown in Figure 5-6, the pure Alg fibrous patches exhibited a cell 

viability of 94 ± 2.8% compared to the negative control, confirming their non-toxic 

and biocompatible properties. In contrast, the positive control treated with DMSO 

showed a significantly lower cell viability of 31 ± 7.8%, underscoring the sensitivity 

of the L929 cell line and validating the test system [275]. These findings reinforce 

Alg's suitability for biomedical applications, particularly in wound healing and 

tissue engineering, where biocompatibility is a critical requirement.  
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Figure 5-6 Cell cytotoxicity test results of Alg and cinnamon-containing Alg 

fibrous samples with the different concentrations (1%, 2%, and 4%, w/w) of 

ground cinnamon, cinnamon essential oil, and cinnamaldehyde, (Alg, Alg-GC1, 

Alg-GC2, Alg-GC4, Alg-CEO1, Alg-CEO2, Alg-CEO4, Alg-CA1, Alg-CA2 and Alg-

CA4, respectively). (* indicates the statistically significant difference p˂0.005)  

Additionally, it was determined that when GC was added to Alg fibrous patches, 

cell proliferation did not show toxicity at all concentration values. The cytotoxicity 

limit is defined by the ISO standard as below 70% cell viability.  Alg-GC1, Alg-

GC2, and Alg-GC4 fibrous patch sample groups showed above 70% cell viability 

compared to negative control. Ahmed and coworkers [263] also reported that the 

cinnamon powder extracts do not exhibit cytotoxic effects on L929 fibroblast cells. 

Figure 5-6 also reveals the cytotoxic effect of CEO as its concentration increased 

in the Alg samples. The Alg-CEO1 sample group demonstrated 86 ± 6.2% cell 

viability compared to the negative control, indicating good biocompatibility at 

lower concentrations. However, at higher concentrations, the Alg-CEO2 and Alg-

CEO4 sample groups exhibited significantly reduced cell viability of 63 ± 3.2% 
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and 26 ± 2.4%, respectively, reaching the cytotoxicity limit defined by ISO 

standard. This indicates that excessive CEO concentrations compromise cell 

compatibility, likely due to the bioactive compounds in the essential oil that can 

disrupt cellular integrity at higher doses. A similar trend was observed with the 

CA groups, though cytotoxicity was less pronounced at lower concentrations. The 

Alg-CA1 and Alg-CA2 sample groups displayed cell viabilities of 83 ± 6.9% and 

75 ± 3.5%, respectively, maintaining acceptable biocompatibility. However, at the 

highest concentration, the Alg-CA4 sample group exhibited a toxic effect, 

showing a marked decline in cell viability to 55%. 

These findings suggest that while both CEO and CA have promising applications 

due to their bioactive properties, careful control of their concentrations is essential 

to maintain biocompatibility. Lower concentrations can be effectively incorporated 

into Alg-based biomaterials for therapeutic applications, while higher 

concentrations should be avoided to prevent cytotoxic effects.  

In this study, the pure Alg, Alg containing 1%, 2%, and 4% (w/w) GC, Alg 

containing 1% (w/w) CEO, and Alg containing 1% and 2% (w/w) CA fibrous 

patches were determined to be cell-friendly and have the potential to be used as 

biomaterials. 

5.7 Antibacterial Features 

Alg, Alg-GC1, Alg-GC2, Alg-GC4, Alg-CEO1, Alg-CEO2, Alg-CEO4, Alg-CA1, 

Alg-CA2, and Alg-CA4 fibrous patch sample groups were tested against gram-

negative E. coli (ATCC 25922) and gram-positive S. aureus (ATCC 29213) 

bacteria species. The antibacterial tests were applied according to the biofilm 



137 
  

formation determination assay. The results were reported in terms of adhered 

colony-forming units (Figure 5-7) and microscopic evaluations of adhered 

bacteria fixation (Figure 5-8). 

 

Figure 5-7 Antibacterial test results of Alg and cinnamon-containing Alg fibrous 

samples with the different concentrations (1%, 2%, and 4%, w/w) of ground 

cinnamon, cinnamon essential oil, and cinnamaldehyde, (Alg, Alg-GC1, Alg-GC2, 

Alg-GC4, Alg-CEO1, Alg-CEO2, Alg-CEO4, Alg-CA1, Alg-CA2 and Alg-CA4, 

respectively) against gram-negative E. coli (ATCC 25922) and gram-positive S. 

aureus (ATCC 29213) bacteria species. (*, ** and # indicate the statistically 

significant difference p˂0.005) 

The antibacterial test results showed that a decrease in bacterial adhesion and 

biofilm formation was detected at least log 1 in all groups for both gram-negative 
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E. coli (ATCC 25922) and gram-positive S. aureus (ATCC 29213) bacteria 

species. It was determined that increasing cinnamon concentrations increased 

the antibacterial activity in all 3 cinnamon groups (Alg-GC, Alg-CEO, and Alg-CA). 

On the other hand, antibacterial tests showed results consistent with cellular tests. 

All the sample groups exhibited statistically significant antibacterial activity 

against the control group for E. coli (ATCC 25922). It was determined that the 

dose-dependent increase of active ingredient concentration reduced bacterial 

activity by log 5 for Alg-CEO4, log 4 for Alg-CEO2, and log 3 for Alg-CA4. 

However, they also had a toxic effect on healthy cells of E. coli bacteria species. 

