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Abstract  

Wet spinning has been developed as one of the most mature technologies in the textile industry. 

Recently, it draws increasing attention from academia, especially in fabricating fibres for 

various advanced materials.  

In this thesis, a novel “wheel spinning set-up” based on wet spinning technology has been 

designed and developed. The key factor for the wheel spinning machine (WSM) is to utilize 

the fluid to draw and twist the fibre in situ, which enables fibre a higher mechanical 

performance and unique surface morphology. 

Wound is the issue that people often encounter in our daily life. The way to heal wounds timely 

and efficiently is the same goal for both patients and researchers. In the last decade, there are 

over 10,000 research reports regarding wound dressing development and design. However, 

little researches focus on the improvement of wound care and wound management. 

This thesis also discussed the development of wound-care dressing materials via the WSM. 

Firstly, a wheel-spun alginate fibre has been fabricated and demonstrated its higher mechanical 

performance. It has advantages over the traditional wound dressing, regarding the knitting 

structure of wound dressing that enables patients to have a more comfortable and efficient 

healing environment. Secondly, a wheel-spun alginate-silk fibroin composite fibre has been 

fabricated and provided a controllable vascular endothelial growth factor (VEGF) release 

ability for better healing of the actual wound.  

In conclusion, the wheel-spinning technique presented in this thesis provided an innovative and 

potential way to develop wound-care materials for an advanced wound healing process. 
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Chapter 1 Introduction 

1.1 Overview of the thesis 

This study examines the design and development of wheel spinning technique in wound-care 

applications. Wheel spinning technique is a fibre fabrication technique based on wet-spun 

technology. This chapter sets the background for this Ph.D. project and provide an overview 

for the subsequent chapters of this thesis.  

The rest sections in this chapter is organized as follows: the section 2 is a background of wet 

spinning technology and wound-care applications. Then, the research motivations are found 

out based on literature review and presents in the section 3. Furthermore, in the section 4 and 

5, several research gaps are summarized and transferred as objectives of this project. Each 

objective is solved at each separately chapter. Finally, the outline of the whole thesis is 

presented as a flow chart in the section 6. 

1.2 Background 

The injury of skin is the most common situation in everyone’s life. However, the healing of 

wound leaking of guide will cause infection, fester, delay of healing and scar remaining. Also, 

for a chronic wound, the only function for current dressings is to protect the wound but cannot 

monitor the wound situation and complications for patients.  

Wet spinning, a traditional technology from industry of textile, could produce by inject polymer 

solution into the coagulation bath to form the fibre. benefitted from its continuous production, 

fixed drawing rate and low-cost, it is a good method to fabricate micro fibres. However, it 

seriously relays on the accuracy fit of a series of rollers to drawing the fibre. Also, the surface 
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of fibre is usually flat and polymer’s orientation is usually along the fibre’s direction. Both of 

which caused the fibre cannot obtain various properties including mechanical strength, 

degradations behaviour, surface morphology and electric conductivity.  

1.3 Motivations 

This section discusses the three factors that motivate the project started and undertaken, which 

are summarized below:  

(1) The wet spinning technology is a “developed technology” and has industrialized over 

more than 50 years. As a mature technology, it not been taken enough concern by the 

academic world recent years (Fig. 1.1). 

(2) Wound-care process is always a crucial treatment need to be developed. Although 

wound dressing has been used by Ancient Egypt 3000 years ago, the developing of 

smart dressing and pursuing of a perfect healing process is unstopped. There are 

hundreds of researches undertaken every year. 

(3) Smart textile is a new and vigorous research topic in the last few years. But less of 

them applied onto the wound-care area. 

 

Fig. 1.1 Total of publishes and citations in SCI index of wet spinning and wound dressing 

(from web of science) 



 - 20 - 

1.4 Research gaps 

Based on the motivations and after a literature review for the aspect of wet spinning, wound 

healing, controlled release, natural materials, 2d materials and smart textile, the following 

research gaps are summarized: 

(1) During the wound healing, how to guide the healing process need a comprehensive 

understand and review. 

(2) The leaking of enough mechanical strength and unique structures of traditional wet 

spinning natural fibre cause its unable to be developed as a smart dressing. A new-

design of fibre spinning technique is necessary. 

(3) The relationship of parameter of fibre spinning and fibre mechanical strength need to 

study. 

(4) The relationship of parameter of fibre spinning and growth factor release behaviour 

from fibre need to study. 

1.5 Objectives 

In order to fill the research gaps mentioned at 1.4, the following research objectives are 

developed: 

(1) Have a literature review on wound healing process, how growth factors guides the 

wound healing process and controlled drug release systems. 

(2) To development a unique wheel spinning machine, then analysis the mechanism of 

wheel-spun fibre’s formation and compare their properties with normal wet-spun fibres. 

(3) To fabricate a knitting structure alginate fibrous fabric as gentle wound-care dressing, 
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to provide a moisture environment for wound area. Also obtain a systemic study for the 

wheel-spun alginate fibre, including mechanical properties, degradation process and 

biocompability test. Give out the relationship between wheel spinning machine 

parameter setup and fibre’s tensile and biodegradation properties. 

(4) To fabricate an alginate-silk fibroin composite wheel-spun fibrous nonwoven mat as a 

growth factor (VEGF in is project) loaded wound dressing for actual wound healing. 

Also, build a systemic study for VEGF release speed and give out the relationship 

between wheel spinning machine parameter setup and fibre’s VEGF release and 

biodegradation properties 

1.6 Project significance and originality 

This project focus on wound-care applications by using the fibre structure material made from 

the wheel spinning machine. The specific originally contributions are list below: 

(1) A unique device setup call “wheel spinning machine” was developed and optimized 

(2) By using the wheel spinning machine, fibre made from natural materials (alginate, silk 

fibroin and cellulose) could be fabricated with a high drawing rate and a unique self-

twisting effect. 

(3) A comprehensive theoretical analysis for the wheel spinning machine factors and the 

fibre drawing and twisting effect. 

(4) Wheel-spun alginate fibre was knitted as fabric for wound dressing material. 

(5) Wheel-spun alginate-silk fibroin fibre was fabricated for VEGF controlled release for 

actual wound healing. 

(6) DoE was introduced to analysis the wheel spinning machine parameter and fibre 
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properties. 

1.7 Thesis outline 

In this project, I reviewed the wound healing process and related controlled release system, as 

a theoretical basis for the remaining parts, which presents in chapter 2.  

Then, I state the design and development of the wheel spinning machine and presented the 

calculation of wheel spinning machine’s drawing rate, twisting rate and fibre force analysis, 

which presents in chapter 3. 

After that, I made 3 kinds of wound dressing material for different situations of wound healing. 

Both of them are made from the wheel spinning machine via different materials. The first is a 

knitting fabric general wound dressing made by pure alginate fibre, with better mechanical 

properties, biodegradation behaviour and biocompability, which presents in chapter 4. The 

second is a VEGF loading wound dressing made from alginate-silk fibroin composite fibre for 

actual wound, which presents in chapter 5.  

This project’s outline is presented as a flow chart, shown in Fig. 1.2. 
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Fig. 1.2 Diagram of thesis outline 
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Chapter 2 Literature review 

Sections 2.2.2, 4.1 and 4.2 of this chapter are directly cited from the following published work 

I co-authored:  

Title: A review on skin regeneration and silk fibroin 

Authors: Zhong-Da Chen, Yi Li*, Olga Tsigkou, Xu-Qing Liu 

Journal: Proceedings of 10th Textile Bioengineering and Informatics Symposium (2017)  

DOI: 10.3993/tbis2017: PP18-27  
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2.1 Background 

This chapter presents an overview of research related to natural materials for fibre fabrication, 

the wet-spinning technique and wound healing across a range of disciplines. Fundamental 

theory, alongside previous contributions and my evaluations of these, is presented in this review. 

It is organized into three sections:  

A. Literature related to certain various natural materials will be discussed in Section 2, 

including alginate, silk fibroin and cellulose. 

B. Literature related to the wet-spinning technique will be discussed in Section 3, including 

its principle and biomedical applications.  

C. Literature related to wound healing and wound dressings will be discussed in Section 4, 

including the healing process, dressing functions and the drug-delivery system.  

The structure of this literature review is presented as a flow chart in Fig. 2.1.  

 

Fig. 2.1 Flow chart depiction of the literature review. 

2.2 Natural materials for fibre fabrication 
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2.2.1 Alginate 

2.2.1.1 Structure and properties 

Alginate can be extracted from many types of brown algae, such as Laminaria digitata, 

Ascophyllum nodosum, and stems of Laminaria hyperborean1. Alginic acid was found, 

produced and patented by Stanford in 1881 and applied in the food, textile printing, medication, 

and paper industries, as well as many other novel end uses. Alginate exhibits a chain of (1,4) 

linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) monomers 2 (Figure 2-2). These 

two monomers reveal a distinction at C-5 in stereo-chemical conditions1. These sugar acids are 

distributed in blocks and possess extensively varying proportions and sequences. The 

homopolymeric regions of M and G, known as M and G blocks, combine as an alternating 

structure. Typically, the blocks are composed of three different forms of polymer segments: GG, 

MM and MG residues, among which MG leads to hydrogels 3. The proportion of M and G 

blocks, as well as the ratio of GG, MM and MG residues, could influence physical performance 

such as the degradation speed and drug-release rate of alginate 4–6. This is caused by the 

difference among M and G blocks in the ability of binding the calcium ions. It has been reported 

that the G block swells slightly and forms a stronger gel, meaning that only a G block can take 

part in the intermolecular process with divalent cations, including 𝐶𝑎2+, in order to form gels7.  
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Fig. 2.2 The structure of 𝛼-L-guluronic acid (G) and 𝛽-D-mannuronic acid (M) monomers in 

alginate, and G-G, M-M and G-M blocks. 

As a natural material, alginate is a kind of biocompatible and biodegradable polymer, which is 

also renewable and non-toxic8. Alginate was widely used in the manufacturing of wound 

dressings in the 1980s and approved at the second conference on medical textiles in 1999 9. 

However, the relatively high price, poor mechanical strength and chemical instability under 

alkaline conditions during bleaching have inhibited further development 10. Recently, alginate 

has returned to the purview of researchers who have been applying physical modifications 11 

and mixing it with other non-toxic materials such as graphene oxide and chitosan 12,13. 

Biocompatibility is one of alginate’s remarkable properties, such that it has been extensively 

applied in tissue engineering and other biomedical applications, especially for alginate-based 

fibre materials 14–20. Although it is non-degradable in mammals, because of a lack of alginase 

21, alginate can be extracted via ion-exchange reactions, in turn meaning that alginate is 

biodegradable. 

2.2.1.2 Alginate in wound healing 

Alginate also has swelling properties and can convert into a hydrogel form, creating a moist 

environment. Exploiting this property, it has recently been used in wound management as a 

novel content for developing ‘moist-healing’ products 22,23, as well as in regeneration medicine 

and drug delivery 23,24. Beside the generation of a moist environment, the ion-exchange reaction 
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of alginate allows the dressing to absorb exudate from the wound 25. Alginate fibres form a gel 

to prevent the wound from becoming dry, in turn enhancing the healing process and preventing 

scar formation 26. When calcium ions are released into the wound, this stimulates platelet 

activation and blood coagulation 27. Alginate dressings have good permeability concerning gas 

and water content, as they imitate natural skin, resulting in the wound remaining moist 

throughout the healing process 25. 

2.2.2 Silk fibroin 

2.2.2.1 Structure and properties 

Silk fibroin (SF) is a kind of natural protein from the cocoon of Bombyx mori (domestic 

silkworm) (Fig. 2.3). In silk from a silkworm cocoon, SF accounts for about 70% and sericin 

about 25%. SF consists of 18 types of amino acid residue and shows no bioactivity [2-12,13]. 

 

Fig. 2.3 Bombyx mori and its cocoon. 

The primary structure of SF includes three sub-units, namely, a heavy chain (H-chain), a light 

chain (L-chain) and a glycoprotein (P25). All of them connect with each other via a disulphide 
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bond. The molecular weight of SF is about 444,000, which includes about 391,000 for the H-

chain, about 28,000 for the L-chain and about 25,000 for P25. The H-chain consists of 5,263 

amino acid residues and the L-chain consists of 266 amino acid residues. Table 2-1 sets out the 

proportion of each type of amino acid within SF 28–34. 
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Table 2. 1 Proportion of each amino acid within native and regenerated SF35. 

Amino acid 

Native Regenerated 

(mol %) 

Asp 5.11 4.67 

Thr 0.44 0.4 

Ser 10.58 10.37 

Glu 0.9 0.73 

Gly 29.81 28.84 

Aal 42.27 43.1 

Val 0.88 1.17 

Cys N/A N/A 

Ile 0.41 0.43 

Leu 0.41 0.44 

Tyr 5.11 5.47 

Phe 0.34 0.37 

Lys 0.13 0.13 

His 0.9 0.8 

Arg 2.72 2.55 

Pro trace 0.53 
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2.2.2.2 SF in skin regeneration  

(Cite directly from TBSI 2017) 

SF composite material has been reported in relation to skin regeneration, as SF-alginate 

scaffolds sufficiently enhanced re-epithelization in a full-thickness rat wound model 36. 

Otherwise, nanofibrous silk-chitin 37, silk-collagen 38, silk-elastin 39 and intermolecular cross-

linked recombinant human-like collagen (RHLC) with fibroin40 have also been applied 

successfully in skin repair, with these natural materials acting as cell scaffolds and displaying 

good biocompatibility. Shellac wax, beeswax and carnauba wax have been reported as 

successfully coating SF material, providing wound dressings with a hydrophobic surface41 and 

protecting the wound from infection. Polyethyleneimine has been reported as having 

antibacterial properties when it was blended with an electrospinning fibroin scaffold42.  

SF material has been widely used in wound healing. It can be fabricated in various forms (e.g., 

matrix36, microsphere, nanoparticle 43 and film or membranes 44, because SF material supports 

human keratinocytes and fibroblasts well45. In full-thickness burns, gelatine microspheres were 

impregnated with the antibiotic gentamycin sulphate, and the microspheres were then 

embedded in a SF matrix to fabricate GS/GM/SF scaffolds, which effectively inhibited 

injection during dermal regeneration46. SF coated with polypyrrole (pPy), via chemical 

polymerization, has been investigated, revealing that this method can improve mechanical 

resistance 47. An SF electrospinning scaffold was also reported to improve vascular growth by 

using human aortic endothelial and human coronary artery smooth muscle cells 48. An SF 

electrospinning scaffold is a kind of degradable material; it can be degraded 65% by protease 
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within 24 days 49 and fully degraded within 21 days in the case of an aqueous-derived scaffold 

50.  

Bioprinting technology has been applied for the fabrication of an 3D artificial extracellular 

matrix (ECM) for skin repair. Sha Huang et al. demonstrated that a 3D-printed artificial ECM 

made by a mixture of cells, epidermal growth factor (EGF) and homogenates could lead to 

sweat gland regeneration in a rat mould 51. Dextran hydrogel scaffolds made by Guoming Sun 

and colleagues involving a mice mould showed an improvement in angiogenic formation 52. 

Noting that scar reduction a significant task to undertake, Chouhan et al. 53 indicated that their 

SF mat functionalized with EGF could facilitate scarless healing treatment. This may be caused 

by EFG initiating the degradation of collagen I 54, while SF nanofibres can significantly inhibit 

TNF-α expression55,56. Otherwise, Ponrasu et al. reported their Isabgol (psyllium husk) and SF 

3D composite scaffolds can accelerate cellular activity in order to heal wounds faster with 

minimal scar formation 57. SF derived from various kinds of worm has been used for research 

purposes, such as by Baba et al., who documented that SF accelerates cutaneous wound healing, 

an effect which is enhanced by over-expression of RG sequence SF (TG-SF) 58. Table 2.2 

summarizes some weighted outcomes from 2016, while each of their achievements and 

limitations are listed on Table 2.3 53,55–60. 
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Table 2.2 Some SF-fabricated wound dressings 53,55–60.. 

Material Morphology Method Antimicrobial way Cell 

SF nanofibers Membranes 
Thiol-maleimide  

coupling 

Immobilized  

antimicrobial  

peptide (Cys-KR12) 

Human keratinocytes (HaCaT) 

Human dermal fibroblasts (NHDF) 

Murine monocytes (Raw264.7) 

SF/gelatine nanofibers Mat Electrospinning Ceftazidime Human skin fibroblast cells 

SF fibre Mat Electrospinning 
Coated ciprofloxacin 

hydrochloride 

Full-thickness cut rabbit model 

HaCaT and NHDF cells 

SF nanoparticles 

Sodium-carboxymethyl 
Hydrocolloid dressing 

Membrane grinding 

Ball milling 
Exchange dressing 

Second-degree burn rat model 

3T3 fibroblast cells 

Isabgol (psyllium husk) 

SF 
3D scaffold Freeze drying Not mentioned Full-thickness cut wound rat model 

SF fibre Nanomatrix Electrospinning Not mentioned Second-degree burn rat model 

Amorphous SF 

Transgenic worms 

Wild-type worm 

Film Not mentioned Not mentioned Full-thickness skin wounds on mice NHDF cells 
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Table 2.3 Achievements and limitations of SF-fabricated wound dressings 53,55–60. 

Achievements/limitations 

Significantly inhibited TNF-α expression 

Only one-week antimicrobial activity retained at body temperature (37℃) 

Good antibacterial effect 

Drug-release activity highly depends on water 

Functionalized with EGF and scarless healing tendency 

The rate of drug release not even, up to 60% released within the first 10 h 

Addition of SF nanoparticles enhances tensile strength and increases the density of collagen 

fibres and PCNA expression 

Cannot close wound within three weeks 

Enhanced fluid uptake ability with enough fibroblast attachment and good viability, causing 

dense collagen fibres and neovascularization 

The ability of cell migration may not be great 

Accelerates re-epithelialization and wound closure in burn wounds, with scarless wound 

healing by regulating TGF-β1 expression 

No antimicrobiology method refers 

Wound closure accelerates (transgenic worms), granulation tissue thicker and larger, and 

neovascularization promoted significantly (wild-type silkworm) 

Not mentioned 
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2.3 Wet-spinning technology 

2.3.1 The principle of wet spinning 

The wet-spinning technique emerged in the 1930s and has been introduced into the textile 

industry for the fabrication of synthetic polymeric fibres including nylon, spandex and acrylic 

fibres. In short, wet-spun fibre is generated by extruding a polymer solution in a controlled 

manner through a nozzle into a corresponding coagulation bath61. The coagulating process for 

polymeric fibres is caused by polymer desolvation, due to a solvent/non-solvent exchange. 