GC-MS spectrum (Figure 3-3) showed that CEO contained antibacterial 

compounds eugenol, cinnamyl acetate, and cinnamaldehyde-E. These data 

indicate that the high antibacterial effect of CEO compared to CA can be 

attributed to the synergistic effect of cinnamaldehyde-E, eugenol, cinnamyl 

acetate, and other chemical compounds. Additionally, this synergistic effect 

resulted in cytotoxicity in high-concentration CEO sample groups. It was 

determined that Alg-GC sample groups showed antibacterial activity at all 

concentrations without any cytotoxic response. Alg-GC1, Alg-GC2, and Alg-GC4 

fibrous patch sample groups showed log 1, log 2, and log 3 decrease in biofilm 

formation against E. coli bacteria species, respectively. Additionally, Alg-GC2, 

Alg-GC4, Alg-CEO1, Alg-CEO2, Alg-CEO4, and Alg-CA4 fibrous patch sample 

groups exhibited a statistically significant decrease on biofilm formation of E. coli 

compared to Alg (p˂0.005). Moreover, statistically significant antibacterial activity 

was also determined for S. aureus bacteria species for all sample groups 

compared to the control group (p˂0.005). The number of adhered bacteria 

decreased up to log 5 for GC-included sample groups (Alg-GC1, Alg-GC2, Alg-
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GC4). Notably, distinct antibacterial effects were observed between Alg-CEO and 

Alg-GC formulations. Specifically, Alg-CEO exhibited the strongest antibacterial 

activity against gram-negative E. coli, while Alg-GC demonstrated superior 

antibacterial efficacy against gram-positive S. aureus. These differences can be 

attributed to the unique components of each formulation and their respective 

antibacterial mechanisms. CEO primarily contains lipophilic compounds such as 

cinnamaldehyde, eugenol, and linalool. These compounds can effectively 

penetrate and disrupt the lipid membranes of gram-negative E. coli, leading to 

increased membrane permeability and cell death. In contrast, GC has a 

significantly lower concentration of cinnamaldehyde and contains additional non-

volatile components, such as cinnamic acid and tannins. These non-volatile 

substances exert their antibacterial effects primarily against gram-positive S. 

aureus by interfering with cell wall synthesis and integrity, leading to the leakage 

of cellular contents and cell death. These findings highlight the potential for 

tailored applications of these cinnamon-containing Alg fibres depending on the 

bacterial target. 

Biofilm formation and antibacterial activity of fibrous patches are also evaluated 

by SEM micrographs (Figure 5-8). The results showed similar results with the 

biofilm formation determination tests. Alg-GC1, Alg-GC2, Alg-GC4, Alg-CEO1, 

Alg-CA1, and Alg-CA2 fibrous patch sample groups showed less bacterial 

adhesion than Alg sample group for both E. coli and S. aureus bacteria species 

as is shown in Figure 5-8. It was also observed in SEM images that gram-positive 

S. aureus bacterial species adhered to the fibrous patch sample surfaces more 

than gram-negative E. coli bacterial species. The results were supported by the 

antibacterial activity of cinnamon as reported in the literature [263, 276].  
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Figure 5-8 SEM images of fibrous patches with adhered E. coli and S. aureus 

bacteria species on cinnamon-containing Alg fibrous samples with 1%, 2%, and 

4% (w/w) of ground cinnamon, 1% (w/w) of cinnamon essential oil, and 1% and 

2% (w/w) of cinnamaldehyde, (Alg-GC1, Alg-GC2, Alg-GC4, Alg-CEO1, Alg-CA1, 

and Alg-CA2, respectively). Yellow arrows indicate E. coli and red arrows indicate 

S. aureus bacteria species. (Scale bar = 10 µm)  

Natural components, especially cinnamon, and its derivatives, are important 

antibacterial agent candidates with different strategies that inhibit bacterial cell 
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division, ATPase activity, quorum sensing (QS) contact, membrane porins or alter 

bacterial cell membrane permeability [277]. The synergistic effect of these 

features is used to create common solutions to the differences in the membrane 

structures of gram-negative and gram-positive bacteria. 

According to the antibacterial activity results of E. coli and S. aureus, Alg-GC4 

and Alg-CEO1 show great potential as antibacterial wound dressing candidates 

with high antibacterial activity against both gram-negative and gram-positive 

bacteria species and high cell compatibility. 

5.8 Conclusions 

In this study, an innovative Alg fibre processing approach based on nozzle-PG 

was developed. This method combines the high production efficiency of nozzle-

PG with the adaptability of wet spinning for Alg materials, offering a scalable, 

cost-effective, and straightforward pathway for Alg fibre production. By 

meticulously adjusting the solution concentration and processing parameters 

associated with nozzle-PG, a comprehensive protocol for producing Alg fibres 

using this innovative method was established. As a result, Alg fibrous patches 

with a fibre diameter of approximately 10 µm were successfully produced. 

Subsequently, three Cinnamomum verum substances were incorporated in the 

resulting Alg fibrous samples. When incorporated with Cinnamomum verum, the 

resulting Alg fibrous patches demonstrated exceptional antibacterial activity 

against both gram-negative and gram-positive bacterial species, showcasing a 

dosage-dependent response. Higher cinnamon content enhanced antibacterial 

efficacy but also led to increased cytotoxicity. Remarkably, even the pure Alg 

patches displayed considerable antibacterial properties and significant 
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biocompatibility, underscoring their potential as standalone biomaterials for 

biomedical applications. While the inclusion of Cinnamomum verum significantly 

bolstered antibacterial performance, their cytotoxic effects at higher 

concentrations necessitate cautious optimisation for safe biomedical use. These 

findings establish this innovative Alg fibre processing technique, combined with 

the potent bioactivity of cinnamon extracts, as a promising platform for creating 

advanced antibacterial biomaterials with applications ranging from wound 

dressings to infection-resistant medical devices.  
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6 Exploring Sustainable Sources for Nozzle-Pressurised 

Gyration 

6.1 Introduction 

Dairy farm waste such as cow manure/dung is a major threat to the environment 

especially in polluting water bodies and contributing to waterborne diseases and 

public health hazards [278]. Effective methods for recycling and repurposing 

these wastes are imperative. In regions where agriculture and animal husbandry 

prevail, animal waste finds utility as crop fertilizer, fuel, or house insulation 

material. Recently, there is growing interest in recovering valuable substances 

from these waste materials for refinement into high-value products, thereby 

finding applications across diverse fields such as packaging, energy, electronics, 

and biomedicine [279]. Considering the significant cellulose (1.6-23.5%), 

hemicellulose (1.4-12.8%), and lignin (2.7-13.9%) in the undigested materials 

from animal waste [280], efforts have been dedicated to its utilisation as a 

feedstock for cellulose extraction. This new route is presented as a good fit into 

the circular economy due to its abundance, low cost, and great potential to 

address waste management challenges associated with animal husbandry.  

In this work, the upcycling of waste materials is achieved by extracting 

nanocellulose from two sources: the insoluble residue of sugar kelp after Alg 

extraction and cow manure from a local dairy farm waste. This is accomplished 

through a combination of chemical treatments and mechanical homogenisation. 

The extracted cellulose subsequently served as the spinning feedstock for the 

modified nozzle-PG integrating with a coagulation bath. These pressure-spun 
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cellulose products hold the potential of becoming value-added commodities due 

to their inherent characteristics, thereby realising the concept of “Waste to 

Wealth”. In addition to natural and sustainable raw materials, the entire 

processing procedure avoided to use/produce chemicals or byproducts that pose 

significant environmental hazards and was simple, efficient, and low-cost, in line 

with the requirements of a circular economy. 

6.2 Solution Properties 

Surface tension and viscoelasticity are two main factors that determine the 

solution spinnability in nozzle-PG. Solutions with a very low viscosity cannot 

provide sufficient chain entanglement to form spinning jets while an extremely 

viscous solution cannot overcome its surface tension, resulting in the inability to 

form fibres. Table 6-1 shows the viscosity results of cellulose solutions derived 

from seaweed and animal waste, respectively. As discussed in Section 5.2, the 

measurement method significantly affects the accuracy of surface tension 

measurements for highly viscous solutions  [281]. Consequently, surface tension 

data for the cellulose solutions used in this study was not analysed. 

Table 6-1 Cellulose solution properties at different polymer concentrations. 

Polymer Solvent Concentration 

[wt%] 

Viscosity  

[mPa s] 

Seaweed-

Derived 

Cellulose 

A mixture of 

EMIM OAc 

and DMSO 

(1: 1, w/w) 

1 127.0 ± 1.0 

1.5 781.0 ± 3.1 

2 9634 ± 313 

2.5 36233 ± 2310 
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3 110626 ± 3355 

Animal 

Waste-

Derived 

Cellulose 

A mixture of 

EMIM OAc 

and DMSO 

(1: 1, w/w) 

2 155.5 ± 0.3 

4 1421 ± 27 

6 16787 ± 106 

8 95357 ± 4427 

10 223552 ± 1997 

 

As presented in Table 6-1, a slight increase in cellulose concentration led to a 

significant rise in solution viscosity, which was accompanied by a rapid decline in 

solution fluidity. This phenomenon was observed in cellulose derived from both 

seaweed and animal waste, from 127.0 ± 1.0 mPa s to 110626 ± 3355 mPa s 

and from 155.5 ± 0.3 mPa s to 223552 ± 1997 mPa s, respectively. These results 

exhibited the typical viscosity−concentration dependence of cellulose/EMIM OAc 

solutions, which is consistent with the previously reported work [64, 282-284]. It 

was observed that the cellulose extracted from seaweed exhibited a higher 

solution viscosity compared to that extracted from animal waste at the same 

solution concentration. This difference may be attributed to the higher impurity 

content in the animal waste-derived cellulose, as evidenced by the precipitation 

observed in its solution. Additionally, the rheological behaviour of cellulose/EMIM 

OAc solutions can be affected by the water impurities of the ionic liquid solvent. 

The water existing in the ionic liquid is considered to decrease the solubility of 

cellulose, which is presumably due to the competitive hydrogen bonding [285]. 

Therefore, cellulose extract and ionic liquid are required to be stored in a dry 
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environment prior to use, and the dissolution process should be conducted under 

moisture-free conditions to prevent interference. 

6.3 Seaweed-Derived Cellulose Fibre Production 

In this work, the mechanism for making cellulose fibres is essentially a 

combination of gyrospinning and wet spinning (dry-jet wet spinning), as 

discussed in Section 5.3. Nozzle-PG was used as a jet generator. The extruded 

cellulose fluid from nozzle-PG was stretched in the air to form continuous 

spinning jets, due to the pressure difference and fluid viscoelasticity. In the water 

coagulation bath, the solvent in polymer jets underwent diffusion exchange with 

water, a non-solvent to cellulose. Liquid-liquid phase separation occurred, 

resulting in gel-like cellulose [286]. Meanwhile, intra- and inter-molecular 

hydrogen bonds of cellulose were re-formed. The cellulose obtained at this stage 

was a highly swollen gel, which expanded more than its normal size. These 

cellulose products were much reduced in size after being thoroughly washed and 

completely dried. The swollen gel-like cellulose had a weight ratio of 1500%-

1800% to the dried cellulose samples, indicating their excellent water retention 

capacity. The morphology and properties of cellulose products were affected by 

polymer solution properties, system parameters of nozzle-PG, as well as the 

coagulation process.  

Figure 6-1 exhibits SEM images of cellulose products obtained from 2 wt%, 2.5 

wt%, and 3 wt% cellulose/EMIM OAc solutions.  
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Figure 6-1 SEM images of seaweed-derived cellulose produced through nozzle-

pressurised gyration at 1 × 105 Pa working pressure: (a) 2 wt% cellulose, 6 mm 

air gap length; (b, c) 2.5 wt% cellulose, 6 mm and 13 mm air gap length, 

respectively; (d-f) 3 wt% cellulose, 6 mm, 13 mm, and 20 mm air gap length, 

respectively. (g-h) diameter distributions of seaweed-derived cellulose fibres 

collected at 6 mm, 13 mm, and 20 mm in nozzle-pressurised gyration, 

respectively.  

The structure and morphology of the regenerated cellulose products are highly 

dependent on the solution concentration. Thin films with smooth surfaces were 

obtained from 2 wt% cellulose solutions. An increase in solution concentration to 

2.5 wt% resulted in some large pores presenting on the cellulose products, which 

simultaneously had fibrous structures and membrane structures with wrinkled 
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surfaces. Continuous interlaced cellulose fibres were spun from the 3 wt% 

solution. 