Finally, a two-phase structure is formed from the original polymer solution with 

thermodynamical stability62. The two-phase structure comprises a polymer-lean phase and a 

polymer-rich phase under a critical composition. From this structure, a microporous 

morphology of the solidified polymer is formed. The morphology of the fibre’s inner structure 

can be strongly affected by thermodynamic conditions and coagulation kinetics62,63. Pore size, 

geometry and distribution are regarded as changeable factors when controlling wet-spinning 

parameters, because these changes lead to different coagulating speeds at the surface of the 

fibre, in turn entrapping the solvent and non-solvent inside the fibre13-15. Beside this, other 

parameters including nozzle size, concentration of polymer and coagulation solution, additives, 

solution feed rate and winding velocity can affect the fibre’s properties and morphology63.  

2.3.2 Wet-spun fibres 

2.3.2.1 Wet-spun alginate fibre 

Wet spinning is a mature and reliable method for the production of alginate fibre. A sodium 

alginate aqueous solution is extruded into a divalent ion coagulation bath (normally calcium 
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chloride), after which the insolvable calcium alginate forms the fibre. When sodium alginate is 

squeezed into a calcium chloride bath, the buckle of the glucuronic acid unit acts as a two-

dimensional structure similar to a corrugated egg-shaped box, with gaps that can encapsulate 

and coordinate calcium ions. The structure of the egg-box dimer has been widely acknowledged 

and is presented in Fig. 2.4 7,67–69 

Recently, to some extent, alginate-based biomaterials have been associated with the traditional 

wet-spinning method, which uses CaCl2 or MgCl2 to solidify the alginate and generate the gel-

form materials7,70–72. Some newer techniques such as 3D printing and microfluidics have been 

introduced. However, studies on biomedical applications using alginate materials are more 

focused on functionality in terms of biodegradation, cell adhesion and drug release. Given the 

leak of any post-spinning drawing of the fibre and the tendency towards slow gel formation, 

the mechanical properties of these materials are relatively low level (breaking stress is about 

500 kPa-10 mPa) 73–75. Thus, for alginate fibre fabrication, how to enhance its tensile strength 

stills need more interrogation.  

 

Fig. 2.4 The egg-box dimer structure of alginate. 
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2.3.2.2 Wet-spun SF fibre 

As early as 1960, in the first public report of artificial spinning with regenerated silk protein, 

mulberry silk was dissolved in a high-concentration magnesium nitrate solution and, after 

dialysis and concentration, wet spinning was performed in a coagulation bath of saturated 

ammonium sulphate solution, where the strength and strain for the regenerated SF fibres on 

breaking were 0.28 GPa and 20%~25% 76,77. 

In the late 1980s, researchers used phosphoric acid as a solvent to dissolve mulberry silk, after 

which it was subject to wet spinning in regenerated SF solution in a coagulation bath mixed 

with ammonium sulphate and sodium sulphate solution. By investigating the additives in the 

regenerated SF solution, the coagulation bath composition and temperature, as well as post-

stretching treatment and other factors, it was found that the maximum strength and strain of the 

obtained regenerated fibroin fibres on breaking was about 0.23 GPa and 10%. However, the 

use of magnesium nitrate or phosphoric acid as a solvent for silk was reported to cause severe 

degradation of SF, which is why such solutions have rarely been used as spinning dope in 

subsequent studies 78. 

Using lithium bromide (LiBr)/water-ethanol/water as a solvent, a regenerated mulberry SF 

solution with a concentration (mass fraction) of 16% or 20% can be obtained, which is close to 

the concentration of the natural-spinning original solution from a silkworm. By using methanol, 

ethyl ferment and isobutanol as coagulation baths, the regenerated SF salt solution is directly 

spun without dialysis. After post-stretching in air and water, various regenerated SF fibres have 

also be produced. Their strength and strain on breaking were about 0.12 GPa and 11% 79,80. 
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It has also been reported that regenerated SF solution obtained by dissolving 

Ca(NO3)2/H2O/CH3OH is dialyzed. When salt-free regenerated SF aqueous solution is obtained, 

then freeze-dried and dissolved in a 95% solution of formic acid or anhydrous trifluoroacetic 

acid, regenerated SF solution with a highest concentration of 13% was obtained. When pure 

methanol was used as a coagulation bath for wet spinning, and after a certain period of post-

drawing treatment, the strength and strain for the obtained regenerated SF fibres on breaking 

could reach 0.90~0.95 GPa and 18%~29.3%, with Young’s modulus around 33 GPa, far 

exceeding that of natural silk fibres (0.57GPa, 26% and 11GPa, respectively). Noting that this 

has never been repeatedly prepared by future generations, the reported fibre diameter (4.3-12.1 

d) is much larger than that of natural silk (0.95 d). This result could be considered as a 

miscalculation 77. 

The main process for the wet spinning of regenerated SF is to inject the spinning stock solution 

into the coagulation bath; and through the double diffusion of water in the stock solution and 

the solvent in the coagulation bath, the regenerated silk protein is aggregated and precipitated 

from the stock solution, before being solidified to form primary fibres. To improve the 

mechanical performance of the fibres, firstly, as a basic substance, the molecular weight of the 

regenerated silk protein should be as large as possible; secondly, on the premise of ensuring 

that the solution properties are stable and have proper mobility, the concentration of the 

regenerated silk protein spinning stock solution should be slightly higher. Moreover, whether 

the coagulation solution is an inorganic salt system or an organic solvent, the effect of directly 

forming the fibre in the coagulation bath will not result in good tensile properties. Finally, and 

more importantly, the post-drawing process can, to a large extent, improve the mechanical 
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properties of regenerated SF fibres. 

The function of the coagulation bath is to precipitate the regeneration of SF through a difference 

in solubility in order to form a certain amount of B-sheet structure in situ. In this process, factors 

such as the type and temperature of the coagulation bath, the type and concentration of the 

spinning dope, and the spinning speed, which affect the double-diffusion rate of the solvent and 

its difference, will determine the morphology and properties of the as-spun silk protein fibres. 

Due to the high degree of entanglement for the internal SF molecular chains and the disordered 

arrangement of the folded structure, the primary fibres are often brittle. Therefore, post-

stretching is performed to increase the orientation of the molecular chains and the B-fold region, 

thereby improving the regenerated silk protein. By changing the orientation of the molecular 

chains, the mechanical properties (especially toughness) can be improved. At the same time, 

post-drawing also reduces fibre diameter. 

2.4 Wound healing and wound dressing  

2.4.1 Skin structure 

(Cite directly from TBSI 2017) 

Skin coats the entire surface of human body; it is the biggest organ, contributing 16% of the 

whole body’s weight. Skin consists of the epidermis layer, the dermis layer, subcutaneous tissue 

(hypodermis) and cutaneous appendages including sebaceous glands, sweat glands, hair and 

fingernails (Fig. 2.5). 
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Fig. 2.5 The structure of skin. 

 

2.4.1.1 Epidermis 

The epidermis, located on the surface of skin, has several strata: stratum basale, stratum 

spinosum, stratum granulosum, stratum lucidum and stratum corneum. This structure is shown 

in Figure 2. All of strata consist of keratinocytes with different morphologies which take part 

in keratinization and produce keratin, with the stratum corneum consisting of dead 

keratinocytes while its thickness depends on specific parts of the skin (usually 40-50 layers on 

the palm and five-10 layers on the face). Usually, it will take 14 days for the stratum corneum 

to move from the stratum basale and then to the stratum granulosum, and another 14 days from 

the stratum granulosum to the stratum corneum.  

Melanocyte, Langerhans cells and Merkel cells exist in the epidermis. Melanocyte is usually 

located in the stratum basale, affects the colour of skin and has the function of providing 

ultraviolet-ray resistance and protecting deeper tissues. Melanocyte is a kind of transparent cell 

with plenty of dendritic apophysis and contains many melanosomes produced by the Golgi 

complex, which can form a compound with melaningeanule as a result of using tyrosine (Tyr). 

Melaningeanule migrates from the melanosomes to the dendritic apophysis. 
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A Langerhans cell is a type of immunocompetence cell which originates from macrophagocyte. 

It is usually located in the strata basale and spinosum and occupies about 10% of all cells in the 

former stratum. It has a similar function to T lymphocyte which focuses on recognizing IgG, 

IgE, FcR and C3b receptors and MHC III, CD4, CD45 and S-100 antigens, meaning that it can 

play an important role in contact allergy, antiviral infection and allograft rejection. 

 

 

Fig. 2.6 Structure of the epidermis. 

 

Merkel cells are only located in the stratum basale and never migrate. Their functions are, to 

some extent, unclear, but they are often considered to have a close connection with sense, 

because their density is relative higher in sensitive areas such as fingertips or apex nails. In 

these areas, nerve fibre loses its myelin sheath and connects with Merkel cells by a chemical 

synapse, known as a Merkel cell-neurite complex. Some studies have revealed that Merkel cells 

acquire a kind of paracrine and are involved in the regulation of keratinocytes, cutaneous 
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appendages and nerve fibre in skin. 

2.4.1.2 Dermis 

Plenty of blood vessels, lymph vessels and nerves pass through the dermis which has two layers, 

namely, a papillary layer and a reticular layer; although there is no obvious boundary between 

them. The dermis is a kind of tight connective tissue and consists of fibre, ECM and cells. The 

papillary layer has several embossments and can connect well with the stratum basale in the 

epidermis and help it to obtain nutrition from blood vessels in the dermis. The reticular layer is 

under the papillary layer and is the main part of the dermis.  

Fibres in the dermis are fabricated from collagen fibres, reticular fibres and elastic fibres. The 

diameter of collagen fibres is between 70-140 nm and increases along with the depth of the 

dermis. These fibres have higher toughness and strength, but are less elastic: reticular fibres, 

comprising immature Type III collagen fibres, have a fibre diameter of around 40-65 nm and 

are typically distributed in the papillary layer. Elastic fibres consist of elasticin and microfibrils 

whose diameter is between 1 and 3 nm, distributed in the reticular layer and entwined around 

collagen fibres, meaning that the reticular layer has higher elasticity.  

The matrix in the dermis used to fill the space between fibre and cells is mainly proteoglycan. 

The structure of proteoglycan has many micropores which allow water, electrolyte, metabolite 

and nutrition pass, but large matter such as bacteria will deposit and facilitate macrophage to 

clear it. Immune responses within skin typically happen in the dermis. This is because most 

cells (e.g., macrophage, T-cell, endotheliocyte, fibroblast and mastocyte) that join in the skin’s 

immune response distribute capillaries to the papillary layer. The interaction of these cells as 

well as the cytokines produced by these cells plays an important role in the repair of 

inflammatory injury. 

2.4.1.3 Hypodermis, cutaneous appendages, nerve, vessel and muscle 

The hypodermis is a part of the skin which consists of loosened connective tissue and fat, blood 
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vessels, lymph vessels, nerves and sweat glands. Besides this, the hypodermis can retain human 

heat and buffer mechanical stress. Cutaneous appendages include eccrine glands, apocrine 

glands, sebaceous glands, hair and nails. These are both accessories of skin and aids to cooling 

skin (sweat glands), protecting skin (hair and nails) and lubricating skin (sebaceous glands). 

There are two kinds of nerves in skin: one is for motion, and another is for sense. Motor nerves 

include the cholinergic nerve and the adrenergic nerve, which are for the secretory cells in the 

eccrine glands and the epithelial cells in the arrector pili muscle, apocrine glands and blood 

vessels, respectively. Sensory nerves include free nerve endings and sensory corpuscles, mainly 

distributed under pileous skin and glabrous skin, respectively. 

The blood vessels in skin can regulate body temperature by contraction and during diastole. 

They combine a network which is parallel to the epidermis involving continuous endothelial 

cells. Blood vessels have three layers, meaning they have poor permeability. In contrast with 

blood vessels, lymph vessels have one layer consisting of endothelial cells and fibre, such that 

immune cells could exit lymph vessels more easily. The arrector pili muscle is the most 

common muscle in skin, which are located near the hair follicles and can make hair stand on 

end when people feel cold. 

2.4.2 Wound-healing process 

(Cite directly from TBSI 2017) 

At the cell lever, the proliferation of cells, to a large extent, is affected by the extent of cell 

stimulation. Of utmost importance is to promote motionless cells in the cell cycle. When injury 

happens, growth factors will release and stimulate cells from the same germinal layer. Skin 

cells are all derived from the ectoderm. For skin regeneration, numerous cell factors, such as 

EGF, fibroblast growth factor (FGF), transforming growth factor (TGF) and vascular 

endothelial growth factor (VEGF) take part in the promotion of cell growth81. Chalone such as 
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angiostatin and endostatin can inhibit the growth of capillaries. Inhibition of the epidermis is 

mainly through contract inhibition: when epidermises contact each other, proliferation stops. 

When a burn happens, the regeneration of skin starts. Firstly, blood coagulation happens in the 

injury area, then inflammation appears which causes congestion and exudation of neutrophils. 

Sometimes, incrustation resulting from collagen and blood clots covers the surface of wound 

to protect it. A blood clot is caused by platelets embedded in a mesh of cross-linked fibrin fibres, 

together with plasma fibronectin, vitronectin and thrombospondin 82. Then inflammatory cells 

are recruited in the wound site, mainly neutrophils and monocytes. During the recruitment of 

inflammatory cells, molecular changes take place on the surface of the endothelial cells lining 

the capillaries, while the selectins and the β2 class of integrins are expressed to allow for 

adhesion. Further, leukocytes slow down, while diapedesis occurs, which causes neutrophils to 

crawl out from among the endothelial cells into the extravascular space and arrive at the wound 

site in a few minutes 83,84. Regarding injuries, monocytes enter the injured tissue, then grow and 

transfer to macrophagocytes, which is a response to the clearing of dead cells, in turn releasing 

some chemokines that can attract fibroblasts and epithelial cells to the injury area. Monocytes 

also release a chain of growth factors and cytokines84. Hübner et al. found that neutrophils can 

also provide some of the earliest signals to activate local fibroblasts and keratinocytes 85.  

In the wound area, large amounts of fibres and matrices are produced by fibroblasts. During 

this period, various capillaries are made by epithelial cells, such that granulation tissue forms. 

Granulation tissue can be thought of as a substrate that provides nutrition for epidermis 

formation. However, cutaneous appendages cannot regenerate completely after burning. Under 

the granulation tissue, reconstituting epidermal cells takes place. During the process of re-
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epithelialization, hemidesmosomes attached to the basal keratinocytes within the dermis are 

dissolved by the newly expressed integrins, causing the latter to crawl over the wound 

matrix86,87. A significant body of research has revealed that keratins play a significant role in 

the crawling motility of adult keratinocytes and the purse-string closure of embryonic 

epidermal wounds 81. Once keratinocytes migrate to the boundary of the wound, a proliferative 

burst of epidermis cells occurs88,89. The re-epithelialization will finish when a monolayer of 

keratinocytes covers the wound site, followed by the cessation of epidermal migration as well 

as the expression of new anchoring fibrils and hemidesmosome links to the basal lamina, 

integrins and matrix metalloproteinases. General opinion of this phenomenon is that it 

constitutes contact inhibition90. Meanwhile, regeneration of hair and sweat glands starts with 

the dermis. However, if the wound is deeper than the dermis and no hair follicles remain, hair 

regeneration will not happen. In a mice mould-based study81,91, lymphoid enhancer factor-1 

(LEF-1), sonic hedgehog (Shh), bone morphogenetic protein-2 (BMP-2) and FGF-4 had 

significant effects on hair growth. Thus, the main reason why regenerating hair is not possible 

is because a wound to an adult epidermis does not generate such signals from the underlying 

wound dermis 81. Hair follicles could improve re-epithelialization, if the remaining hair follicles 

are able to provide a space for the proliferation of keratinocytes, allowing them to spread out 

like growing islands89. The proliferative scar forms a barrier that prevents sweat gland 

regeneration, on account of the fact that the stem cells in the injured sweat glands cannot 

activate the latter’s regeneration, while the new epidermal stem cells also fail to differentiate 

into sweat gland cells after scar healing 92. Regeneration of sweat gland cells is also regulated 

by the same factors, because sweat gland cells are homologous with the basal epidermal stem 
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cells93. Human umbilical cord- derived mesenchymal stem cells (hUC-MSCs) can differentiate 

into sweat gland-like cells by the induction of keratinocyte growth factor (KGF) 94. During this 

process, blood vessels and nerves grow as well. Concerning angiogenesis, VEGF and FGF-2 

are released for blood vessel growth 81. FGF is indispensable and produced from damaged 

endothelial cells and macrophages at the wound site, while VEGF is induced by keratinocytes 

and macrophages at the wound edge in response to KGF and TGF-α 95,96. Otherwise, there is 

some relative evidence of capillary morphogenesis due to regulated proteolysis at the wound 

site matrix 97. For neural regeneration, nerve growth factor is the direct signal for nerve 

overgrowth 98, and it is up-regulated by the effect of TGF-α isoforms99. Conversely, sprouting 

nerves can deliver some neuropeptides and other growth factors to the wound site, enabling 

stimulatory effects to support the healing process100,101. 

For a deep burn (higher than second degree), the necrotic tissue cannot be dissolved or absorbed 

by the body, while granulation tissue occurs. About three to four days after the wound appears, 

resident dermal fibroblasts proliferate, with platelet-derived growth factor and TGF-β acting as 

mitogens and chemotactic factors for them88. Granulation tissue is new connective tissue which 

is full of microscopic blood vessels that form on the surfaces of a wound during the healing 

process. When granulation tissue take shape, organization will start and, during this period, 

granulation tissue will mature and replace necrosis tissue 82. A week after the wound appears, a 

wound clot is replaced by a new collagen-rich matrix which is produced by fibroblasts 

stimulated by TGF-β181. The wound contraction starts and fibroblasts reduce their expression 

of collagen receptors and raise the amount of integrins in order to crawl into the clot102. At this 

stage, some of fibroblasts transform into myofibroblasts, which is the source of contractile 
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forces because of the expression of α-smooth muscle actin 82. Finally, a scar forms. Granulation 

tissue plays a significate role in ECM formation, as well as the operation of the immune system 

and vascularization. In the case of serious burns or deep-cut wounds, scars usually remain. This 

is because there are large areas to regenerate and the repair rate is not satisfactory 82,103. In order 

to ensure the completeness of skin tissue, the body fills these areas with granulation tissue 

which grows into scar . A scar has stronger mechanical strength than granulation tissue. This 

process is led by change in the ECM structure. Many studies have revealed that a balance 

between TGF-β isoforms and neutralized TGF-β1 and -β2 at the time of wounding reduces 

scarring 81,104. Mannose-6-phosphate (M-6-P) directly and indirectly applied to wounds will 

prevent scarring105. 