The effect of polymer concentration on the structure and morphology of the 

regenerated cellulose is mainly through the fluid viscosity during the coagulation 

process. The low concentration of cellulose substantially reduced the viscosity of 

cellulose solutions. The local mobility around cellulose chains increased due to 

the low viscosity ratio of the cellulose solution to the coagulant, resulting in a more 

adequate and faster diffusion of the solvent and the coagulant, which is beneficial 

to the uniform distribution of cellulose molecules [287]. In addition, the less 

viscous solutions generally have shorter relaxation times, suggesting that the 

polymer jets may have relaxed somewhat before coagulation occurs [58]. Thus, 

the 2 wt% cellulose solution was likely to produce homogeneous cellulose films. 

However, the high viscosity of cellulose solutions hindered the exchange of 

solvent and coagulant. The coagulant was difficult to diffuse to the central region 

of the forming fibres, which may result in incomplete phase separation [288]. 

Cellulose tended to retain the filamentous structures it adopted after ejecting from 

nozzle-PG. In this work, 3 wt% was regarded as the optimal concentration for the 

formation of continuous cellulose fibres. As a result, selecting the appropriate 

solution concentration is critical for producing the desired morphology of the 

cellulose products. This relationship is illustrated in Figure 6-2. 
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Figure 6-2 The viscosity profile of seaweed-derived cellulose solutions and the 

structures of corresponding products spun through nozzle-pressurised gyration. 

(solutions with a concentration of higher than 3 wt% are excessively viscous to 

be processed.) 

Besides, solution concentration influences the optical properties of cellulose 

products obtained. The low concentration (2 wt%) of cellulose solution led to the 

cellulose films with good optical transmittance (Figure 3-5f), whereas 

conventional cellulose fibres with inferior transmittance were produced by the 3 

wt% solutions (Figure 3-5e). The optical transmittance is mainly affected by the 

homogeneous structure of the cellulose samples rather than the thickness [289]. 

Previous studies have reported that, due to different phase separation processes, 

cellulose films with homogeneous structures were generally formed by lower 
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cellulose concentrations, while higher concentrations resulted in more compact 

but in-homogeneous structures in cellulose products [289, 290].  

The effects of air gap length (collection distance) are illustrated in Figure 6-1d-i. 

According to previous work in Chapter 4, increasing collection distance facilitates 

the stretching and thinning of the polymer jets in the air to form finer fibres. In this 

study, the cellulose fibre diameter decreased from 8.0 ± 3.4 µm to 5.6 ± 2.5 µm 

with the increase of air gap length from 6 mm to 13 mm. While the fibre diameter 

increased to 7.5 ± 3.5 µm when the air gap length was further increased to 20 

mm. This can be explained by the longer relaxation time at a longer air gap.  The 

polymer jets underwent a longer relaxation time and expanded more at the 20 

mm distance than those at a shorter distance, resulting in thicker fibres. A similar 

phenomenon can be seen from the spinning of the 2.5 wt% cellulose solution. 

Some filamentous structures were presented on the cellulose products that were 

collected at the 6 mm distance (Figure 6-1b), while only wide ribbon-like cellulose 

was obtained from the 13 mm collection distance (Figure 6-1c). Therefore, the 

influence of air gap length on the morphology of cellulose products is a synergistic 

result of jet stretching and relaxation. A trade-off between the two is conducive to 

obtaining fine fibres. In addition, the air gap conditions (temperature, humidity) 

were reported to affect the cellulose fibre formation, which needs to be 

investigated in future work [58]. 

The magnitude of the working pressure applied in nozzle-PG also affected the 

fibre morphology. When the pressure was increased from 1 × 105 Pa (Figure 

6-1d-f) to 2 × 105 Pa, the obtained cellulose product had fibrous textures but there 

was significant aggregation (Figure 6-3a).  



151 
  

 

Figure 6-3 (a) SEM image and (b) diameter distribution of 3 wt% seaweed-

derived cellulose solution processed by nozzle-pressurised gyration at 1 × 105 

Pa working pressure and 13 mm air gap length.  

This can be attributed to the kinetic instability and insufficient stretching time of 

the polymer jets caused by the high-velocity gas flow. Moreover, the fibre 

diameter increased to 22.3 ± 6.5 µm, which is much larger than those fibres 

obtained from the spinning at 1 × 105 Pa. The large diameter value acquired in 

this case can be the result of insufficient stretching or/and an artefact of fibre 

aggregation. However, the effect of increasing pressure is not always negative. 

The production rate of cellulose fibres increased from 17.6 g/h to 21.6 g/h, 
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indicating that the higher pressure played a role in promoting fibre formation in 

this work.  

Figure 6-4 shows that the cellulose films have flat and relatively smooth surfaces 

while the cellulose fibres have distinctly wrinkled surfaces.  

 

Figure 6-4 The surface topography of (a) cellulose film and (b-c) cellulose fibres.  

The smooth surface of the cellulose films can be attributed to the better fluidity 

and the fast liquid fusion of low-viscous solutions as discussed previously. The 

collapsed and wrinkled surfaces of the cellulose fibres are attributed to the 

coagulation and drying processes. It has been discussed that the high 

viscoelasticity of the cellulose solution hindered the non-solvent (coagulant) from 

entering the central region of fibres while the surface of fibres coagulated when 

they entered the coagulation bath. The volume of dried fibres was significantly 

reduced compared to swollen fibres. The different contraction rates of the fibre 

surface and the fibre core during the drying process can cause wrinkles and 

collapse of the fibres. 

6.4 Animal Waste-Derived Cellulose Fibre Production 

Figure 6-5 exhibits the morphology of animal waste-derived cellulose before and 

after processing with modified nozzle-PG.  
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Figure 6-5 SEM images of (a) dried animal waste-derived cellulose flakes and 

(b-e) cellulose samples produced through nozzle-pressurised gyration from 

animal waste-derived cellulose solutions with concentrations of (b) 2 wt%, (c) 4 

wt%, (d) 8 wt%, (e) 10 wt%, and (f) the diameter distribution of cellulose fibres 

produced from the 10 wt% solution. (Scale bar = 100 µm) 

The freeze-dried cellulose is observed to aggregate into flakes (Figure 6-5a), 

which are much larger in size than the cellulose fibrils, losing the natural nano-

structure of nanofibrils. Figure 6-5b-e shows the progressive transformation in 
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cellulose morphology following nozzle-PG processing as the cellulose 

concentration increases from 2 wt% to 10 wt%. Initially, the cellulose formed a 

thin film at the lowest concentration, which then split into broad ribbons, and 

finally refined further to form thin filaments with the increase in cellulose 

concentration. In Figure 6-5b, the surface roughness of the cellulose film may be 

attributed to the uneven viscosity of the solution resulting from impurities present 

in the extracted cellulose. The inset shows the cross-section of the film with a 

thickness of approximately 5 μm. Figure 6-5f suggests that the diameter 

distribution of the cellulose fibres obtained from the 10 wt% solution follows a 

Gaussian distribution, with an average diameter of 5.2 ± 2.3 μm. Similarly, this 

relatively large variance in fibre diameter can be caused by viscosity unevenness 

resulting from solution impurities. 

As the processing parameters associated with nozzle-PG remained consistent, 

the variations observed in cellulose morphology can be attributed to the 

difference in solution viscosity caused by the concentration difference, which is 

consistent with the previous observations. The relationship between these two 

variables is depicted in Figure 6-6. For concentrations below 4 wt%, the cellulose 

solutions have very low viscosity, indicating their high fluidity. Consequently, 

despite being extruded from nozzle-PG in the form of a jet, the cellulose solutions 

rapidly flowed and dispersed into a uniform film after entering the water bath. 

Coagulation has not yet occurred at this stage. With further increases in 

concentration, the cellulose solution experienced a notable rise in viscosity, 

signifying a decrease in its fluidity. The flow and interdiffusion of the cellulose jets 

in the water bath became restricted.  Coagulation occurred before they fully 

spread out, thereby resulting in the formation of broad ribbon-like cellulose 
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samples. The solution fluidity further deteriorated after the concentration reached 

8 wt% due to the exceptionally high viscosity ratio to the water bath. Therefore, 

coagulation occurred while the jets maintained the filamentous morphology they 

adopted upon extruding from the nozzle tip, resulting in the formation of cellulose 

fibres. Therefore, choosing the appropriate solution concentration is crucial for 

achieving the desired morphology of cellulose products. This information can be 

obtained from Figure 6-6. 

 

Figure 6-6 The viscosity profile of animal waste-derived cellulose solutions and 

the structures of corresponding products spun through nozzle-pressurised 

gyration. (solutions with a concentration of higher than 11 wt% are excessively 

viscous to be processed.) 
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6.5 Fourier Transform Infrared Spectroscopy 

The FTIR spectrum was used to verify the chemical composition of cellulose 

molecules. In Figure 6-7, the FTIR spectrums of cellulose samples with different 

structures produced through nozzle-PG all show the typical bands assigned to 

the functional groups present in cellulose.  

 

Figure 6-7 FTIR spectra of cellulose samples obtained through nozzle-

pressurised gyration.  

The broad absorption peak at 3346 cm-1 is attributed to the stretching vibration of 

O-H. This peak also includes inter- and intra-molecular hydrogen bond vibrations 

in cellulose [291]. The absorption peaks of 2900 cm-1 and 1080 cm-1 are 

characteristics of C-H and C-O bonds stretching vibrations in cellulose, 

respectively. The presence of a characteristic peak around 1640 cm-1 confirms 
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the obtained cellulose remains in their original, unmodified form. If surface 

modifications, such as esterification or amidation (which typically occur during 

chemical pre-treatment in the cellulose derivation process), had taken place, a 

peak shift to approximately 1740 cm-1 or 1590 cm-1,, respectively, would be 

observed [292]. In our study, no significant surface modifications were observed 

in the obtained cellulose. The band around 1420-1430 cm-1 can be used to 

analyse the crystallinity of cellulose, while the band of 898 cm-1 is assigned to 

amorphous regions in cellulose [293]. According to O’Conner et al [294], the 

spectral ratio of 1429/893 cm-1 can be defined as the crystallinity index of 

cellulose samples. 

6.6 X-Ray Diffraction 

The XRD diffractogram (Figure 6-8) clearly shows distinct differences in the 

crystallisation behaviour between the extracted cellulose and regenerated 

cellulose samples through nozzle-PG. In the case of extracted cellulose, the 

diffraction pattern exhibited characteristic peaks at 2θ = 14.4°, 16.7°, 22.7°, and 

34.6°, which have been identified as corresponding to the (100), (010), (110), and 

(11-4) crystallographic planes for cellulose I [295]. Based on Bragg's law, the d-

spacing data acquired through X-ray diffractometry were utilised in the 

discriminant analysis function proposed by Wada et al. [296]. The analysis 

revealed that the extracted cellulose predominantly belongs to the Iα-rich type. 

These results are consistent with the previous study, using the Laminaria 

hyperborea source material identified as Cellulose Iα [219].  
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Figure 6-8 X-ray diffractograms of extracted cellulose and regenerated cellulose 

(films, ribbons, and fibres).  

Whereas the peaks at 2θ = 12.0°, 20.2°, and 21.1° observed in the diffraction 

patterns of regenerated cellulose through nozzle-PG in this work were indicative 

of the (1-10), (110), and (020) crystallographic planes of cellulose II [295]. The 

change in crystallography suggests that cellulose I converted into cellulose II after 

the regeneration process, due to the breaking and rebuilding of hydrogen bonds 

of cellulose molecules in ionic liquids [297]. The hydrogen bonds in cellulose I are 

organised in a sheet array in (020) planes [298] while there is a three-dimensional 

network of hydrogen bonds in cellulose II [299]. The conversion from cellulose I 

to cellulose II is an irreversible process. Cellulose II is commonly acknowledged 

as a stable crystalline form of cellulose [300].  