2.4.3 Wound dressings 

The concept of moist wound healing was introduced by George Winter in 1963106. According 

to his theory, moist wounds heal faster than dry wounds. This has been supported by the 

findings of many other researchers 107,108. This is because a moisture wound environment can 

protect cells from death by dehydration and accelerate angiogenesis 109,110. To play an effective 

role in the management of wound, current wound dressings not only protect the wound from 

microorganisms and secondary damage, they also provide wounds with a moisture environment 

by using specific materials or structures, such as cotton fibres, polyester fibres, rayon fibres, 

nylon fibres, polyolefin fibres, acrylic fibres, elastomeric fibres, chitosan fibres and alginate 

fibres in a non-woven structure 111 112. 
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2.5 Conclusion 

From the literature presented above, the research gaps have been identified, as listed in Section 

1.4 in Chapter 1. This literature review provides a solid theoretical foundation for further work 

proposed in the following chapters.  
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Chapter 3 Wheel-spinning technique for wet-spun fibre fabrication with unique 

drawing and twisting effects  

This chapter focuses on the second objective. The research has been completed and prepared 

for publication in Materials & Design. 

Title: Wheel-spinning technique for wet-spun fibre fabrication with unique drawing and 
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Authors: Zhongda Chen, Yumin Xia, Yi Li 
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My contribution: I have designed both two-wheel spinning machines, designed all the 
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wheel-spun fibres. I have also prepared the tables, the figures and the entire manuscript. 

Co-author contributions: Mr. Yumin Xia provided supported on WSM design and fibre 

fabrication. Professor Yi Li supervised the whole project in this section and revised the 

manuscript. 
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Abstract 

In traditional wet spinning, drawing out fibre is realized by the speed difference of the roller, 

which is neither continuous nor smooth. Further, in traditional ring spinning, the twisting effect 

relies on the traveller’s rotation, which is not easy to achieve when working in a coagulating 

bath for in situ fibre fabrication. In this research, we reported a method to fabricate wet-spun 

fibre with drawing and self-twisting effects in situ by using our unique wheel-spinning machine. 

The following tensile test demonstrated that the twisting effect for alginate wheel-spun fibre 

shows a higher strain than the non-twisting one.  

Keywords 

Wet spinning; twisting effect; vortex; alginate fibre; egg-box dimers 

3.1 Introduction 

Raw mid/over-length regenerated fibre can be fabricated by coagulation in solution, known as 

wet spinning, which requires a further process to stabilize character and performance because 

of its low tensile properties, high extension and high water shrinkage [1]. A significant body of 

research has been carried out into fabricated micro-fibre using the wet-spinning method, 

including MXene, polylactide, poly (styrene sulfonate), graphene oxide, polyvinylidene 

fluoride and polyacrylonitrile [2-7].  

There are several studies indicated that the drawing effect for wet-spun fibre can improve 

mechanical performance [3,5]. Moreover, our previous study [8] demonstrated that the force 

given by the fluid in our wheel-spinning machine (WSM) facilitated a drawing effect during 
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fibre fabrication, in turn significantly increasing the strength and breaking strain of alginate 

fibre. Based on this WSM, an advantaged WSM device has been designed and compared with 

the previous iteration. The new device can also provide a twisting effect for fibre, which could 

further increase mechanical performance and produce a unique surface pattern for the fibre. 

In this work, two WSM set-ups (A and B) based on wet-spun technology were introduced. In 

particular, no study, to our knowledge, has considered fabricating wet-spun fibre via the force 

given by the fluid to drawing and twisting the fibre in situ. The drawing effect is given by the 

drag of liquid, which is more uniform and smoother than traditional wet spinning. The drawing 

and twisting rate can also be controlled by controlling the parameters of the WSM set-up. The 

alginate-based wheel-spun fibre is then fabricated and characterized, after which its 

morphology, chemical property and mechanical performance are characterized in order to 

confirm the feasibility of any potential applications and optimize the best parameters. 

3.2 Material and method 

3.2.1 The fabrication of the WSM set-up 

The WSMs, as a whole, are fabricated by a Fused Deposition Modelling 3D Printer (FDM-3D 

printer, Creality Ender 3, China), while the material to build them is polylactic acid (PLA, 

ESUN PLA+ 1.75mm, China). The parameters of the FDM-3D printer set-up is as follows: 

using a brass nozzle with a 0.4 mm diameter, the layer thickness during printing is 0.12 mm, 

and the nozzle and bed temperature are 220°C and 60°C, respectively. 

3.2.2 WSM Set-up A 

WSM Set-up A (the 3D model is available in the supporting information) consists of a regular 
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hexakaidecagonal (16-sided) prism configuration rotator and a bedplate (Fig. 3.1a). Sixteen 

blades are located behind each edge which are parallel to the vertical axis. Each blade has a 20° 

angle with each edge located on the horizontal plane. WSM Set-up A rotates controllably via a 

facile method, which has two magnets assembled on the bottom of the rotator and can be 

controlled by a magnetic stirrer. When the rotator rotates in clockwise, the coagulation bath 

liquid is pumped into the inner rotator by blades, which subsequently comes out from the holes 

located on the bottom boards of the rotator, forming a fluid circulation. This circulation can 

draw and draft the fibre formed from the needle and allow the fibre to attach to the rotator. With 

the completion of the spinning process, the machine with the fibre is removed from the 

coagulation bath and placed it into a wash bath to clean the remaining coagulation solution. 

After that, the rotator runs slowly anti-clockwise, and fibre is collected from the end, so that 

the fibre attached to the rotator can be removed and transformed to a spool for drying and 

storing. 

3.2.3 WSM Set-up B 

WSM Set-up B is (the 3D model is available in the supporting information) consists of a rotator, 

an impeller and a co-axis shaft to provide rotary power for each of them (Fig. 3.1b). The rotator 

has a diamond configuration and a flame solely to minimize how it affects the vortex. The 

impeller is placed under the rotator to generate the vortex so as to draft and twist the fibre. The 

rotator and impeller pivot relative to the same shaft. The shaft is a co-axis structure which 

provides an individual rotation speed for both rotator and impeller. The rotation of the rotator 

and impeller is derived by a respective motor. The rotator can be removed from the machine, 

with the fibre collected in a similar way to that mentioned above. 
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Fig. 3.1 The design of WSM (a) Set-up A and (b) Set-up B. 

3.2.4 Alginate-based wheel-spun fibre fabrication 

Sodium alginate powder (NaAlg, W201502) and calcium chloride (CaCl2) were purchased from 

Sigma Aldrich, MO USA, then used as received. The alginate fibre was prepared on application 

of the optimized wet-spinning method. Briefly, CaCl2 aqueous solution was chosen as a 

coagulation bath. A schematic diagram of the wet-spinning system set-up is presented in Fig. 

3.1a. Sodium alginate was dissolved in deionized water with a concentration of 20 and 50 g/L 

and stirred for 6 h to obtain a 2% and a 5% NaAlg solution (w/v), respectively. The NaAlg 

solution was then inserted into the syringe pump and extruded into a 2% CaCl2 coagulation 

bath via a needle with a 19G needle tip. The injection speed was 2 ml/min. The needle with 

sharp tips and perpendicular to the surface. After being drawn and collected by a roller in the 

coagulation bath, the NaAlg fibre was washed twice by deionized water and dried on a fume 

board for further conditioning and testing (ISO 139:2005). 
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Six groups of samples have been selected to evaluate the performance of both WSM set-ups, 

as presented in Table 3.1. 

Table 3.1 The sample groups of wheel-spun alginate fibres. 

 a b c d e f 

Rotator speed (rpm) 120 90 60 60 60 45 

Impeller speed (rpm) 60 45 30 0 N/A N/A 

WSM set-up B B B B A A 

3.2.5 SEM 

The surface morphology of wheel-spun fibres was observed by means of a field emission 

scanning electron microscope (FE-SEM, Zeiss Ultra 55, Germany) at 3 kV after gold coating 

for 10 nm.  

3.2.6 Tensile test 

The mechanical performances of the wheel-spun fibre were characterized by a universal 

materials tester (Instron 5566, MA USA) at a crosshead speed of 2 mm/min. 

3.2.7 Statistics 

The results of mechanical performances were presented as means ± standard deviations. 

Statistical differences amongst sample groups were processed by Student’s t-test in IBM SPSS 

(Ver. 24.000) using the least significant difference. Differences were significant (*) when p < 

0.01. 
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3.3 Result and discussion 

3.3.1 WSM design  

3.3.1.1 Design of WSM Set-up A 

This version of the WSM is able to generate circulation in the coagulation bath via rotator 

spinning and to cause the fluid to draw and collect the fibre from the extrusion needle. When 

the WSM rotates, the blenders drive the fluid move. The motion of the fluid drags the fibre 

from the needle to the rotator, before coiling around the rotator. With the fluid speed being 

greater than the speed of solution being extruded, the fibre is drawn to a significant extent 

during the spinning process. When the fluid starts to circulate during its rotating, the fibre can 

be drawn and collected without limits. 

3.3.1.2 Design of WSM Set-up B 

This version of the WSM can create circulation via the rotation of a centrifugal impeller. This 

will generate a vortex at the centre of the coagulation bath, with the water driven from the top 

to the bottom and then moved from the bottom to the top at the outer space of the coagulation 

bath. There is a beneficial effect from the vortex at the centre of the coagulation bath, when the 

extrusion solution is extruded into the coagulation bath, producing a fibre that is drawn by the 

vortex from the top edge to the middle bottom of the coagulation bath, before finally attaching 

itself to the collector. The collector can rotate at different speeds along with the centrifugal 

impeller, which ensures that the fibre can be collected properly.  

As with Set-up A, WSM Set-up B not only draws but also twists the fibre via the flow. The 
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twisting principle of the WSM Set-up B is similar to traditional ring spinning [9]. However, it 

is the vortex, instead of the traveller in the ring rail, which achieve the self-rotating nature of 

the fibre. 

3.3.2 Fibre force analysis 

3.3.2.1 Force analysis of WSM Set-up A 

Fibre force analysis: The extrusion solution was extruded into the coagulation bath as a result 

of the rotating fluid, which went towards the WSM following a spiral path. The fibre force 

analysis for the wheel-spun fibre in the CaCl2 coagulation bath is presented in Fig. 3.2 a. After 

a jet of alginate and alginate-based solution was injected into the coagulation bath using the 

needle, the vertical buoyancy and gravity ensured that the fibre was stable in the bath. The 

injected solution was then quickly coagulated towards a hydrogel fibre due to the chemical 

reaction between alginic acid and calcium chloride. As the fibre slowly approached the centre 

of the bath vat, the spinning rotator applied a Coriolis force and a tangential centripetal force 

to the fibre [10]. Coriolis and centripetal forces can lead to polymer fibre deformation. The 

direction of the Coriolis force was opposite to the liquid drag of fibre. The simulations on 

polymer solution, which applied a Coriolis force, were mainly focused on spin-coating 

fabrication [11]. A specific theoretical model for wet-spinning solution or similar polymer jets, 

when applying a Coriolis force, has neither been established nor been well acknowledged. Thus 

far, it can only be confirmed that polymer viscoelasticity is the key factor influencing fibre 

diameter and mechanical performances [12]. 

Based on the force analysis, the effect of the drawing rate can be calculated: 
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The linear velocity of fluid at the extrusion needle is:  

𝑣𝑑 = 𝜔 ∙ 𝑟𝑛𝑒𝑒𝑑𝑙𝑒   (1) 

where 𝜔 is the angular velocity of the WSM and 𝑟𝑓𝑖𝑏𝑟𝑒  is the radius from the needle to the 

centre of the coagulating bath. 

The fibre is also subject to the centripetal force and moves toward to the centre of the 

coagulating bath, which gives the fibre a centripetal acceleration. 

𝐹𝑐 = 𝑚 ∙ 𝑎𝑐 =
𝑚𝑣𝑑

2

𝑟𝑓𝑖𝑏𝑟𝑒
= 𝑚 ∙ 𝜔2 ∙ 𝑟𝑓𝑖𝑏𝑟𝑒   (2) 

𝑎𝑐 = 𝜔
2 ∙ 𝑟𝑓𝑖𝑏𝑟𝑒   (3) 

where 𝑚 is the mass at any point within the fibre, 𝑟𝑓𝑖𝑏𝑟𝑒  is the distance between any point 

from the fibre to the centre of the coagulating bath, and 𝑣𝑑 is the linear velocity of the fibre. 

Thus, the fluid speed at r direction is: 

𝑣𝑐 = 𝑣0 + 𝑎𝑐 ∙ 𝑡 = 𝑣0 + 𝜔
2 ∙ 𝑟𝑓𝑖𝑏𝑟𝑒 ∙ 𝑡  (4) 

where, typically, 𝑣0 = 0. This is because the needle position is less than or equal to 𝑣𝑑. 

The distance of any point from the fibre to the centre of the coagulating bath is changed by 

time: 

𝑟𝑓𝑖𝑏𝑟𝑒 +
1

2
∙ 𝑎𝑐 ∙ 𝑡

2 = 𝑟𝑛𝑒𝑒𝑑𝑙𝑒  (5) 

Thus,  

𝑟𝑓𝑖𝑏𝑟𝑒 =
𝑟𝑛𝑒𝑒𝑑𝑙𝑒

1+(
𝜔2

2
∙𝑡2)

  (6) 

The total speed needed to drag the fibre is:  

𝒗𝒇𝒊𝒃𝒓𝒆
→   =

𝒗𝒄
→+

𝒗𝒅
→ =

(𝒗𝒄,𝟎)
→   +

(𝟎,𝒗𝒅)
→       (7) 
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𝑣𝑓𝑖𝑏𝑟𝑒
2 = 𝑣𝑐

2 + 𝑣𝑑
2  (8) 

𝑣𝑓𝑖𝑏𝑟𝑒 = √(𝜔2 ∙ 𝑟 ∙ 𝑡) ∙ (𝜔 ∙ 𝑟) = [
(2∙𝑟𝑛𝑒𝑒𝑑𝑙𝑒∙𝜔)(1+𝜔∙𝑡)

2+(𝜔∙𝑡)2
]
1
2⁄
  (9) 

Thus, the fibre speed will increase fast at first then slowly drop. The WSM rotation speed, as 

well as the distance from the extrusion needle to the centre of the coagulating bath, will affect 

the drawing rate.  

Drawing effect: The drawing rate is defined as the ratio of initial speed to highest speed, as the 

fibre does not break during the spinning process. The drawing rate can be represented as follows: 

𝐷 =
𝑉𝑒𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛

𝑀𝑎𝑥(𝑉𝑓𝑖𝑏𝑟𝑒)
  (10) 

3.3.2.2 Force analysis of WSM Set-up B 

Pressure distribution within the coagulating bath: To understand the fibre’s behaviour under 

the effect of the WSM MK III, it is essential to analyse the pressure distribution given by the 

machine. 

To the wheel-spinning bath, a spinning coordinate system is introduced at any position, 

described as (𝑟, 𝜃, ℎ, 𝜔). There is no relative motion between particles; the fluid is free of 

shear stresses, and the flow can be considered as inviscid. 

All calculations use the International System of Units, as follows: 

𝑟 (𝑚), 

 𝜃(°), 

 ℎ(𝑚),  

𝜔(°/𝑠),  
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𝑔 (
9.8𝑚

𝑠
), 

𝜌 (
𝑘𝑔

𝑚3
). 

During the rotation of the WSM, under a state of relative equilibrium, the solution in the bath 

rotates with a constant angular velocity 𝜔 about the centre of the WMS, which is considered 

as the vertical axis. From the surface of the solution, the depth is ℎ. From the centre of the 

WSM (as well as the centre of the vortex), the distance on the horizontal plane is 𝑟.  

When the solution is static, the pressure of the solution is:  

𝑝 = 𝜌𝑔ℎ   (11) 

where 𝜌 is the density of the solution and 𝑔 is the gravity.  

When the solution starts to rotate with a constant 𝜔, the tangential velocity 𝑣𝑑 at 𝑟 will be 

given by: 

𝑣𝑑 = 𝜔 ∙ 𝑟   (12) 

The centrifugal force is then generated. At the position of (𝑟, ℎ), the centrifugal force applied 

is 𝐹𝑐 = 𝑚 ∙ 𝑟𝜔
2, where 𝑚 is the mass of flow at this point. There is no Coriolis force under 

the state of relative equilibrium because there is no accelerated velocity. 

Based on Euler equations, in the direction of 𝑟: 

𝑃(𝑟 + 𝑑𝑟, 𝑧)𝛿𝐴 − 𝑃(𝑟, 𝑧)𝛿𝐴 =  𝑃𝛿𝐴𝑑𝑟𝜔2𝑟   (13) 

which means: 

𝜕𝑃

𝜕𝑟
= 𝜌𝜔2𝑟  (14) 
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This can be integrated to give: 

𝑃 =  
1

2
 𝜌(𝑟𝜔2)𝑟 + 𝐶1(𝑧)  (15) 

In the direction of 𝑧: 

𝑃(𝑟, 𝑧 + 𝑑𝑧)𝛿𝐴 − 𝑃(𝑟, 𝑧)𝛿𝐴 +  𝜌𝛿𝐴𝑑𝑧𝑔 = 0  (16) 

which means: 

𝜕𝑃

𝜕𝑧
+ 𝜌𝑔 = 0  (17) 

This can be integrated to give: 

𝑃 + 𝜌𝑔𝑧 + 𝐶2(𝑟) = 0  (18) 

We now combine Equation (15) and Equation (18): 

[
1

2
 𝜌(𝑟𝜔2)𝑟 + 𝐶2(𝑟)] + [𝐶1(𝑧) + 𝜌𝑔𝑧] = 0  (19) 

At any point in the spinning coordinate system, we defined: 

[
1

2
 𝜌(𝑟𝜔2)𝑟 + 𝐶2(𝑟)] =  −𝐶  (20) 

[𝐶1(𝑧) + 𝜌𝑔𝑧] = 𝐶  (21) 

where 𝐶 is a constant. The pressure distribution is given as: 

𝑝(𝑟, 𝜔, 𝑧) =
1

2
 𝜌(𝑟𝜔2)𝑟 − 𝜌𝑔𝑧 + 𝐶  (22) 

The pressure on the free surface can be taken as 𝑝0, according to the condition of the rotation 

centre: 

𝑝(0,0, ℎ) = −𝜌𝑔ℎ + 𝐶 = 𝑝0 

⟹ 𝐶 = 𝑝0 + 𝜌𝑔ℎ  (23) 

Thus, the function of the pressure distribution is given as: 

𝑝(𝑟, 𝜔, 𝑧) =
1

2
 𝜌(𝑟𝜔2)𝑟 + 𝜌𝑔(ℎ − 𝑧) + 𝑝0  (24) 
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From Equation (24) and Fig. 3.2c, it can be observed that the pressure outside the vortex is 

higher than at the centre of the vortex. This could cause a pressure difference towards the centre 

of the vortex. Based on the feature of the vortex, the path of the flow is following the 

geometrical pattern of a logarithmic spiral. Given that a normal line at any point in the 

logarithmic spiral will not pass the centre of the vortex, ∆𝑃 can be decomposed as tractive 

effort ∆𝑃𝑡  and centripetal force ∆𝑃𝑛 vectorially, as shown in Fig. 3.2b. 

Fibre force analysis: Based on Bernoulli’s principle 

1

2
𝜌𝑣2 + 𝜌𝑔ℎ + ∆𝑃𝑡 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (25) 

This means that the velocity of the flow increases along with a decrease in the pressure. The 

force analysis of any point of the fibre after extrusion and before collection is given in Fig. 3.2b. 

Where buoyancy is 𝐹𝑏, gravity is 𝐺, the tractive force of the needle is 𝑇𝑛, the tractive force of 

the collector is 𝑇𝑐, the component vortex pressure difference toward the centre is ∆𝑃𝑛, and the 

component vortex pressure difference for fibre acceleration ∆𝑃𝑡  , Fig. 3.2b underlines the 

relationship between 𝑝, 𝑟 and 𝑧 at a constant 𝜔. Considering the physical truth of the fibre- 

spinning process, it is balance between buoyancy and gravity as well as the tractive force of the 

needle and the tractive force of the collector. 

𝐹𝑏 = 𝐺, 𝑇𝑛 = 𝑇𝑐   (23) 

Since the path of the fibre is following the logarithmic spiral, the path projected on the 

transverse plane can be represented as: 

𝑟 = 𝑎𝑒𝑘𝜃 , 𝜃 ∈ ℝ   (24) 

where 𝑎 and 𝑘 are constant in order to control the shape of the spiral. 

Based on the force analysis, the effect of the drawing rate can be calculated. 
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The linear velocity of the fluid at the extrusion needle is:  

𝑣𝑑 = 𝜔 ∙ 𝑟𝑛𝑒𝑒𝑑𝑙𝑒    (25) 

where 𝑟𝑛𝑒𝑒𝑑𝑙𝑒 is the distance from the centre of the coagulating bath to the extrusion needle. 

The fibre is drawn by force ∆𝑃𝑡 , which is equal to: 

∆𝑃𝑡 = 𝑃 ∙ tan
−1 𝑘   (26) 

The accelerated velocity in the tangential direction of the fibre can be given as: 

𝑎𝑡(𝜔, 𝑟, 𝑧) =
∆𝑃𝑡

𝑚
=
[
1

2
 𝜌(𝑟𝑓𝑖𝑏𝑟𝑒𝜔

2)𝑟𝑓𝑖𝑏𝑟𝑒+𝜌𝑔(ℎ−𝑧)+𝑝0]∙tan
−1 𝑘

𝑚
   (27) 

where 𝑚 is the mass at any point within the fibre, 𝑟𝑓𝑖𝑏𝑟𝑒  is the distance from the fibre to the 

centre of the coagulating bath, and ℎ is the initial height of the needle. 

Thus, the velocity in the tangential direction of the fibre can be given as: 

𝑣𝑡(𝜔, 𝑟, 𝑧) = 𝑎𝑡 ∙ 𝑡 =
∆𝑃𝑡

𝑚
∙ 𝑡   (28) 

where 𝑡 is the time at which the fibre has been extruded. 

The accelerated velocity in the centripetal direction is: 

𝐹𝑐 = ∆𝑃𝑛 = 𝑚 ∙ 𝑎𝑐 =
𝑚𝑣𝑡

2

𝑟𝑓𝑖𝑏𝑟𝑒
   (29) 

∆𝑃𝑛 =  𝑃 ∙ cos
−1 𝑘   (30) 

𝑎𝑐 =
 ∆𝑃𝑛

𝑚
=

𝑚𝑣𝑡
2

𝑟𝑓𝑖𝑏𝑟𝑒
=
𝑚∙[(𝜔∙𝑟𝑛𝑒𝑒𝑑𝑙𝑒+

∆𝑃𝑡
𝑚
∙𝑡)
2
]

𝑟𝑓𝑖𝑏𝑟𝑒
   (31) 

Thus, the velocity in the centripetal direction of fibre can be given: 

𝑣𝑐(𝜔, 𝑟, 𝑧) =  𝑎𝑐 ∙ 𝑡 =
 ∆𝑃𝑛

𝑚
∙ 𝑡   (32) 

The accelerated velocity at z direction is constant: 
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𝑎𝑧 =
𝑃𝑧

𝑚
=
𝜌𝑔𝑧

𝑚
   (33) 

Thus, the velocity at z direction can be given as: 

𝑣𝑧(𝜔, 𝑟, 𝑧) =
𝜌𝑔𝑧

𝑚
∙ 𝑡   (34) 

The total speed to drag the fibre is: 

𝒗𝒇𝒊𝒃𝒓𝒆
→   =

𝒗𝒄
→+

𝒗𝒕
→+

𝒗𝒛
→ =

(𝒗𝒄,𝟎,𝟎)
→    +

(𝟎,𝒗𝒅,𝟎)
→     +

(𝟎,𝟎,𝒗𝒛)
→         (35) 

𝑣𝑓𝑖𝑏𝑟𝑒
2 = 𝑣𝑐

2
+ 𝑣𝑑

2 + 𝑣𝑧
2 = (

∆𝑃𝑡

𝑚
∙ 𝑡)

2
+ (

 ∆𝑃𝑛

𝑚
∙ 𝑡)

2
+ (

𝜌𝑔𝑧

𝑚
∙ 𝑡)

2
 (36) 

𝑣𝑓𝑖𝑏𝑟𝑒 = (
∆𝑃𝑡+∆𝑃𝑛+𝜌𝑔𝑧

𝑚
) ∙ 𝑡  (37) 

Drawing effect: Combining Equations (24), (26), (30) and (37), the pressure increases linearly 

together with the increase in height (it increases quadratically according to the decrease in 

radius). This is the key factor that causes the drawing effect of the fibre: as the flow velocity 

increases by a constant acceleration, the drawing effect is continuous and gentle. A change of 

𝑟 and 𝜔 could change the drawing effect.  

The drawing effect could be given as Equation (10). 

Twisting effect: The twist of the fibre is caused by its rotation in the coagulating bath, above 

the roller. The degree of twisting is controlled by the cycles of the rotation before the fibre is 

collected onto the roller, as well as the length of the fibre between the extraction needle and the 

roller.  

When compared with the twisting effect in the ring-spinning method, there are some differences: 

firstly, the fibre within the coagulating bath is drawn and twisted at the meanwhile; secondly, 
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the self-rotating behaviour of the fibre is not tight but follows the flow which has a logarithmic 

spiral trajectory. As the rotation speed of the collector is faster than the flow rotating speed, 

when the fibre becomes tighter, the spiral pattern is transferred to the self-rotation within the 

fibre. The twisting effect should be uniform at every point in the fibre because the ratio of the 

collector to the flow rotation speed (
𝑣𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟

𝑣𝑓𝑙𝑜𝑤
) is constant. 

The twisting could be described as (cycle/m), as shown at Fig. 3.2d.  

For the length of the fibre between the needle and the collector, the arc length of the path can 

be given by integrating Equation (38): 

𝐿𝑝(𝜃𝑐 − 𝜃𝑛) =
√𝑘2+1

𝑘
(𝑟(𝜃𝑛) − 𝑟(𝜃𝑐))   (38) 

where 𝜃𝑐 is the position of the collector and 𝜃𝑛 is the position of the needle. 

The actual length of the fibre between the needle and the collector is: 

𝐿 =
𝐿𝑝

cos[tan−1(
ℎ𝑛−ℎ𝑐
𝐿𝑝

)]
  (39) 

where ℎ𝑐 is the height of the collector and ℎ𝑛 is the height of the needle. 

Combining Equations (38) and (39), 

𝐿 =

√𝑘2+1

𝑘
(𝑟(𝜃𝑛)−𝑟(𝜃𝑐))

cos[tan−1(
ℎ𝑛−ℎ𝑐
𝐿𝑝

)]
  (40) 

The twisting effect can be represented as: 

𝑇 =
(𝜃𝑛−𝜃𝑐)/2𝜋

𝐿
  (41) 
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Thus, the twisting effect depends on the needle position, the collector’s diameter and height, 

the vortex speed and the flow angular velocity. 

The twisting effect of WSM Set-up B is a combination of physical change and chemical reaction. 

Firstly, the extraction solution is injected into the coagulation bath, the chemical reaction 

happens at the interface of two solutions, and the extraction solution transform into soft fibre 

with a solid surface. With the flow movement and the shear force applied to the fibre, the fibre 

moves by following the trajectory of the flow. As the flow speed is faster than the extrusion 

speed, the fibre is drawn and twists. The new surface is generated continuously and the 

molecular arrangement on the surface of the fibre is rearranged in the direction of the fibre. 
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Fig. 3.2 The fibre extrusion process and force analysis of the fibre: (a) WSM Set-up A; (b-d) WSM 

Set-up B. 
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3.3.3 Alginate-based wheel-spun fibres 

3.3.3.1 Alginate fibres from WSM Set-up A 

Typically, for WSM Set-up A, the coagulation bath has a diameter of 20 cm, with the height of 

the solution surface at 12 cm, while the WSM itself has a diameter of 10 cm and a rotation 

speed of 45-60 rpm, with the extrusion needle placed at the edge of the coagulation bath.  

3.3.3.2 Alginate fibres from WSM Set-up B 

Typically, for WSM Set-up B, the coagulation bath has a diameter of 12 cm, with the height of 

the solution surface at 25 cm, while the WSM itself had a diameter of 6 cm, a rotator rotation 

speed of 60-120 rpm and an impeller rotation speed of 0-60 rpm, with the extrusion needle 

placed at the edge of the coagulation bath, no deeper than 5 mm from the surface.  

3.3.4 Morphology of the wheel-spun alginate fibre 

In this work, the twisting effect could be recognized simply using a SEM. The fibre with 

twisting effects shows a unique helix pattern on the surface of the fibre. This is because of the 

simultaneous twisting and coagulating. In Fig. 3.3, the morphology of each group of samples 

is presented. The SEM images indicate that only the fibres fabricated via WSM Set-up B have 

twisting effects, while a higher rotating speed can bring about more obvious patterns on the 

fibre’s surface. In addition, the diameter of the fibre (Figure 3-4) should increase with a 

decrease in the rotation speed. In general, the fibre made by WSM Set-up A has a significantly 

smaller diameter than that from WSM Set-up B.  
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Fig. 3.3 SEM images for wheel-spun alginate fibre: (a-c) fibre fabricated via WSM Set-up B 

with a rotation speed (rotator/impeller) of 120/60, 90/45, 60/30 and 60/0 rpm; (e-f) fibre 

fabricated via WSM Set-up A, where the rotator rotation speed is 45 and 60 rpm; all bars = 

100μm. 

3.3.5 Mechanical properties of the wheel-spun fibre 

The results of the wheel-spun alginate fibre’s tensile performances are presented in Fig. 3.4. 

The fibre is classified into three groups: 1) The first group comprises Sample a, b and c, made 

using WSM Set-up B. 2) The second group comprises Sample d, made using WSM set-up B 

but without any flow effect (drawing and twisting); this group of fibre aims to simulate the 

traditional wet-spinning fibre. 3) The third group comprises Samples e and f, made by WSM 

Set-up A. 

a b c

d e f
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The tensile test indicates that the wheel-spun fibre possesses opposite properties with and 

without twisting effects. In Fig. 3.4b, the stress-strain curve presented, which refers to the 

samples in the first group, has an obvious yield point and a significantly higher strain than the 

remaining samples. The higher strain and level of Young’s modulus and breaking stress bring 

a greater toughness to the twisted fibre. As Sample d displays similar fractured behaviour, 

unlike Samples e and f, this indicates that the key factor necessary to twist the fibre is the effect 

of the vortex generated by the impeller. Without the impeller, the fibre could not be twisted and 

drawn sufficiently; thus, it has the lowest performance among all groups. When comparing the 

fibres from Samples a, b and c, a higher impeller and rotator speed could bring about a higher 

breaking strain. However, the fibre in Sample b has the highest breaking stress, which indicates 

the extremity of the parameter setting.  

WSM Set-up A, in our previous research [13], reveals itself to be a controllable property via 

changes to the needle gauge and alginate concentration. Further, in this current research, 

another factor has been found to change the fibre’s mechanical properties, which is the rotator’s 

rotation speed. The fibre in Sample f, with its higher rotation speed, has a smaller diameter, 

higher breaking strain and stress and a lower Young’s modulus. All of those accord with the 

egg-box theory discussed in previous work (see Chapter 4 of the thesis).  
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Fig. 3.4 Mechanical performance of wheel-spun alginate fibre with various parameters: (a) 

fibre’s diameter; (b) stress-strain curves; stress (c) and strain (d) at breaking point; and Young’s 

modulus € and fracture toughness (f). 
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3.4 Conclusion, limitations, and future work 

3.4.1 Conclusion 

In brief summary, two types of WSMs were designed by using EDM 3D printing technology in 

order to fabricate alginate-based fibre. Based on a theoretical analysis of each WSM set-up, 

both have good drawing effects, although Set-up B has uniquely controllable self-twisting 

properties. For Setup-A, the circulation generated by the motion of the blenders can draw the 

fibre in an accelerated manner, before being finally collected on the central collector. For Setup-

B, the vortex generated by the rotation of the centrifugal impeller can draw the fibre down and 

move it to the middle of the coagulating bath with a logarithmic spiral trajectory. This trajectory, 

when created before the fibre is fixed onto the collector, will cause self-twisting effects. 

The tensile properties of different alginate fibres made using both set-ups and various 

parameters have been presented, revealing significant differences. After interrogating the 

mechanical property changes in the fibre, drawing and twisting effects have also been 

demonstrated. Benefiting from these drawing and twisting effects, the wheel-spun alginate fibre 

has a higher strength and breaking strain than other alginate-based fibre, as reported recently. 

In addition, the twisting effects could further improve the strain of alginate fibre.  

3.4.2 Limitations and future work 

Although the fibre can be fabricated successfully, there is still much work to do in order to 

improve this research.  

Firstly, because the alginate fibre is an amorphous polymer material, this means the drawing 

and twisting effects brought about by the wheel-spinning technique cannot perform effectively. 
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Although we have observed the morphology and tensile property changes with WSM-setup-B, 

the molecular arrangement, degree of crystallinity and orientation, which can change when 

using the wheel-spinning technique, cannot be measured qualitatively and quantitatively. In 

future research, the demonstration fibre should be changed from alginate to another crystallinity 

polymer such as silk fibroin, cellulose or PLLA.  

Secondly, the mathematical model presented in this chapter does not include every situation 

that occurs during fibre fabrication. For example, in the current model, the flow speed and 

trajectory are identified as the fibre’s speed and trajectory directly. However, the fibre, in fact, 

is accelerated by the shear force given by the flow, which means the speed of the fibre cannot 

be synchronized so it is the same as the flow. Rather, it should depend on the coefficient of 

viscosity for the coagulation solution, the density of the coagulation solution, the molecular 

weight of the polymer, the concentration of the extrusion solution, among others. For such a 

complex system, finite element analysis or multiphysics simulation should be introduced and 

applied. 

Thirdly, the wheel-spinning technique should not restricted to the wet-spinning field, given that 

the core principle of the wheel-spinning set-up is to utilize the effect of flow to achieve in situ 

treatment of the fibre. Air is another flow besides liquid, while dry spinning or blow spinning 

are mature techniques in the textile industry as well. Therefore, introducing the wheel-spinning 

set-up to these fields, by using air flow to draw out and twist the fibre, is another worthwhile 

aim for the future. 
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Supporting information 

 

Fig. 3.5 The technology tree of the WSM. 

In the main body, MK2.1 (WSM Set-up A) and MK 3.2 (WSM Set-up B) are discussed. The 

development of the WSM contains three key steps, set out as a technology tree in Fig. 3.5. The 

WSM can be classified according to three generations, from MK I to MK II and MK III. At the 

very beginning, we found that, if the extrusion solution is extruded into a beaker while the 

coagulation solution is stirred by a magnetic stirrer, the fibre can be obtained and gathered in 

the centre of the beaker. Based on this phenomenon, WSM MK I was fabricated, which is the 

initial version of the WSM. It is designed to collect the fibre via the vortex generated by the 
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magnetic stirrer. A hexahedral frame allows for the collection of the fibre, without causing any 

chaos. Further, some optimized designs were added, including an increase in the number of 

edges from 6 to 16, as well as additional casters and an axle for smooth rotation. The versions 

with these improvements are classified as MK 1.1, MK 1.2 and MK 1.3. MK I first improved 

the stability and dynamic range of the fibre-spinning process, after which MK II was designed 

and fabricated. In this version, the flow is not derived from the stir bar, but by using the blender 

placed behind the edge of the WSM. MK II also creates a circulation during its rotation. The 

flow goes into the interior of the WSM via the intervals on each edge, then exits from the holes 

at the bottom of the machine. When the fibre is extracted into the bath, the flow circulation 

guides the fibre to the machine in order to achieve a drawing effect and collection in situ. MK 

2.1 and MK III have been designed and fabricated to achieve the fibre’s twist effects. MK 2.1 

is based on the original MK II but places a vortex generator in front of the extrusion needle. 