159 
  

To evaluate the changes in cellulose molecular orientation after the regeneration 

process, orientation index (OI) was employed to quantify this material 

characteristic. OI was defined as Equation 6-1 [301]: 

𝐎𝐈 = 𝟏 −  
𝑰𝒂𝒎

𝑰𝒕𝒐𝒕
 

Equation 6-1 

where, Iam is the maximum intensity of the peak corresponding to the dominating 

amorphous fractions, and Itot is the maximum intensity of the diffraction pattern. 

OI ranges from 0 to 1. A higher value suggests a more aligned molecular chain 

orientation, whereas OI = 0 signifies a completely random orientation. 

The calculation results show that the extracted cellulose has an OI of 0.91, 

aligning with the anticipated preferred orientation seen in natural cellulose Iα [219]. 

However, the regenerated cellulose, processed under different parameters, 

displays an average OI of 0.39 ± 0.09. As previously highlighted, dissolution in 

ionic liquids leads to the breakage and reconstruction of hydrogen bonds in 

cellulose chains, resulting in the conversion of cellulose from type I to type II, 

which is marked by a reduced orientation. Variations in orientation among 

different regenerated cellulose might be attributed to disparate processing 

conditions during the spinning process. 

6.7 Absorption Properties  

Figure 6-9 exhibits the liquid absorption capacity of cellulose samples with 

different morphologies in PBS solutions. Within the initial 10 h, the three cellulose 

samples all showed a high liquid absorption rate. At the 8.5th hour after soaking, 
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the cellulose films prepared from the 2 wt% solution had an absorption 

percentage of 183 ± 23%, while the absorption percentage of fibrous cellulose 

obtained from the higher concentration solutions reached 210%. In the end, 

cellulose films, cellulose ribbons, and cellulose fibres reached the saturation level 

having a maximum absorption capacity of 192 ± 21%, 212 ± 6%, and 248 ± 29%, 

respectively.  

 

Figure 6-9 Absorption capacity of the obtained cellulose samples (films, ribbons, 

and fibres).  

The cellulose fibres showed a higher liquid absorption capacity compared to the 

cellulose films, which may be attributed to the higher surface area-to-volume ratio 

of fibrous samples. The hydrophilic properties of cellulose materials are due to 

the formation of hydrogen bonds between their hydroxyl groups and water 

molecules [302]. This unique hydration ability of cellulose provides a moist 
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environment desired for wound healing, making it an attractive material for wound 

bandages [303, 304]. 

6.8 Conclusions 

This work provides compelling evidence that high-value cellulose can contribute 

to a circular economy by deriving raw cellulose from recycled waste materials, 

specifically seaweed residuals left after Alg extraction and dairy farm waste. The 

extracted cellulose exhibited a natural cellulose nanofibril structure and 

characteristics. 

The extracted cellulose was subsequently used as spinning feedstock in a 

modified nozzle-PG process, incorporating a coagulation bath. By adjusting the 

solution concentration and the system parameters associated with nozzle-PG, 

cellulose products with diverse morphologies, including thin films, broad ribbons, 

and long fibres, were successfully produced. Notably, thin cellulose film sheets 

with favourable optical properties and well-defined cellulose fibres with diameters 

of approximately 5 µm were fabricated using this advanced spinning technique. 

This method represents a straightforward, efficient, and low-consumption 

approach that maximises the yield of cellulose fibres, effectively addressing many 

of the challenges traditionally associated with the widespread use of cellulose 

materials. 

Furthermore, the ionic liquid EMIM OAc, employed as a solvent in this study, is 

recognised as a green, direct solvent for cellulose fibre spinning. Unlike 

conventional viscose technology, which generates environmental hazards and 

unwanted by-products, EMIM OAc enables an environmentally friendly process 
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and allows for solvent recycling [305-307]. This underscores the sustainability of 

the innovative cellulose processing technology developed in this work. 

The resulting cellulose products hold great promise for applications across 

various sectors. In food packaging, their transparency, strength, and excellent 

barrier properties against oxygen and moisture enable the development of 

sustainable, biodegradable alternatives to plastic [308]. In energy storage, the 

high surface area and network-forming capability of cellulose fibres make them 

ideal as a binder, separator, or component in lightweight and flexible devices such 

as batteries and supercapacitors [309]. Similarly, their flexibility, dielectric 

properties, and compatibility with functional materials position them as key 

materials for electronics, including substrates and dielectric layers in field-effect 

transistors (FETs) [310, 311]. In biomedicine, cellulose fibres stand out for their 

biocompatibility, high water retention, and capacity for functionalisation, 

supporting applications in wound dressings, drug delivery systems, and tissue 

engineering scaffolds [304, 312, 313]. This research highlights the potential for 

scalable, eco-friendly cellulose production from recycled waste materials, with 

significant implications for advancing sustainable materials in both industry and 

healthcare. 
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7 Summary and Outlook 

PG is a scalable spinning technology that presents a promising approach for the 

industrial production of polymeric fibres. The process involves spinning a 

cylindrical vessel loaded with a polymer solution at high speeds, accompanied by 

a high-pressure gas flow, to rapidly generate continuous fibres. The core focus 

of this project was to address the current limitations of this technology, optimise 

its performance, and expand its application to a wider range of polymer materials. 

These objectives were achieved by addressing the key gaps identified in the 

existing literature: 

1. Enhance the morphology and production consistency of polymeric fibres 

produced by PG through equipment design optimisation. 

2. Validate the performance of the newly optimised equipment by comparing 

fibre morphology, properties, and production yield with those of existing 

spinning technologies. 

3. Develop efficient and sustainable methods for manufacturing natural 

biopolymer fibres suitable for biomedical applications and assess their 

spinnability in PG. 

4. Recycle and repurpose waste materials to produce high-value products 

via advanced spinning technique, thereby addressing environmental and 

public health concerns associated with waste disposal and contributing to 

the realisation of a circular economy. 

These goals collectively advance the potential of PG for biomedical and 

industrial applications, while promoting sustainable material practices. 
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7.1 Summary of Findings 

7.1.1 Development of Nozzle-Pressurised Gyration 

Fibres produced by PG typically exhibit more defects and lower uniformity than 

those produced by electrospinning, which is likely attributed to fluid instability 

during spinning. External nozzles were incorporated into the spinning vessel in 

place of the small orifices, resulting in a modified setup termed “Nozzle-PG.” This 

nozzle-based approach effectively reduced fluid instability during the spinning 

process, resulting in notable improvements in both fibre morphology and 

production yield. Under identical spinning conditions, nozzle-PG reduced the 

diameter of PCL, PVP, and PEO fibres from 1.5 ± 1.0 µm, 2.1 ± 1.3 µm, and 198 

± 102 nm in PG to 1.3 ± 0.8 µm, 1.5 ± 0.9 µm, and 172 ± 67 nm, respectively, 

while also achieving significantly higher fibre alignment and fewer bead defects. 

These enhancements were particularly evident at lower working pressures, with 

reductions in fibre diameter and uniformity reaching up to 50% and 60%, 

respectively. Furthermore, the high-pressure airflow in the nozzle-PG setup 

actively clears the nozzle, effectively eliminating the risk of clogging during the 

spinning process. 

7.1.2 Nozzle-Pressurised Gyration versus Electrospinning 

The performance of nozzle-PG was evaluated in comparison to electrospinning, 

focusing on fibre production rate, mechanical properties, and drug release 

behaviour. The fibre production rate achieved by laboratory-scale nozzle-PG was 

approximately 35 times greater than that of electrospinning, with the potential for 

even greater increases as nozzle-PG equipment is scaled up. Due to improved 
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fibre uniformity, alignment, and fewer bead defects, the tensile strength of PVP 

fibres produced by nozzle-PG reached 2.9 ± 0.8 MPa, exceeding both 

electrospun fibres (1.9 ± 0.6 MPa) and conventional PG fibres (1.2 ± 0.5 MPa). 

In the transdermal release tests, nozzle-PG fibres demonstrated a release profile 

of CUR comparable to that of electrospun fibres. These advancements 

demonstrate that nozzle-PG substantially increases fibre yield while maintaining 

fibre quality and performance, expanding its practical application potential in 

industrial fields. 

7.1.3 Manufacture of Antibacterial Biopolymer Fibres 

Modifying the equipment with the introduction of a coagulation bath, the capability 

of nozzle-PG of wet spinning biopolymer fibres was developed. This modification 

enabled the successful fabrication of Alg fibres with an average diameter of 

approximately 10 µm, effectively addressing a limitation of electrospinning in 

processing water-soluble biopolymers. Due to their inherent biochemical 

properties and exceptional biocompatibility, with cell viability rates reaching 94%, 

pure Alg fibres represent a promising candidate for the new generation of 

biomaterial applications. 

Incorporated with Cinnamomum verum, these Alg fibres demonstrated 

substantial antibacterial efficacy, achieving up to a log 3 reduction in bacterial 

adhesion against E. coli bacteria species and a log 5 reduction against S. aureus 

bacteria species, without inducing cytotoxic effects. This combination leverages 

the natural antibacterial compounds in Cinnamomum verum and the 

biocompatibility of alginate, offering a promising approach for developing 

advanced, biologically safe biomaterials. 
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7.1.4 Manufacture of Cellulose Fibres from Waste Materials 

To further comply with sustainability goals within a circular economy framework, 

this research explored the recovery of spinning raw materials derived from waste. 

Cellulose was derived by repurposing waste materials (sugar kelp residual after 

Alg extraction and dairy farm animal waste) and used as feedstock for fibre 

production in nozzle-PG. The relationship between the viscoelasticity 

characteristics of cellulose solutions and fibre formation in nozzle-PG was plotted, 

providing insights into the optimal conditions for cellulose fibre production. 

Cellulose fibres with an average diameter of 5 µm were successfully fabricated, 

which not only fills the gap in the literature on large-scale cellulose spinning but 

also realises the concept of ‘‘Waste to Wealth’’, demonstrating how sustainable 

practices can convert waste into valuable materials for industrial applications. 

7.1.5 Influence of Manufacturing Parameters 

The influence of experimental settings and manufacturing parameters on fibre 

quality, as investigated throughout this thesis, is summarised in Table 7-1. 

Table 7-1 Effects of experimental settings and manufacturing parameters on fibre 

properties and performance in nozzle-pressurised gyration. 

Manufacturing 

Parameter 

Design Justification 

Nozzle number -Multiple nozzles enhance fibre throughput 

Nozzle diameter 

-Smaller nozzle diameter reduces fibre diameter                          

-Excessive small nozzles (˂ 0.3 µm) hinder the ejection of 

spinning solution 
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Rotation speed 
-Higher speed improves fibre throughput                                                                                        

-Excessive high speed causes fibre aggregation 

Working pressure 

-Higher pressure improves fibre throughput, yet reduces fibre 

uniformity and causes more beads                                                

-High pressure is conducive in spinning biopolymers and highly 

viscous solutions                                                                               

-Excessive high pressure causes fibre aggregation 

Collection distance 

-Longer distance reduces fibre diameter                                       

-Excessive long distance leads to jet rupture and bead formation    

-Excessive long distance results in thicker cellulose fibres 

Solution concentration 

-Insufficient concentration fails to form spinning jets                                                           

-Lower concentration leads to smaller fibre diameter yet results 

in more beads                                                                                

-Increasing concentration, the alginate/cellulose structure 

transitions from a thin film to a filamentous form                           

-Lower concentration promotes a more homogeneous structure 

and higher optical transmittance in cellulose 

 

7.2 Study Limitations 

While this thesis demonstrates significant potential, it is important to acknowledge 

certain limitations. 

Firstly, the fibre performance tests conducted in this study were primarily in-vitro 

experiments under controlled laboratory conditions, which differ from the complex 

physiological environments in which biomaterials are ultimately intended to 

function. As a result, these tests may not fully reflect the actual performance of 

the fibres in practical applications. Nonetheless, the primary objective of this 

research was to evaluate the feasibility and advancements of nozzle-PG as an 

innovative spinning technology to address the current challenges of conventional 

spinning methods. The comparative analysis between nozzle-PG and existing 
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spinning techniques provides valuable insights into the potential advantages of 

this approach, even if further in-vivo studies will be necessary to confirm its 

practical applicability. 