MK III is a new-design machine, consisting of an impeller in the lower part and a circular 

truncated cone in the higher part. MK 3.1 rotates with in a cylindrical bath, with the impeller 

causing a forced vortex to draw and spin the fibre before it is collected on the cone collector. 

MK 3.1 experienced a problem with fibre collection, because the linear velocity of the roller 

must be slower than the velocity of the flow due to the properties of the vortex. MK 3.2 was 

introduced to resolve this problem. This version generates a co-axial structure for the blenders 

and the roller, with the roller’s rotation speed greater than that of the blenders, although both 

can be adjusted independently. 
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Fig. 3.6 A failed example of spinning via MK3.1. The rotation speed of the roller and blenders 

causes the collection speed to be slower than the vortex’s linear speed at the centre, which leads 

to chaotic consequences for the fibre. 
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Fig. 3.7 Flow pressure under WSM rotation. 
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Fig. 3.8 The WSM’s twisting effect. 
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Abstract 

Alginate fibrous materials have been applied as wound dressing to enhance wound 

healing due to its nontoxic, biodegradable, and hemostatic nature. Conventional nonwoven 

fabrication tactics, however, showed weakness in inflammation, degradation stability and 

mechanical properties. Herein, the wet-spun alginate fibers were prepared by a novel 

wheel spinning technique, then knitted into wound dressing. Benefiting from optimized 

wet spinning parameters and the agglomeration of alginate multimers, the fibers were 

endowed with elevated mechanical performances and biodegradability, which allowed for 

the feasibility of knitting wound-care materials. Using the new wheel spinning technique, 

high strength alginate fibers with 173 MPa were produced with breaking strain up to 18% 

and toughness of 16.16 MJ*m-3. Meanwhile, alginate fibers with high breaking strain 

reaching 35% were produced with tensile strength of 135 MPa and toughness of 37.47 

MJ*m-3. The overall mechanical performances of these alginate fibers with high breaking 

strain are significantly higher (up to 2 times) than those published in the literature in term 

of toughness. In vitro degradation evaluation revealed that this wet spun fibrous dressing 

had good aqueous absorbency (50%) and sustained biodegradation properties. 

Furthermore, the consequent cell viability study also proved that this alginate knitted fabric 

is biocompatible for being applied as wound dressing.  

Keywords 

Alginate hydrogel, wound-care, materials, wet spinning, knitting, egg-box dimers 
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Highlights 

⚫ A novel optimized wheel spinning device was introduced to prepare and collect wet spun 

alginate fibers. 

⚫ The observed nanospheres inside wet spun alginate fibers were consisted agglomerated 

egg-box multimers. 

⚫ The high strength and breaking strain alginate fiber brought forward the possibility of 

knitting into wound-care materials. 

⚫ In vitro study proved the good biodegradation and biocompatibility of alginate wound-care 

materials. 

4.1 Introduction 

Wound dressing has been regarded a clinical and daily consumable to protect and 

regenerate injured skin tissue for thousands of years [1,2]. Current wound dressing strategies 

always involve functionalized anti-infective or inflammatory components, depending on 

whether the wound is chronic or acute [3,4]. Developing topological formulations including 

sponges, films, bandages and nano/micro fibers is another focus for improving present 

therapeutic modalities [5–7]. Alginate nonwoven fabric is one of the mainstream dressing 

products especially for acute wounds [8]. However, nonwoven alginate hydrogel pads, as forms 

of mature wound dressing, suffered from poor mechanical properties, nor are they able to 

withstand external damage [9,10]. Further, the non-woven structure results in an unsatisfactory 

tissue adhesiveness due to a poor young’s modulus, low toughness and highly rough 

morphology [11,12].  
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Regarded as a replacement option, wet spinning is a reliable technology in biomaterial 

manufacturing [13]. Widely recognized for being a traditional textile technique, the efficacy of 

wet spinning has been proven in the case of manufacturing biomedical polymers from single 

fiber to 3D scaffolds and even in cellular structures [14,15]. It is also favored due to alginate’s 

resemblance of a hydrogel matrix texture and stiffness, which is comparable to the extracellular 

matrix though this could lead to another drawback concerning nonwoven dressing, namely, 

poor degradation behaviors [16]. Profiting from the topological structures, knitting fibrous 

fabric could kept highly stretchable structure and elastic modulus during dressing period 

towards transitional clinical applications [17].  

As a typical natural polysaccharide extracted from Sargassum, alginate has had many 

applications in the textile, food, and biomedicine industries [18]. Alginate meets the criteria for 

good biocompatibility, biodegradability and hemostatic properties [19]. Due to alginate fibrous 

fabric can interact with wound effusion caused by tissue fluid leakage, as well as generate 

hydrophilic sodium alginate/calcium alginate gels when alginate comes into contact with the 

wound. This fabric can also allow oxygen to pass through, while blocking bacteria in order to 

maintain a productive environment for new tissue generation [20,21]. Furthermore, epithelial 

cells move faster towards a wounded area in a moist environment, which alginate fabric can 

create and sustain, than under dry conditions [22]. When compared with knitting fabric, the 

nonwoven form has a higher level of infilling at the same volume, causing the enrichment of 

calcium ions at the wound site, which can inhibit the healing process [23]. Thus, alginate fibrous 

fabrics are widely accepted as biomaterials for medical suture, wound dressing, and artificial 

skin purposes.  
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In this work, four groups of wheel spinning fibers were prepared and characterized with 

different alginate concentrations and needle gauges. Then, two groups of fibers with better 

performance can be granted to knit four groups of fabrics. Mechanical performances, 

degradation behaviors and cell viability were characterized in order to confirm the feasibility 

of this potential wound-care material and optimize the best parameters.  

4.2 Materials and Methods 

4.2.1 Materials and wheel spinning fibers 

Sodium alginate powder (NaAlg, W201502) and calcium chloride (CaCl2) were purchased from 

Sigma Aldrich, MO USA, and used as received. The alginate fiber was prepared on application 

of the optimized wet spinning method. Briefly, CaCl2 aqueous solution was chosen as a 

coagulation bath. A schematic diagram of the wet spinning system set-up is presented in Figure 

1a. Sodium alginate was dissolved in deionized water with a concentration of 20 or 50 g/L and 

stirred for 3 h to obtain a 2% and a 5% NaAlg solution (w/v). The NaAlg solution was then 

inserted into the syringe pump and extruded into a 2% CaCl2 coagulation bath via a needle with 

a 0.5 mm (25G) or a 0.8 mm (21G) diameter tip. The injection speeds were 2 ml/min for the 

25G needle and 3 ml/min for the 21G needle due to the difference in needle diameter. After 

being drawn and collected by a roller in the coagulation bath, the each single NaAlg fiber was 

washed twice by deionized water and dried on a fume board for further conditioning and testing 

(ISO 139:2005). The 2% NaAlg solution with the 21G and 25G needle were named as A1 and 

A2 sample group, and 5% NaAlg solution with 21G and 25G needle were named as A3 and A4 

sample group. The Table 1 also demonstrated the parameters of fiber groups.  
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Table 1. The sample groups of wet spun alginate filaments. 

 21G needle 25G needle 

2% alginate solution A1 A2 

5% alginate solution A3 A4 

4.2.2 Yarns twisting  

The direct counting method was applied to prepare the pure alginate yarn (ISO 2061:2015) [24]. 

NaAlg filaments were firstly soaked in deionized water for 2 min in order to remove static 

electricity and soften the surface of the filaments. Then, four, eight, or sixteen filaments were 

combined and twisted at 50 twists length in deionized water. Based on yarn’s linear density (Tt) 

and the required twist factor (αt), the standard twists (Tt) could be calculated by equation (1).  

𝑇𝑡 =  
αt

√Tt
, (1) 

4.2.3 Alginate dressing knitting 

Four sample groups were designed for the alginate knitting fabrics. The knitting sample for 

group A3 was made by four or eight dry filaments. Due to the thinner and lower in toughness 

of A4 group of filaments, the knitting sample for this group was made by eight and sixteen dry 

filaments. The NaAlg wound dressing was knitted into a 1× 1 rib derivate fabric via weft 

knitting. The wale density was 10 loops per 10 mm, and the course density was 12 rows per 

9 mm. The knitting sample groups were marked according to fiber groups/twisting strands, i.e., 

A3/4, A3/8, A4/8, and A4/16.  

4.2.4 Wound dressing performances evaluation 
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The Fourier transform infrared (FT-IR) spectra of fibers were measured by FT-IR spectrometer 

(Nicolet 5700, WI USA) with a Smart Orbit probe in the wavelength range from 400 to 4000 

cm-1 in transmittance mode. The optical images of knitting fabric samples were taken by Nikon 

D810 single-lens reflex camera. The morphology of the fibers and knitting fabric samples, 

before and after the degradation experiment, was observed after vacuum platinum coating with 

use of Zeiss EVO 60 and Ultra 55 scanning electron microscopes (SEMs), Germany. The 

mechanical performances of the dry filaments and fabrics was characterized by a universal 

materials tester (Instron 5566, MA USA) at a crosshead speed of 5 mm/min. 

The water storage ability of knitting fabrics was tested by immersing samples into a phosphate 

buffered saline (PBS) solution at room temperature for 30 min. Then, the wet sample was 

blotted with filter paper to remove any liquid on its surface. The water storage rate of the 

knitting fabric was determined by formula (2), and the water absorbency rate of knitting fabric 

was determined by formula (3).  

𝑅storage = (
𝑤1−𝑤0

𝑤0
) × 100%, (2) 

𝑅absorbency = (
𝑤2−𝑤0

𝑤0
) × 100%, (3) 

Where w1 is the weight of the sample full of liquid, w0 is the weight of the pristine dry sample 

before immersion into the PBS solution, and w2 is the weight of the sample which has been 

sopped of water. Each group had five samples to avoid experimental errors. 

4.2.5 In vitro degradation 

The knitting sample degradation behavior in PBS was determined by a temperature-controlled 

water bath shaker, set at a shaken rate of 55 times/ min and 33 ℃ [25], order to simulate a 
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wound surface environment. Weight loss on day 1, day 7, and day 14 was calculated by 

following formula (4). 

𝑅weight loss = (
𝑤3−𝑤4

𝑤3
) × 100%, (4) 

Where w4 is the weight of the dry sample after the degradation test and w3 is the weight of the 

pristine dry sample before the degradation test.  

4.2.6 In vitro biocompatibility study 

4.2.6.1 Cell culturing 

NIH 3T3 cells were selected to study the cytotoxicity of the alginate knitting wound dressings. 

Briefly, the alginate fiber and fabric wound dressings were directly soaked in Dulbecco's 

Modified Eagle Medium (DMEM) at 37 °C at a concentration of 0.1 g/mL for 1 day. 3T3 cells 

were cultured into the wells with fabric samples and the blank control group, at a density of 

7,000 cells per well for days 1, 4 and 7. The fabric was cut into round samples with a 15.6 mm 

diameter to fit the 24-well plates.  

4.2.6.2 Cell viability and morphology 

The cell viability and morphology were presented via Alamar blue assay and diamidino-2-

phenylindole (DAPI, D9542, Sigma-Aldrich, Germany)/Phalloidin (ab176753, Abcam, UK) 

staining. Each group of cell viability evaluations was repeated five times. Cell morphology was 

observed by phase contrast light microscopy (Jena, Zeiss, Germany) at day 1, 4 and 7.  

4.2.7 Statistics 

The results of mechanical performances, degradation and cell viability were presented as means 
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± standard deviations. Statistical differences amongst sample groups were processed by 

Student’s t-test in IBM SPSS (Ver. 24.000) using the least significant difference. Differences 

were considered significant (*) when p < 0.05, and very significant (**) when p < 0.01, and 

ultra-significant (***) when p < 0.001. 

4.3 Results and Discussion 

4.3.1 Wet spun alginate fibers  

4.3.1.1 Surface morphology 

Wet spinning is a technique that involves the extrusion of a macro molecular solution directly 

into a coagulation bath [26]. In this work, a novel wet spinning set-up, referred to wheel 

spinning machine (WSM), could create circulation during its rotation, which guided the fiber 

ejecting from the extruder to the coagulating bath. As the schematic diagram in Figure 1a shows, 

the trajectory of fiber followed a logarithmic spiral due to the Bernoulli's Principle [27,28]. 

This mechanism brought fiber a modest and continuous drawing rather than the instability of 

traditional wet spinning, lead to a better performance of fiber.  

Four groups of fiber sample made by WSM were fabricated and characterized, then classified 

according to differences in alginate concentration and needle gauge. The change in needle 

gauge brought about differences in diffusion rate and the volume of calcium ions. The fiber was 

collected by a roller at a constant speed, and different needle gauge and extrusion speeds 

resulted in different drawing rates. Thus, the fibers fabricated via the same alginate 

concentration had similar diameters (Fig. 4.9-10).  
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The pristine alginate fiber is a smooth and flat single fiber without any spots or holes, as can be 

seen in the SEM images in Figure 1b. With greater magnification, some striped ditches on the 

filaments were observed, although this morphology did not affect the uniformed filaments’ 

surface (Fig. 4.1b, d). Figure 1c presents the cross-section of the filament. The SEM image, 

with higher magnification, of the cross-sectioned NaAlg fibers revealed that alginate had a kind 

of porous structure, as shown in Fig. 4.2 c, e. 

 

Fig. 4.1 Schematic diagram of wheel spinning and SEM images of pristine alginate filaments 

(a) The fiber was drawn and collected using by an optimized device. The trajectory of the fiber 

follows a logarithmic spiral. The surface morphology (b, d) and cross-section surface 

morphology (c, e) of wheel spinning alginate fiber. 

Fig.4.9 indicates the diameter of each group of single fibers. The diameters of the single NaAlg 

fiber are located in the range of 40 μm - 80 μm (Fig. 4.10). The diameter of fiber was 

significantly affected by solution concentration. Only 5wt% alginate shows difference in fiber 

diameter when spinning via different sizes of needle. To further calculate wet-spun fiber 

parameters, the flow velocity was approx. 67 cm/s from 25G and 25 cm/s from 21G needle. 

The wheel spun drawing approx. 400 cm/s in coagulation bath, which means the drafting rate 



 - 104 - 

of fiber from wheel was 5.9 times (25G) and 16 times (21G). This calculated result consists 

with previous drafting rate (7.5 times) reported by Foroughi et al., [29]. 

4.3.1.2 Mechanism of wet spinning fabricating process  

In this work, with the effect of Ca2+ during the wet spinning process, the calcium-dependent 

gelation of alginate could be formed via the cross-linkage of lateral egg-box dimers in different 

alginate molecular chains. When sodium alginate solution was squeezed into a calcium chloride 

bath, the buckle of the glucuronic acid unit acted as a two-dimensional structure, similar to a 

corrugated egg-shaped box, with gaps that could encapsulate and coordinate calcium ions (Fig. 

4.2). As Figure 2 shows, the alginate chains consisted of a mixture of guluronic acid (GulA) 

and mannuronic acid (ManA), linked via (1→4) glycosidic linkages.[30] Within all three types 

of alginate subunit, only GulA/GalA units were able to form egg-box dimers. Based on the egg-

box theory optimized by Mackie et al. in 1983, [30] GulA/GalA units create regular geometric 

holes arranged antiparallel to each other and allow the Ca2+ to be embedded through 

coordination with six sugar epoxy atoms (O2, O3, O6′). An egg-box based gelation of alginate 

was created with the participation of Ca2+, a stable cross-linkage only formed by 6-8 continuous 

GulA [31]. From the SEM image in Figure 2 taken from alginate fiber’s cross-section, it can be 

observed that the fiber comprised large numbers of nanospheres with diameter of 20 - 30 nm, 

which could be understood as the agglomeration of egg-box multimers. Given the low affinity 

towards Ca2+, ManA affected the formation of lateral associations of egg-box multimers [32]. 

The polymerization and aggregation properties of alginate helped the calcium ions stick 

together strongly, forming a robust gel construction, as presented in Fig. 4.2. Thus, GulA 
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dominated the mechanical strength while ManA led to the gel elasticity and syneresis of the 

fiber [33,34]. Apart from the molecular length and distribution of calcium-binding blocks, the 

most effective factor in the fiber’s mechanical properties was the concentration of alginate and 

calcium ions [35,36].  

 

Fig. 4.2 The molecular-level mechanisms of alginate wet spinning fiber processing. The 

chemical reaction between the sodium alginate and calcium chloride solution; egg-box dimers 

formed by the specific alginate subunit; alginate molecular agglomeration and assembling 

towards cross-sectional SEM images of alginate fiber and single fiber.  

The chemical change in the wet spinning process was characterized by identifying the shift in 

the chemical bonds in alginate molecules via FTIR spectra investigation. Figure 3a illustrates 

the FTIR spectra of the NaAlg powder and filaments, which were wet spun using 2% and 5% 

alginate solutions. The formation of hydrogen bonds, especially intramolecular hydrogen bonds, 

tended to shift the absorption frequency towards a lower wavelength and to increase the 

intensity and width of the absorption peaks [37]. The characteristic absorption band appeared 

in the range between 3400 cm-1 and 3200 cm-1 standed for the -OH stretching and the presence 

of glucose residues. Asymmetric and symmetric bands of carboxylate anions produced intense 

stretching vibrations of around 1600 cm-1 and 1430 cm-1. Replacement of the sodium on the 

surface of the filaments with calcium was evidenced by the peaks shifting from 1592 cm-1 to 
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1621 cm-1 and from 1407 cm-1 to 1430 cm-1 or 1436 cm-1 in the spectra of the NaAlg powder 

and two fiber samples [38]. Specifically, the charge density and the radius of the atomic weight 

difference for these two kinds of cations caused the characteristic peaks to shifts.  

The XRD pattern is given in Fig. 4.3b. As a kind of macromolecular polysaccharide, the 

alginate fibers maintained a relatively low crystalline state. However, the two broad diffraction 

peaks were still observed in the curves. The first diffraction peak at around 13.4° and the d-

spacing was 0.66 and 0.68 nm for the 2% and 5% alginate fibers, could be attributed to the 

lateral packing among the molecular chains [39]. The other diffraction peak was located at 

around 22.9°. Comparing the relative intensities of these two diffraction peaks, the 5% alginate 

fiber had a slightly higher crystalline content level than that of the 2% specimen.  

 

Fig. 4.3 FTIR & XRD of wet spun alginate fibers. (a) FTIR spectra curves of alginate powder 

and 2%, 5% wet spun alginate fibers; and (b) XRD patterns of 2% and 5% wet spun alginate 

fibers. 