Secondly, despite the advantages of nozzle-PG in the production of polymeric 

fibres, the diameter of these fibres is predominantly in the micrometre range. 

Research has demonstrated that nano-materials can induce unique properties—

nano effects, including enhanced surface activity, improved superconductivity, 

and altered optical properties, which significantly expand their potential uses in 

high-tech applications. Therefore, to enhance the fibre performance and 

versatility, it is crucial to further reduce their diameter to the nanometre scale.  

Thirdly, the surrounding generation of spinning jets from nozzle-PG with their 

reception by the coagulation bath situated on a single plane leads to a notable 

waste of polymer solutions. Currently, this issue is primarily mitigated by recycling 

the uncoagulated solution that collects on the cover plate for reuse. However, 

there is a need to develop more efficient coagulation bath collection systems to 

minimise material waste and enhance the sustainability of the production process. 

7.3 Future Work 

The findings of this project demonstrate that nozzle-PG is a promising scalable 

approach for the manufacturing of polymeric fibres, characterised by exceptional 

fibre productivity and excellent fibre performance. However, as highlighted in the 

preceding sections, these results are subjected to certain limitations that warrant 

further investigation. Future research should focus on the following aspects: 
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7.3.1 In-Vivo Study 

In this thesis, the in-vitro performance of the fibres produced through nozzle-PG 

was studied under controlled conditions. However, this cannot fully replicate the 

complex physiological environment encountered in vivo, which may influence the 

fibres' functional properties and overall efficacy. Therefore, future work should 

focus on conducting in-vivo studies to evaluate the performance and 

biocompatibility of the fibres prepared through nozzle-PG. These studies are 

essential to understanding how the fibres interact with biological systems and 

their potential applications in biomedical applications. 

Additionally, the long-term effects of these fibres within living organisms, 

including any immune responses or adverse reactions should be studied. These 

results will help to gain valuable insights into the practical applications of the 

produced fibres and their efficacy in real-world biological environments. 

7.3.2 Production of Nanofibres 

In this research, the fibres produced through nozzle-PG were primarily 

micrometre-sized, which limits their ability to exhibit the unique properties 

associated with nanomaterials—nano-effects. To address this limitation, future 

research should focus on several key areas: investigating the chain entanglement 

of polymer molecules, analysing the volatility and characteristics of the solvent, 

optimising the spinnability of the polymer solution, and fine-tuning the processing 

parameters of nozzle-PG, aiming to develop strategies for producing thinner 

fibres that leverage the advantages of nanoscale materials, thereby enhancing 

their performance and broadening their potential applications. 
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7.3.3 Surrounding Coagulation Bath 

Biopolymers—Na-Alg and cellulose, were successfully wet spun into fibres using 

the modified nozzle-PG equipment in this project. However, the current single-

plane coagulation bath in the modified system is unable to capture all the 

generated spinning jets, leading to decreased production efficiency. To address 

this limitation, future research should focus on the development of an enhanced 

coagulation bath that encompasses a surrounding design to maximise the 

collection of spinning jets. This innovative device would aim to capture and 

solidify as many jets as possible, thereby increasing the overall efficiency of the 

spinning process.  

7.3.4 Multi-Polymer Fibres 

The development of sustainable and biocompatible biopolymer fibres is a key 

focus of this research. However, natural biopolymers often exhibit inherent 

shortcomings, such as limited mechanical strength and durability, unpredictable 

degradation rates and chemical resistance. Future studies can be conducted to 

combine different polymers to integrate the properties of multiple polymers to 

address these challenges. This approach not only addresses the inherent 

limitations of individual biopolymers but also enables the development of 

advanced materials tailored for specific applications. The combination methods 

are described as follows: 

Composites—The fabrication of composite fibres through the combination of two 

or more polymers represents an effective strategy for enhancing the overall 

performance of materials. For instance, integrating nanoparticles, nanofibrils or 
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nanocrystalline materials into biopolymer fibres can leverage the beneficial 

properties of each component, resulting in fibres that exhibit improved 

mechanical strength, durability, and functionality [314, 315]. 

Core-Sheath Fibres—The design of fibres with a distinct core and sheath 

structure can strategically combine materials with complementary properties to 

optimise overall performance. For example, the core could be composed of a 

strong, durable polymer to provide structural integrity, while the sheath could 

consist of a biocompatible or biodegradable material to enhance environmental 

sustainability and functionality [316]. This dual-component system allows for 

tailored responses to external stimuli and improved mechanical properties. 

Supermats—The creation of supermats through the hybridisation of two or more 

polymeric fibres is an advanced strategy for integrating the advantageous 

properties of multiple materials into a single, multifunctional structure [317]. This 

new route offers substantial potential for developing high-performance materials 

tailored for specialised applications across various fields. 

7.3.5 Automation and Industrialisation 

Nozzle-PG was developed to address the growing demand for industrial-scale 

polymeric fibre production, highlighting the need for enhanced automation in the 

spinning process. Integrating advanced automation systems into nozzle-PG can 

significantly streamline fibre formation and collection, minimising material waste 

and enhancing fibre uniformity. Automation can further enable real-time 

monitoring and precise control of critical processing parameters, thereby 

ensuring consistent product quality across large-scale production. These 
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advancements will not only optimise the efficiency of fibre manufacturing but also 

support the scalability and reliability required for industrial applications.  

7.3.6 Antibacterial Mechanism of Cinnamomum verum 

This study has demonstrated the potential of Cinnamomum verum as an effective 

natural antimicrobial agent for biomaterial applications. However, further 

research is essential to fully understand and optimise its use in such applications. 

Future work should focus on isolating and characterising the main bioactive 

compounds within Cinnamomum verum that contribute to its antimicrobial activity, 

as well as their action mechanisms and synergistic effects between different 

active compounds, by which these components inhibit microbial growth. By 

advancing our knowledge of these aspects, future research can support the 

development of safer and more efficient biomaterials that harness natural 

antimicrobial agents for biomedical use. 
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