4.3.1.3 Strength and strain of the alginate fibers 

During the fiber spinning process, four groups of fibers with different needle size and alginate 

concentrations were designed in order to investigate the influences on fibers’ mechanical 

performance according to these parameters. Figure 4a demonstrated the typical stress-strain 
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curves of four groups of fibers. Fig. 4.4b, 4c highlighted the breaking stresses and strains for 

four groups of alginate fibers. The Fig. 4.5 reviewed some typical works of wet spun alginate 

fibers. It could be found the stress-strain curves in Fig. 4.4a was consistent with the curves of 

previous reports. The previous works tended to fabricate nanomaterials reinforced alginate 

fibers to enhance their mechanical performances [40,41]. However, those composite fibers did 

not achieve a balance between applicable breaking stress and strain, consequently those fiber 

were short of enough toughness suitable for specific applications. It should be noticed that most 

of previous studies only presented the stress and strain at breaking point, but the alginate fibers 

towards wound dressing seldom be broken when it was applied. The yielding behavior in the 

strain-stress curves should be paid more attention than that of breaking points, as it is highly 

related to the toughness of the fibers. In Fig. 4.4d, Young’s modulus, and fracture toughness for 

four fiber groups were calculated and found to be in line with basic expectations. Yield strain 

for four groups fibers did not significantly different which indicated they had similar crystalline 

state and elastic stretch zone. The A4 (5 wt%, 25G) group had the highest yield stress (116 MPa) 

while the other groups had similar stress from 78 to 82 MPa. The A3 (5 wt%, 21G) group had 

the longest breaking strain (35%) while the other three groups had similar strains from 16% to 

22%. The A4 group had the highest breaking stress (173 MPa) while the other groups had 

similar stress from 128 to 135 MPa. Thus, it can be stated that breaking stress and fracture 

toughness were increased due to the higher concentration of alginate in the extrusion solution, 

since the more polymer within the fiber, the tighter inner structure became.  

Both A1 and A3 (21G) groups showed a significant higher strain rather than A2 and A4 (25G) 

groups, which indicated a larger needle size contributed to a higher strain by providing fiber an 



 - 108 - 

unconsolidated structure. Overall, A1 and A2 (2 wt%) groups had mediocre and similar results 

in yield point, braking stress, Young’s modulus and toughness. But A3 and A4 (5 wt%) groups 

had higher and opposite results, A3 was better in strain and toughness, while A4 was better in 

stress and Young’s modulus. Considering the fibers with a high strain or stress and sufficiency 

were suitable for the further knitting process, group A3 and A4 were selected for knitting fibers.  

 

Fig. 4.4 Mechanical performances of four fiber groups: stress-strain curves (a); stress (b); strain 

(c); and Young’s modulus and fracture toughness (d).  
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Fig. 4.5 The bubble chart and bar chart of comparison for previous studies and this work. (a) 

The bubble chart comparison of breaking stress and strain; (b) bar chart of comparison of 

toughness for previous studies and this work. (Watthanaphanit et al., 2008, Ureña-Benavides et 

al., 2010, Wu et al., 2017, Liu et al., 2019, Szparaga et al., 2020, Umar et al., 2021).  
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4.3.2 Alginate knitted fabric 

4.3.2.1 Knitted fabric morphology 

In the textile industries, the multiple-strand fiber often needs to be twisted before knitting, 

However, it is difficult to knit highly twisted alginate filaments. The knitting process always 

requires high toughness fibers due to the repeating bend into coils and loop the coils around 

each other. Conventional alginate fiber cannot meet this criterion. As a result, only very limited 

twisting steps were performed in this work. For the knitted alginate structure, the specimens 

were made up of loops enmeshed with each other; see the SEM results in Fig 4.6a-h.  

 

Fig. 4.6 Optical and SEM images of NaAlg knitting fabrics for the A3/4 group (a, e), the A3/8 

group (b, f), the A4/8 group (c, g), the A4/16 group (d, h) and absorbency ability of the knitted 

samples in the tensile test for knitting fabric before and after degradation in PBS for seven days 

(i, j).  
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4.3.2.2 Tensile strength of knitted fabrics 

The tensile strength of the four groups of samples is given in Fig. 46i, j. As the fabric thickness 

was difficult to control during the loading tests, the strains and loading forces are presented as 

tensile strength results. The load-strain curve showed zigzag shapes (Fig. 4.14). As shown in 

Fig.s 4.6a-d and 4.13, the loops in each row were connected with the loops in the next row, and 

the loading force of each loop was different during the stretching process of the knitting fabric. 

Due to the high elasticity of the knitted structure, the first loop that straightened broke because 

it was under the strongest force. When the loop was broken, the load force of the tensile machine 

dropped sharply. As the multi-strand yarn used in this experiment had not been tightly twisted, 

the yarn gradually broke one by one in the process of a loop breaking.  

For the results of the dry samples which were obtained before the degradation test, the peak 

value for the load force in the A3/4 group of the sample (8N) was the lowest amongst the four 

groups. Comparing the yield strains and loading forces of the four groups of samples, it was 

concluded that the loop strength of the sample with a smaller number of strands was weaker if 

the same yarn was used. The loops broke quickly when the loading force reached its maximum 

value. The sample with a larger number of strands lasted longer in a higher tension range before 

breaking. According to the strain data, the elongation of the A4 group was higher than that of 

the A3 group.  

For the results of the knitting fabrics which were obtained after the degradation test, the 

tendency among the four groups was similar as they were dry. The specimens in the A4/16 

group maintained the best mechanical performances, whereas those in the A3/4 group were 
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performed the least well. The specimen for day 7 always had a lower broken loading force and 

a shorter strain than the specimen for day 1 in each group. This is acceptable as the alginate 

fabric was degraded in PBS solution. Although the mechanical performance of the knitting 

fabrics receded after degradation, the knitting fabrics were still had a much stronger mechanical 

performance than the commercial nonwoven specimens, as demonstrated in Figure S7, S8. The 

only exception is A3/8, where the strain after degradation was higher than that of the dry sample. 

This was because the loading force between the fibers was caused by friction in the low-density 

nonwoven structures. The friction between the fibers was far smaller than the loading force in 

the knitting fabrics. Considering the mechanical performance of four groups’ fabrics were 

significantly different for either loading force for dry samples or after degradation, the 

significance was presented for comparing same group of dry and after degraded samples. 

Generally speaking, the strength of the knitting wound dressing was one of the advantages over 

reported wound dressing materials. 

4.3.2.3 PBS storage and absorbency  

The knitting fabric reported by this work showed good PSB absorbency. As Figure 7a, b 

illustrates, PBS solution was absorbed by the knitting fibers within 1/30 second that recorded 

by Krüss Optronic DSA100, Germany (Fig. 4.11, 4.12). The alginate fibers in the fabric swelled 

and filled the gaps among the knitting loops. With the continuous absorption of PBS, the dry 

alginate fibers experienced full gelation and became satiny in the end [7].  

Water storage ability, which is an important property for a wound dressing to absorb exudate 

or blood, describes how much water this knitted structure could hold. The water storage ability 
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of the sample was characterized by a weight increase; see equation (2). Figure 7b sets out the 

PBS storage ability for each of the sample groups. Alginate is a type of hydrophilic material. 

The A3/4 group had the greatest PBS solution storage ability (502%), whereas the A3/8 group 

had the worst aqueous storage (383%). When the sample was immersed into a PBS solution, 

the large amount of sodium ions contained in the PBS solution were immediately exchanged 

with calcium alginate on the yarn surface of the sample. With the increase in the number of 

calcium ions lost to the solution, the content of calcium ions in the sample gradually decreased 

and the specimen weight was lost in the sample. As this chemical reaction began 

instantaneously, calcium alginate was replaced with sodium alginate in a short time. By 

comparing the A3/4 group with the A3/8 group and the A4/8 group with the A4/16 group, it can 

be concluded that, for the same yarn, the sample with fewer strands participating in the knitting 

processing had better water storage ability. This was because the parameters set by the machine 

were the same and the sample size was the same for the knitting samples. Concerning the same 

fabric size, the A3/8 group and the A4/16 samples used twice as many yarns as the A3/4 group 

and the A4/8 group. Therefore, the space inside the sample was also larger than that of the A3/8 

group and the A4/16 group. When sodium alginate absorbed water, it swelled, and the swelled 

yarn occupied the interior spaces of the sample. As the samples for groups A3/8 and A4/16 

sample had more yarns and less interior spaces, so their water storage capacity was not as good 

as the samples with fewer yarns. Comparing the samples knitted from the same strands of 

different yarns, the water storage performance of the A4/8 group was better than that of the 

A3/8 group. The A4/8 group samples were made from finer yarns, and the same area of samples 

weighed less that for the A3/8 group samples. For the typical commercial nonwoven structured 
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wound dressing, the void-age inside the fiber was relatively high. The nonwoven structure had 

a strong water-locking ability, due to its intricate fiber distribution and layer-by-layer network. 

Water absorption was obtained according to formula (3). Groups A3/4, A3/8, A4/8 and A4/16 

had a 53%, 70%, 52% and 50% PBS absorbency, respectively. Figure 7e indicates that the two 

A3 groups had better absorbency than the two A4 groups. Accordingly, the porosity of the fiber 

prepared by 21G needles was higher than that of the fiber prepared by 25G needles. High 

porosity means there was more volume inside the fiber for water molecules to enter. 

4.3.3 In vitro evaluation of the wound dressing 

4.3.3.1 Degradation weight changes 

Figure 7a, c-d shows the wet weight of the degraded sample, where the water contained in the 

sample was among the knitting structures rather than that stored inside the fiber. From the data 

point of view, the results in Fig. 4.7c for the A3/4 and A4/8 groups are similar, with the weight 

increase around 800% at day 1 degradation. The results for the A3/8 and A4/16 sample groups 

were close, at 390% and 340%, respectively. The day 7 results were generally slightly lower 

than those from the day 1, but the trends were similar. The weight of the four groups of samples 

increased by 670%, 390%, 570% and 250%, respectively.  

Weight loss was always used to characterize the degradation of sodium alginate and the dry 

weight of the samples before and after the degradation experiment was measured at days 1, 7 

and 14. The results of the sample weight loss are shown in Figure 7d. From the day 1 results, 

the A3/4 and A4/8 groups showed had the highest weight loss, reaching 50%, followed by the 

A3/4 group with 47%. The sample weight loss of the A4/16 group was the lowest (46%). 
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Amongst the day 7 results, the sample weight loss of the A3/4 group was the highest (56%), 

although the other three groups had similar results (55%). In the 14-day group, the weight loss 

of the A3 (21G) sample was lower than that of the A4 (25G) sample. The four groups’ results 

did not experience a significant difference on the same day. This is because the reason for the 

weight loss of the sample in the degradation test was the loss of calcium ions. The sodium ions 

in the PBS solution replaced the calcium ions in the insoluble calcium alginate within the 

solution. The generated sodium alginate was colloidal in the solution after water absorption, 

and the molecular structure of alginate acid was not damaged. Thus, when the sample was 

removed from the solution and dried, it was able to retain its general shape.  

 

Fig. 4.7 Knitting fabric in vitro degradation behavior: (a) The diagram of degradation 
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performances. (b) Knitting fabric PBS storage and absorbency: pristine samples applied into 

5ml PBS for 30 min. The weight increase of samples storage includes both the absorbance of 

PBS within the fibers and the PBS uptake due to capillary forces within the knitting structure. 

The absorbency is the PBS that has been absorbed into the fiber as the liquid was removed by 

tissue paper. (c) The wet sample weight increase changes, which means the PBS storage of the 

degraded knitting fabric during the degradation for day 1, 7 and 14. (d) The dry sample weight 

loss changes, which means the degraded alginate volume for day 1, 7 and 14.  

4.3.3.2 Cell culture 

Biocompatibility is one of the most important factors for alginate knitting wound dressing. In 

Figure 8b, the results of the cell viability study reveal that all four groups of knitting samples 

showed no cytotoxicity at either day 1, 4 or 7 when in contact with NIH 3T3 cell lines. The 

specimens of the A3 groups had slightly better cell viability in days 1 and 4. The A3/4 had a 

significance with A4/16. But there was no significant difference with the A4 groups. The blank 

control group had significantly (p < 0.001) better viability than all four sample groups. This 

finding could be explained by the fact that the knitting fabric covered the wells of the plates 

and stopped cell growth. By observing cell morphology via a light microscope in Fig. 8c, the 

cell nuclei and actin network were stained by DAPI/ Phalloidin. It was found that the cells were 

more starched in samples with fewer strands. It was possible that more interior spaces among 

the fibers could have allowed the cells to grow better. The mechanisms discussed in section 3.1 

became functional when the dressing contacted the wound. Sodium ions on the wound exudated 

and were exchanged with calcium ions in the dressing, causing the calcium alginate to gradually 

convert to sodium alginate [42]. During this process, large quantities of sodium ions entered 

the fabric, and water was absorbed by the sodium alginate because of its saline absorbency.  
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Fig. 4.8 The diagram for NIH 3T3 cell culture protocol (a); cell viability gotten by Alamar blue 

assay with n = 5 (b), and cell morphology, which was stained by DAPI (blue) / Phalloidin 

(green), for the four groups of knitting samples and the blank (without dressing materials) 

control group at days 1, 4, and 7; with n = 5, all bars = 100 μm. 

4.4 Conclusion 

In brief summary, alginate fibers with high strength and high breaking strain were spun by using 

a novel wheel spinning technique, then further knitted towards wound dressing material. This 

kind of knitted wound-care materials showed good mechanical performance, high PBS 

absorbency, sustained degradation rate and low cell cytotoxicity. Benefiting from a longer 

breaking strain and higher strength for the knitted structure, compared to a nonwoven structure, 

this material could offer better comfort to wounded individuals. This relatively tridimensional 

knitted structure, which limits the extent of the dressing-wound interface, could reduce the 
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number of calcium ions and accelerate tissue regeneration. Among the four groups of specimens, 

A4/8, with thinner fiber and a suitable number of strands, displayed better overall performance 

than the other groups in terms of mechanical property, PBS storage and absorbency, and 

degradation rate, which could be considered as an optimized material for wound-care. 
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Fig. 4.9 Wheel spinning alginate fiber morphology. 
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Fig. 4.10 Alginate fiber diameter with different spinning needle size and solution concentrations. 
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Fig. 4.11 The first frame of PBS water contact angle recorded by Krüss Optronic DSA100 

attached crema.  
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Fig. 4.12 The 1st, 2nd, 3rd, 14th frame of PBS solution contact angle recorded by Krüss 

Optronic DSA100 attached crema. 
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Fig. 4.13 Schematic diagram of knitted fabric breaking process. The breaking point is defined 

as first crack generated (second figure).  
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Fig. 4.14 Strain-loading curve for four groups of knitting fabrics. 
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Fig. 4.15 SEM images of commercial alginate fiber. 
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Fig. 4.16 Loading-strain curve for commercial non-woven wound dressing. 
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Table 4.1 The comparison of breaking stress and strain for previous studies and this work. 

Wet spun tactics 

Breaking 

stress 

(MPa) 

Breaking strain 

(%) 
References 

Pure alginate nanocomposite fibers 80 - 100 8 - 24 
(Watthanaphanit et 

al., 2008) 

Cellulose nanocrystal / alginate fibers 2.4 - 7.5 13 - 37 
(Ureña-Benavides 

et al., 2010) 

Chitosan-polylactide / alginate fibers 14 - 20 10 - 14 (Wu et al., 2017) 

Sodium alginate / cellulose nanocrystal 

fibers 
15 - 24 8 - 18 (Liu et al., 2019) 

Alginate-based multiwalled carbon 

nanotubes and graphene oxide 

modified fibers 

100 - 180 3 - 8 
(Szparaga et al., 

2020) 

Alginate-hyaluronic acid fiber 36 - 90 N/A (Umar et al., 2021) 

Pristine alginate fibers with 

optimized spinning parameters 
127 - 165 16 - 35 This work ★ 
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Chapter 5 Controllable release of vascular endothelial growth factor 

(VEGF) by a novel wheel spinning alginate/ silk fibroin fibre for 

wound healing 
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Highlights: 

⚫ Wheel spinning technique was used to produce wet spun alginate composite fibers.  

⚫ Alginate/ silk fibroin morphologies and concentrations control vascular endothelial growth 

factor release.  

⚫ The design of experimental factors and interactions address release mechanisms.  

⚫ Non-linear fitting was introduced to describe vascular endothelial growth factor release 

behavior.  
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Abstract  

The acute wound healing process requires a quick and short-stage vascular endothelial growth 

factor (VEGF) supply, especially, in the early-stage of injury. To date, research has rarely met 

the demand for controlled VEGF quick release. Herein, a novel wheel spinning technique was 

introduced to fabricate alginate (Alg)/ silk fibroin (SF) composite fiber for loading VEGF and 

achieving controllable release. In turn, it was demonstrated that the parameter of wheel spinning 

and Alg/SF material morphological combination significantly influence VEGF release behavior 

and fiber degradation speed, which could be controlled by adjusting spinning solution 

concentration and modifying SF morphology. The loading concentration and SF structural 

features interacted with each other to affect the VEGF release behavior, indicating that growth 

factors such as VEGF could be released in a controllable fashion. It could therefore be 

developed as a novel approach to control the wound healing process.  

Graphic Abstract 
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Key words: Composite fiber, wet spinning, alginate, silk fibroin, growth factor, design of 

experiment 

5.1 Introduction 

Human skin wound healing, especially for acute wound, is a phased process involving the 

contribution of varieties of growth factors and cytokines [1,2]. After neutrophils gathered on 

the wound interface through blood capillaries in minutes, monocytes and lymphocytes arrived 

within the next few hours [3]. These cell lineages not only defended against contaminations, 

but were also sources of growth factors [4]. VEGF is one of the essential growth factors in the 

early stages of acute wound healing necessary to achieve the proliferation of capillaries in the 

granulation tissue, so as to accelerate the rate of reendothelialization within a few minutes or 

hours [5,6].  

Bioactive wound dressing is one of the clinical options available during the wound healing 

process, including multiple functions [7,8], i.e., enhancing an anti-inflammatory environment, 

maintaining cell adhesion and elevating cell proliferation, and loading and releasing growth 

factors. Natural polysaccharides and polypeptides are mainstream biodegradable and 

biocompatible wound healing materials with low immune response [9]. Next-generation wound 

healing systems should be able to maintain therapeutic levels of growth factor on a wounded 

interface desirable speed and volume [10]. As one of the cutting-edge commercial wound 

healing systems, the nonwoven macromolecule composite dressing has a three-dimensional 

cross-linked porous network which can absorb up to tens of times the dry weight of water [11].  
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Wet spinning is a historic and generic composite fiber manufacturing technology, in which a 

polymer solution is pumped through tiny holes of a spinneret under pressure into a coagulation 

bath until it reaches a critical concentration, after which it coagulates and solidifies into fibers 

[12]. However, a solution of high concentration ions and high temperature have typically led to 

protein denaturation and growth factor deactivation [13]. Involving another natural 

macromolecular to optimize wet spun composite fiber is an alternative strategy [14]. Extracted 

from seaweeds, alginate is a biocompatible, biodegradable and renewable wound healing 

material approved by the United States Food and Drug Administration and its counterparts 

globally [15,16]. Furthermore, alginate has shown the potential to be wet spun under a low-

temperature and low-concentration calcium chloride coagulation bath to maintain the 

bioactivity of VEGF, which promotes wound angiogenesis [17]. Either silk fibroin aqueous 

solution or microspheres can be mixed with alginate spinning solution [18,19]. Notably, human 

wound exudate contains sodium ions while calcium alginate contains calcium ions. When 

applying calcium alginate wound dressing onto the wound interface, the calcium ions exchange 

sodium ions, such that the dressing generates a gel area on the wound surface in order to provide 

a barrier against invading microorganisms.  

In this article, we hypothesize that the wet spun Alg/SF composite fiber loaded VEGF can 

achieve the controlled quick release of VEGF and stable low-speed degradation for wound 

healing applications. We further hypothesize that silk fibroin formations and wet spinning 

parameters may influence physical properties, biodegradability, and the growth factor release 

speed of composite fibers. Therefore, three kinds of Alg or Alg/SF based composite fibers were 

fabricated by a novel wheel spinning technique under conditions involving a low-concentration 
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coagulation bath at room temperature. The mechanisms of composite fiber fabrication were 

introduced. The VEGF was directly loaded into the spinning solutions for the application of 

wound healing dressing loaded growth factors. The experimental results and DoE effects of 

VEGF release performances were studied in Minitab with in vitro evaluation evidencing our 

hypothesis.  

5.2 Materials and methods  

5.2.1 Materials 

The procurement of raw Bombyx mori silk was from Shengzhou Xiehe Silk, Zhejiang, P. R. 

China. Sodium alginate (Alg) powder (W201502) and lithium bromide (LiBr) were purchased 

from Sigma Aldrich, USA, and used without further purification. Ammonium sulfate 

((NH4)2SO4), calcium chloride (CaCl2), and sodium carbonate (Na2CO3) were purchased from 

Fisher, UK.  

5.2.2 Regenerated silk fibroin solution and microsphere preparation 

Silk fibroin was dissolved using lithium bromide solution [20]. Natural Bombyx mori silk was 

degummed in a boiling 0.02 M Na2CO3 aqueous solution. The degummed silk was dissolved 

by 9.3 M LiBr aqueous solution at 60℃ for 4 h. Cellulose semi-permeable membranes 

(molecular weight cut-off 12,000-14,000, SERVAPOR, Germany) were applied in order to 

dialysis subject the dissolved high-concentration silk fibroin/LiBr solution to dialysis. The 

regenerated silk fibroin solution at around 6.8 wt% was filtrated and centrifuged twice before 

further processing. 
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The regenerated SF microspheres were prepared via wheel spinning, which is a modified wet 

spinning technique. Similar to the traditional wet spinning technique, 3 wt% regenerated SF 

solution was ejected into an ammonium sulfate coagulation bath (25 wt%) at 25°C. Upon 

completion of the wheel spinning process, the SF/(NH4)2SO4 solution was left stand for 1 h to 

collect SF microsphere sediments. After washing softly using deionized water for removing 

ammonium sulfate, the SF microspheres were consequently transferred to a refrigerator at -

20°C for 24 h. It was then possible to collect the dry particulate regenerated SF after an 

overnight lyophilizing.  

5.2.3 Alginate/silk fibroin fiber fabrication 

The designed wheel spinning device was used to prepare Alg and Alg/SF fibers [21]. As Figure 

1b demonstrates, three kinds of Alg or Alg/SF wet spinning solution were extruded into a 

calcium chloride coagulation bath at a speed of 1 ml/min by means of a 30G needle. The wheel 

spun rotational speed was 200 rpm/min. For Alg/SF samples, the silk fibroin, which would 

either be regenerated microspheres or aqueous solution, was mixed with alginate solution at a 

certain ratio. The design of experiment for composite fibers is presented in Table 5.1.  

For growth factor loading specimens, the recombinant human vascular endothelial growth 

factor (VEGF-165, Generon, UK) was added into Alg and Alg/SF solution before spinning (Fig. 

5.1a). The concentration of growth factor added during spinning was fixed at 6.75 ng/mg for 

all sample groups. However, it was inevitable that growth factor would deplete during wheel 

spinning and further processing. Hence, the final actual loading amount was less than 6.75 

ng/mg in this work. The loading efficiency is discussed in the result sections.  
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Fig. 5.1 (a, b) Wheel spinning schematic to fabricate alginate/silk fibroin fibers; (c) surface 

morphology of composite fibers; (d) schematic and surface morphology of alginate/silk 

nonwoven composite fiber.  

5.2.4 Alginate/fibroin nonwoven fabrication 

The acquired wheel spun fibers were washed softly and chopped into 5 cm short threads. As 

Table 1 shows, six sample groups were set, based on different Alg/SF concentrations and silk 

fibroin formations. The pure alginate samples were marked as A1 for 1 wt% Alg concentration 

and A2 for 3 wt% concentration. The sample groups containing microsphere or aqueous silk 

fibroin were marked as M1 (1 wt% Alg / microsphere SF), M2 (3 wt% Alg / microsphere SF), 

Q1 (1 wt% Alg / aqueous SF) and Q2 (3 wt% Alg / aqueous SF), respectively. The chopped 

short Alg or Alg/SF fibers were dispersed and formed as nonwoven composite mats in wet 
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condition. The nonwoven fibrous composite mats were lyophilized at -40℃ until thoroughly 

dry.  

Table 5.1 Design of experiment for production of wheel spun alginate/ silk fibroin fibers. 

Sample ID 

Concentration 

CAlg+CSF SF formation 

Alg concentration (wt%) SF concentration (wt%) 

A1 1 0 N/A 

A2 3 0 N/A 

M1 0.5 0.5 Microsphere 

M2 1.5 1.5 Microsphere 

Q1 0.5 0.5 Aqueous 

Q2 1.5 1.5 Aqueous 

5.2.5 Fiber and composite characterizations 

The surface morphology of Alg or Alg/SF fibers and nonwoven composite mats were observed 

by means of a field emission scanning electron microscopy (FE-SEM, Zeiss Ultra 55, Germany) 

at 1.5 kV after gold coating. Both fiber and nonwoven composite specimens were frozen 

sectioned in a cryostat (CM3050s, Leica Biosystem, UK) in order to observe cross-section 

morphology by Ultra 55.  
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For characterizing the difference between two kinds of Alg/SF fibers, the dried SF membrane, 

chopped Alg, and two kinds of Alg/SF fibers were mixed with potassium bromide powder and 

pressed into plates for Fourier transform infrared (FTIR) characterization using a Nicolet 5700 

spectrophotometer (Thermo, USA) in transmittance mode.  

X-ray diffraction (XRD) of dried pure SF membrane, chopped Alg and two kinds of Alg/SF 

fibers were scanned to investigate crystallization by using an X’Pert Pro’s X-ray diffractometer 

(Panalytical, UK) with reflection mode Cu-Kα radiation operated at a voltage of 40 kV and a 

filament current of 40 mA, employing a scanning rate of 2°/min in a 2θ range from 5° to 50°. 

The mechanical properties of the chopped dry wheel spun fibers (25 mm) were performed by a 

universal materials tester (Instron 5566, MA USA) at a crosshead speed of 2 mm/min.  

5.2.6 In vitro degradation 

Nonwoven composite sample degradation behavior was determined by a temperature-

controlled water bath shaker, set at a shaken rate of 55 times/ min and 33℃, to simulate a wound 

surface environment. Weight loss on day 1, day 7, and day 14 was calculated by the following 

Equation (1). 

𝑅weight loss = (
𝑤0−𝑤𝑡

𝑤0
) × 100%, (1) 

where wt is the weight of the nonwoven composite sample after the degradation test, and w0 is 

the weight of the pristine sample before the degradation test.  

Silk fibroin degradation behavior was traced via the Pierce™ Coomassie Plus (Bradford, Fisher, 

UK) assay kit, which can detect the concentration of SF in soaked medium and calculate the 
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remaining SF volume within the fiber. Thus, it was possible to obtain the SF degradation rate 

via the following Equation (2). 

𝑅SF =
𝑊𝑆𝐹−𝐶𝑏×1𝑚𝑙

𝑊𝑆𝐹
× 100%, (2) 

where 𝐶𝑏  is the concentration measured by the Bradford assay, and 𝑊𝑆𝐹 is the SF weight 

pristine nonwoven composite sample. 

5.2.7 Measurement of VEGF release from alginate / silk fibroin composite fibers  

The release of VEGF took place in a 24-well plate, with 1 ml of DMEM added into each well. 

Human VEGF enzyme-linked immunosorbent assay (ELISA) kits were purchased and assayed 

at four time points (1, 6, 18 and 24 h), according to the manufacturer’s instruction (Bio-Techne, 

USA). To minimize the pipette operating impacts on the release of growth factor, each 

individual specimen was only used for collecting one set of time point data.  

5.2.8 Statistics 

Fiber degradation, cell work and VEGF releasing analysis were performed using IBM SPSS 

(version 24.000). These data were expressed in terms of mean ± standard deviation. A one-way 

ANOVA test was used to evaluate intergroup differences, and a p-value of <0.001 was 

considered statistically significant and presented as (*) in figures. The VEGF loading efficiency, 

VEGF release rate and Alg/SF fiber weight loss were graphed and analyzed using Minitab 17 

(Minitab, LLC) and MATLAB 2018 (MathWorks, Inc) in order to reveal the relationship 

between the results and DoE factors [22]. 
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5.3 Results and discussion 

5.3.1 Alginate/silk fibroin fiber and composite fibers  

5.3.1.1 Wheel spun alginate/silk fibroin fiber  

Wet spinning is considered as a traditional chemical fiber manufacturing method, which can 

process regenerated polysaccharides or polypeptides, i.e., alginate or silk fibroin fibers. Some 

post-treatment steps such as stretching or finishing were applied to modify wet spun fibers. 

Instant and in situ treatment of wet spun fibers in a coagulation bath can also improve fiber 

quality as well as having been known to change scientists’ and engineers’ impression 

concerning the low-production efficiency of wet spinning technology.  

Compared with synthesis polymers, the fabrication of natural polysaccharides and polypeptides 

are more facile, eco-friendly, economical and easy to production on a massive scale. Silk fiber 

has been applied as wound healing material, such as in surgical sutures several long decades 

[23]. Owing to the degumming treatment undertaken to remove sericin, the regenerated silk 

fibroin, a typical polypeptide, can avoid inflammation, which explains its use as a wound 

healing material [24]. Benefiting from a facile fabrication method, flexible structure, and 

adjustable physical and chemical properties, composite fibers can be functionalized by loading 

growth factor onto bioactive wound healing dressings. Wet spinning technology applies the 

liquid coagulation bath to solidification polymer solution. Some researchers have reported 

regenerated SF fibers can be prepared via wet spinning with ammonium sulfate or an organic 

solvent coagulation bath [25,26], which would severely break the molecular chain of fibroin 

and decrease its physical properties [27].  
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By involving a novel wheel spinning set-up, this project introduced a unique wheel spinning 

set up. As Figure 1b demonstrates, an Alg/SF polymer solution jet from the needle solidified 

and rolled on the rotator. This design reduced the size of the whole set up and elevated the 

efficiency of fiber collection. Figure 1b also presents the force analysis for wheel spun fiber in 

the CaCl2 coagulation bath. Upon a solution jet of alginate or a mixture of alginate and silk 

fibroin being injected into the coagulation bath from the needle, the vertical buoyancy and 

gravity made the fiber stable in the bath. The injected solution was then quickly coagulated 

towards a hydrogel fiber due to the chemical reaction between alginic acid and calcium chloride. 

As the fiber slowly approached the center of the bath vat, the vortical rotator applied a Coriolis 

force and a tangential centripetal force to the fiber [28]. Coriolis and centripetal forces can lead 

to polymer fiber deformation. The direction of the Coriolis force was opposite to the liquid drag 

of fiber. The simulations on polymer solution which applied a Coriolis force were mainly 

focused on spinning coating fabrication [29]. A specific theorical model for wet spinning 

solution or similar polymer jets, when applying a Coriolis force, is neither established nor well 

acknowledged. Thus far, it can only be confirmed that polymer viscoelasticity is the key factor 

influencing fiber diameter and mechanical performances [30].  

5.3.1.2 Surface morphology and mechanism of alginate/silk fibroin composite fibers  

The continuous and robust surface morphology was another advantage of this wheel spinning 

set-up. It can be seen in Figure 1c that both Alg and Alg/SF fiber had a uniform fiber surface 

and diameter (Fig. 5.8). The pure alginate fiber was smooth, while two kinds of Alg/SF 

composite fiber revealed a wrinkled rough surface. There were also some highly oriented 



 - 150 - 

grooves on the pure alginate fiber. Figure 2b demonstrates the chemical reaction between the 

sodium alginate spinning solution and the calcium chloride coagulation bath, which contributed 

to this oriented groove morphology. Specifically, when the alginate spinning solution was 

rapidly squeezed into the coagulation bath, the calcium ions’ cross-linked alginate molecular 

chains went onto form lateral egg-box complex dimers (Fig. 5.9) on the spinning solution / 

coagulation bath interface [31]. These cross-linked alginate molecular chains were further 

agglomerated towards robust alginate nanospheres (Fig. 5.10) as indicated in the cross-section 

SEM image of alginate fiber in Fig. 5.2a [32]. In turn, the shear force from the needle of the 

spinning set-up led alginate nanospheres towards the oriented grooves.  

In fact, most researchers in bio-materials have used lyophilized SF powder as a raw material 

[33]. In this work, the SF microsphere (SEMs in Fig. 5.11) was cross-linked through ammonium 

sulfate, then freeze-dried. However, this SF microsphere cannot be regarded in terms of typical 

lyophilisomes. Regenerated SF is a fibrils polypeptide, which is extremely sensitive to ions 

solution and facilitates conformational transition. As for ammonium sulfate, previous studies 

have reported the successful fabrication of a SF microporous membrane or wet spun fibers [34]. 

Combined with related reports, it was confirmed that a lower-concentration ion coagulation 

bath cannot transit SF conformation and orientate the SF molecule chains. Thus, the optimized 

wheel spinning set up was able to scatter the SF jet flow to microspheres. Combined with the 

alginate agglomerated egg-box multimers fabricated by wheel spun in the previous study [21], 

SF influenced the alginate aggregation when these either aqueous or microspheres SF 

microspheres were mixed with alginate spinning solution and wheel spun again as Fig. 5.2b 

shown. As an improvement of conventional chemical engineering technology, wheel spinning 
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set-up tries to fill the gap between macro materials and molecular level substances [35]. The 

SEM images in Fig. 5.2a present the cross-section of Alg/SF microsphere composite fiber. It is 

critical that the calcium chloride used for alginate spinning also preserved SF as a nanofibril, 

in other words, in a random-coil state [36]. As the cross-section SEM image of Alg/SF aqueous 

composite fiber in Fig. 5.2a confirms, the SF nanofibril self-assembled into nanoparticles, 

became attached to the alginate and spun into composite fibers.  

5.3.2 Composite fiber wound healing material characterization 

FTIR spectroscopy was conducted to investigate the different secondary structures of alginate 

and fibroin in three kinds of fiber specimens. In general, the FTIR curves of the two kinds of 

Alg/SF hybrid fibers were significantly different (Fig. 5.2c). The fiber fabricated by alginate 

and SF microspheres was more similar to pure alginate fiber, while the fiber fabricated by 

alginate and aqueous SF was akin to pure SF specimens. In the case of Amide I and Amide II 

regions of SF, previous literatures has indicated that typical characteristic peaks at ∼1655 cm−1 

and ∼1540 cm−1 refer to the random coil conformation of peptide, while the characteristic peaks 

at ∼1630 cm−1 and ∼1520 cm−1 are characteristic indicate β-sheet conformation, respectively. 

The characteristic peak of Amide II was observed in fibers containing either microsphere or 

aqueous formation SF. However, the aqueous SF fiber remained as random coil in Alg/SF fiber, 

whereas the SF microsphere were subject to β-sheet conformation, resulting in a more stable 

state of fibroin. The Amide I adsorption peak of SF could only be observed in Alg/SF aqueous 

fiber. Conversely, the asymmetric band, i.e., the intense stretching vibration peak at 1600 cm−1, 

of carboxylate anions could only be observed in pure alginate and Alg/ SF microsphere fibers. 

As the dotted box in the figure shows, the peaks at 1410 cm−1 were assigned to the symmetric 
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band of alginate, which could be detected in all three kinds of fibers. FTIR curves proved either 

microsphere SF or aqueous SF was successfully spun with alginate into fibers. The microsphere 

formation of SF was more stable than the aqueous formation of SF in Alg/SF fibers.  

XRD for three kinds of fibers was also conducted, and the relevant patterns are introduced in 

Fig. 5.2d. All three fibers retained a low crystalline state. This is reasonable due to these two 

natural polymers not being crystallized during processing. A diffraction peak at around 13.4° 

could be observed in Alg or two Alg/SF fibers. This peak should be assigned to the lateral 

packing among alginate molecular chains. The Alg/SF microsphere specimen had a relative 

intensive peak at 20.7°, which was a typical diffraction peak for the Silk II state. According to 

the cross validation carried out using infrared spectroscopy, the demonstrated results of XRD 

are consistent with those of FTIR.  
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Fig. 5.2 (a) The cross-section surface morphology of three kinds of Alg/SF fibers. (b) The 
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alginate reacts in a calcium chloride coagulation bath to form lateral egg-box complex dimers 

at the spinning solution / coagulation bath interface. SF spinning solution jet flow was broken 

by the optimized wheel spinning set-up to microspheres. The aqueous SF was kept in a random-

coil state and attached to the alginate, then spun into composite fibers. FTIR patterns (c) and 

XRD curves (d) of Alg/SF microsphere (green), Alg/SF aqueous (yellow), pure alginate 

composite fiber (blue) and pure silk fibroin microsphere (black) specimens.  

5.3.3 Alginate/ silk fibroin composite fiber loaded VEGF 

Traditional breathable, waterproof and topologically structured wound dressing could only 

meet the basic criteria of biocompatibility. In recent years, striking a balance between physical 

structure and bioactivity for wound healing materials has been a hot topic. Table 5.2 presents 

some of the parameters from previous work into different formats of alginate or silk fibroin 

materials which loaded VEGF onto bioengineered scaffolds. Most researchers report on growth 

factor loading amounts and releasing volumes at certain time points throughout the day. 

However, standard examination criteria have yet to be established concerning the releasing 

performances of growth factors. At present, there are only a few studies which critically review 

or present research on growth factor loading efficiency [37]. To this extent, Table 2 reviews and 

calculates VEGF loading efficiency and releasing speed based on data collected in the literature. 

Some researchers have reported relatively high loading efficiency in case of chemical 

conjugation [38]. However, the release rate of growth factors loaded by chemical methodology 

was difficult to control. Thus, it was only suitable for chronic wounds which need a slow release 

over a period of weeks. In this study, by controlling the degradation rate of alginate and silk 

fibroin, VEGF was loaded by using a physical method in order to achieve controllable quick 

release alongside slow degradation composite fibers. As the SEM images Fig. 5.2 demonstrated, 

three groups of Alg or Alg/SF fibers had different mesoscale morphology with each other due 
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to the wheel spinning method. These morphological differences provide the possibility to 

achieve the controlled release of VEGF. 

Fig. 5.3 demonstrates the evaluation protocols for VEGF loading efficiency. VEGF loading 

efficiency was calculated by measuring the VEGF concentration that was lost in the coagulation 

bath using ELISA assay kits. Based on the interval plot in Figure 3b, d and consequent main 

effect results Fig. 5.12, there was no significant difference in VEGF loading efficiency among 

three kinds of composite fibers. The Alg/SF microsphere composite fiber had the worst VEGF 

loading rate. The higher-concentration sample usually enjoyed a slightly better loading rate than 

that the lower-concentration sample for the same Alg/SF composite fiber.  

Table 5.2 Pervious reported VEGF releasing parameters for alginate or SF based scaffolds. 

Alginate or SF based scaffolds 

Time 

point 

(day) 

Loading 

amount 

(ng/mg) 

Loading 

efficiency 

(%) 

Release 

ratio 

(%) 

Release 

speed 

(%/day) 

Ref 

Silk fibroin core-shell 

electrospinning 

1, 2, 4, 

7, 10, 

13, 16 

0.28, 

0.58 

33-67% 

7%, 

11% 

2.5, 7.5 [39] 

Vancomycin/ Silk nanoparticle 

1, 3, 7, 

14, 21, 

28 

10 97% 14% 0.7 [40] 
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Silk fibroin/ calcium phosphate/ 

PLGA nanocomposite 

1, 3, 7, 

14, 28 

4 65% 6% 0.8 [41] 

Wheel spun Alg/SF composite 

fiber  

(★ this work) 

Within 

1 day 

6.75 30% 9-22% 25-70 ★ 

Injectable alginate composite 

hydrogel 

1, 3, 5, 

7, 14, 

11800 N/A 51% 26 [42] 

Hybrid 

Polycaprolactone/Alginate 

Scaffold 

0 - 14 350 61-77% 5% 4.5 [43] 

VEGF-conjugated alginate 

hydrogel 

1, 3, 7, 

14, 28 

4.1 14-16% 

4%, 

15% 

0.1 [38] 

Alginate/laponite hydrogel 

microspheres 

0, 3, 7, 

14, 28 

10 45% 

11-

16% 

1.5-2.3 [44] 
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Fig. 5.3 VEGF loading efficiency was calculated by measuring VEGF concentration lost in the 

coagulation bath by using ELISA assay kits. (a) Measurement schematic for VEGF loading 

efficiency, (b) the results of loading efficiency affect via DoE parameters, main effect (c) P-

Value and (d) plot of VEGF loading efficiency in Alg/SF composite fibers.  

5.3.4 Controlled release of VEGF via silk fibroin inside alginate fiber 

The 24-h release kinetics of VEGF loaded by Alg/SF composite fibers was measured by using 

ELISA assay kits at four time points, as exhibited in Figure 4. The Figure 4a demonstrated the 

evaluation protocols for VEGF releasing rate and speed. VEGF releasing speed could be 

defined as the quotient of the growth factor quantity released and time in a given period. Thanks 

to the calcium alginate formed during the wet spinning on fibers’ surface, the Alg/SF fibers in 

this work can remain relatively stable in water or air environments. On the contrary, once the 

fiber or non-woven structure touches the human wound interface, sodium/calcium ions 

exchange would occur, and the release of VEGF will begin. This situation can essentially be 
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understood as a trigger mechanism. The physical loading method in this study followed the 

characteristics of an arctangent function image. Specifically, a large proportion (30%) of VEGF 

was released within 24 h. The VEGF release rate calculation time of this study was within one 

day, whereas the release tendency and release volume were similar to those of other studies, 

i.e., from half to one month. A large proportion of VEGF was released in the first hour, which 

could be defined as quick release.  

Developing theoretical models for describing growth factor release mechanisms has received 

considerable attention in recent years [45]. A arctangent function in Equation (3) was selected 

for nonlinear fitting in order to conclude the potential principle in this study [46].  

𝑦 = 𝐴 × arctan (𝐵 × 𝑥), (3) 

This function was highly simplified, but effective as shown in Figure 4b. The Coefficients A 

represented the VEGF final release volume and confirmed the asymptote (y = A×pi/2) in the 

functions graph, while the Coefficients B represented the initial VEGF release speed and the 

fractality degree in graph of functions. 

Upon alginate fiber immersion into DMEM, the cross-linked calcium alginate on the fibers’ 

surface was converted into soluble sodium alginate, while VEGF was released alongside the 

dissolution of composite fibers. It was also observed that the VEGF release rate and the 

composite fiber degradation rate were essentially consistent. Comparing the Alg/SF fibers with 

alginate ones, the addition of SF aqueous solution increased the release rate and reduced the 

degradation rate. These changes may be attributable to soluble SF in the fiber. Aqueous SF is 

known to improve fluidity inside the hydrogel, making it easier for VEGF to effuse from Alg/SF 
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aqueous composite fibers. The addition of SF reduced the relative concentration of alginate 

spinning solution. Thus, it was inevitable that the degradation rate would be lower than that of 

alginate fibers. Different from the SF aqueous, the addition of microspheres reduced both 

degradation speed and release rate at the same time. These changes may be due to the gaps 

between the interior SF microspheres and alginate, which made it difficult fo the composite 

fibers to disintegrate quickly after absorbing water. The alginate and SF concentration also 

affected the density of the fibers, as proven by the fiber diameter data in Figure S1. The alginate 

fiber was released quickly at a high concentration and degraded quickly, while the fiber of the 

Alg/SF microspheres released quickly at a low concentration and degraded quickly. Only 

Alg/SF aqueous fiber at a high concentration was released quickly and degraded slowly. In 

conclusion, the addition of two kinds of SF had positive effects on composite degradation and 

VEGF releasing performances. 
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Fig. 5.4 VEGF release behavior from Alg/SF composite fiber. (a) VEGF release rate scatter 

diagram and non-linear fitting curves for six groups of Alg/SF composite fiber. The VEGF 

releasing rate was calculated by measuring VEGF concentration in composite fiber soaked in 

DMEM solutions using ELISA assay kits at four time points. (b) Schematic diagram and (c) 

release speed for evaluating VEGF release performances. The VEGF release speed was 

calculated by measuring the first-order derivative of non-linear fitting curves and transferred to 

the actual amount. 

5.3.5 Effect of silk fibroin morphology and spinning solution concentration  

Based on the DoE presented in Table 5.1, Alg/SF composite fiber morphology and spinning 

solution concentration can affect VEGF release tendency and composite fiber degradation 

performance. As Fig. 5.5a demonstrates, composite fiber morphology and concentration can 

affect weight loss significantly. Based on the evaluation of composite fiber VEGF release, it 

can also be confirmed that fiber morphology and concentration can affect release significantly. 
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The addition of SF microspheres reduced the release speed slightly, whereas the addition of 

aqueous SF increased the release speed sharply. Higher wheel spinning solution concentration 

caused a higher release rate, but the addition of SF microspheres weakened the effect. In the 

first hour of evaluating VEGF release, the spinning solution concentration did not affect the 

release too much.  

Although our wound healing materials experienced slow degradation and quick VEGF release 

performances, it should be noted that excessively applying of VEGF, especially over a short 

period, causes edema or other complications [47]. Regarding the diversity and complexity of 

human wounds, the desired VEGF volume should be diverse too [48]. Our wound healing 

composite fibers can be adjusted by loading volume and comprise a mix of different kinds of 

fibers to ensure the quick release of necessary VEGF.  

 

Fig. 5.5 (a) Main DoE effect plot for Alg/SF composite fiber release rate, (b) interaction effect 

plot.  

5.3.6 In vitro degradation evaluation for alginate/silk fibroin composite fiber 
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For the purpose of evaluating in vitro degradation performances, the samples were incubated 

in DMEM solution which mimics the human interstitial fluid in order to measure the 

quantitative changes. The schematic diagram in Fig. 5.6a demonstrates the degradation study 

for Alg/SF composite fibers. The addition of either microsphere or aqueous SF reduced the 

level of weight loss while evaluating degradability, especially between the SF aqueous groups. 

The higher concentration fibers displayed a slower degradation speed, although it was faster in 

the first hour (Fig. 5.13). It was found that the specimens of Alg/SF microsphere groups 

degraded faster than those of Alg/SF aqueous groups although the SF microspheres were cross-

linked and more stable than in the SF aqueous groups. This was due to the insoluble SF 

microspheres in the fibers acting as they disintegrate. Further, the microscale SF ingredient 

indeed accelerated the breakdown of composite fibers. However, after the SF microsphere 

brought about disintegration, the Alg/SF microsphere composite fibers experienced a slower 

degradation speed than the Alg/SF aqueous fibers. Comparing the degradation performances of 

three kinds of fibers, the pure alginate fiber quickly degraded at the beginning while the two 

kinds of Alg/SF hybrid fibers exhibited a relatively steady degradation performance during the 

24-h-long evaluation. Furthermore, the Bradford assay was performed and the specific SF 

weight loss and degradation share were calculated for Alg/SF aqueous group. The vertical axis 

in Figure 5c represents SF degradation according to a logarithmic scale. It was obvious that the 

aqueous SF in composite fibers quickly degraded (500-550 μg) in the first hour of the 

experiment whereas alginate slowly degraded in the hours that followed.  

Due to the SF and alginate are both acknowledged implantation materials with good 

biocompatibility [16,49], we believe the cell work to prove the basic in vitro cell viability is not 
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necessary. However, the cell adhesion results are presented in the supporting information 

(Figure S12 & S13) because undue cell adhesion performances should be regraded a passive 

characteristic for wound healing materials.  

 

Fig. 5.6 (a) Schematic diagram and (b) weight loss results for the composite fiber 

biodegradability study. The weight loss among composite fibers was investigated by drying and 

measuring samples soaked at four time points. The DMEM used in wells was diluted SF consent 

measured via the Bradford assay. (c) SF weight loss and (d) degradation ratio was consequently 

calculated and presented.  

5.3.7 How wheel spinning set-up affects physical properties of Alg/SF fibers  

Based on the DoE study (Fig. 5.14-18) of Alg/SF wheel spun fibers, the wheel rotation speed 

does affect the mechanical properties of wheel spun fibers as Fig. 5.7 shown. The fibers’ stain 

and stress show opposite changes with the speed of the three formulas of fibers increasing. For 

pure alginate fibers, the drawing rate of fibers becomes higher due to higher shear force from 
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the coagulation bath flow, when the rotation speed increases. As the result, the pure alginate 

fabricated by higher rotation speed could have a more consolidated structure which causes a 

lower strain. For Alg/SF wheel spun fibers, the mechanical properties are totally opposite. Thus, 

we assume the Alg/SF, a heterogeneous matter, would become more unconsolidated. These 

unconsolidated structures are beneficial to the VEGF quick release. This is the reason why the 

60 rpm specimens, especially for Alg/SF groups, were selected for further VEGF loading and 

releasing study in this work. Two different morphologies of SF were applied to further control 

the VEGF releasing, degradation, mechanical behavior of Alg/SF fibers.  

However, the influence of the rotation speed is significantly less important than the influence 

from the fiber themselves, i.e., spinning concentration and silk fibroin morphologies. 

Combining with the demonstrated SEM and XRD data, as well as the previously established 

alginate aggregation theory [21], it could be confirmed the three kinds of fibers are under low 

crystallinity and low orientation states. This may be due to the soft drafting effect of wheel 

spinning on the fiber, along with the relatively low temperature and low ions concentration. All 

these conditions of force, temperature, and solvent avoid the induced re-crystallization. The 

relatively low crystallinity and low orientation fiber is conducive to the VEGF quick release.  
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Fig. 5.7 (a-c) stress-strain curves of pure alginate or Alg/SF wheel spun fibers. (d) fiber 

diameter counts of pure alginate or Alg/SF wheel spun fibers. (e-h) stress, strain, Young’s 

modulus, and toughness of pure alginate or Alg/SF wheel spun fibers. (i) the optical images of 

tensile test for Alg/SF fibers.  

5.4 Conclusion  

In summary, Alg/SF composite fibers loaded with VEGF were successfully fabricated by using 

a new wheel spinning technique which parameters were optimized. We have demonstrated that 

the release of VEGF is controllable by engineering the Alg/SF composite fibers with different 

loading concentration and SF materials with different structure features. The mechanisms and 

impacting factors for VEGF release behavior from SF morphology and spinning solution 

concentration have been identified by analyzing the DoE results, indicating that Alg/SF 

composite fibers with different VEGF release rates could be utilized to develop new approaches 

to control the wound healing process.  
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Supplementary Information 

 

 

 

Fig. 5.8 Freeze-dried Alg/SF composite fiber diameter for alginate, Alg/SF microsphere and 

aqueous with different wheel spun solution concentration samples.  
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Fig. 5.9 The schematic diagram of alginate cross-linkage of lateral egg-box dimers. 
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Fig. 5.10 The schematic diagram of agglomeration of alginate egg-box multimers. 
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Fig. 5.11 SEM images of silk fibroin microspheres prepared and used in this study. 
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Fig. 5.12 ANOVA table for the results of loading efficiency.  
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Fig. 5.13 The main effect plots and ANOVA table of VEGF release speed via design of 

experiments for Alg/SF composite fibers. 
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Fig. 5.14 The main effects and ANOVA table of VEGF release rate via design of experiments 

for Alg/SF composite fibers. 
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Fig. 5.15 The main effect plots, results, and ANOVA table of composite fiber weight loss via 

design of experiments for wheel spun Alg/SF composite fibers. 
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Fig. 5.16 The ANOVA tables of mechanical properties of wheel spun Alg/SF fibers. 
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Fig. 5.17 The main effects plots of mechanical properties of wheel spun Alg/SF fibers. 
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Fig. 5. 18 The DoE interaction plots of mechanical properties of wheel spun Alg/SF fibers. 
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Fig. 5.19 SEM images of dry wheel spun Alg/SF fibers for tensile tests. 
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Fig. 5.20 Overview phase contrast light microscopy images of HCAEC cells on Alg/SF 

composite fibers. The cytomembrane was stained blue by DAPI assay. The composite fiber 

could also be observed in these images. It could be observed on pure alginate fiber that certain 

cells were attached easily on the alginate surface. HCAECs maintained round-shape 

morphology on Alg/SF microsphere composite fibers. The cells had spreading morphology on 

Alg/SF aqueous specimens, but the cell counts seemed less than on that of Alg/SF microsphere 

specimens. The densities for different concentrations fibers had little differences.  
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Fig. 5.21 Cell morphology and adhesion on six groups of Alg/SF composite fibers by SEM with 

different magnifications.  
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Chapter 6 Conclusion and Future Works 

6.1 Summary 

The project described in this thesis focuses on the design and development of the wheel-

spinning technique and the characterization and assessment of wheel-spun fibres and their 

related wound-care applications. 

Firstly, a review of the literature on the materials (sodium alginate and silk fibroin), the wet-

spinning technique, the process of wound healing, and the types and structure of wound 

dressings was presented in Chapter 2, in turn lending this project a framework and a foundation. 

Then, in Chapter 3, the fabrication and design of the wheel-spinning machine (WSM) was 

discussed, including the analysis of the force that the fibre was subject to during the spinning 

process, the drawing effect given by each design for the WSM set-ups, and the twisting effect 

given by WSM Set-up B. Moreover, the fibre derived from alginate in the case of each WSM 

design with various parameters was characterized by using Raman, FTIR, SEM and tensile 

machine approaches in order to demonstrate the twisting and drawing effect of wheel-spun 

fibres from various set-ups. 

After that, in Chapter 4, the alginate fibres made with WSM Set-up A were collected and 

sketchy-twisted into four or eight strands of yarns, then fabricated as knitting fabric for use as 

generic wound-dressing material. The advantage of wheel-spun alginate fibre is obvious, given 

its higher tensile strength and strain. Indeed, a mini-review to compare each kind of alginate-

based fibre recently indicated that wheel-spun alginate fibre possesses a significantly higher 

tensile strength and strain, compared to other fibres, resulting in a higher breaking energy and 
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a capacity to knit the fibre into fabric using a hand-knitting machine. During the study, it was 

discovered that needle size and alginate concentration can change the fibre’s tensile properties. 

Meanwhile, it was also found that the inner morphology of alginate fibre consists of numerous 

aggregated nanospheres with diameters around 30-50 nm. Based on the “egg-box” theory, it 

can be understood as an aggregation of “egg-box” dimers. This theory can help explain tensile 

property changes while varying the spinning parameters. Furthermore, the knitting structure of 

alginate fabric offers more flexibility, softness and elastic properties compared with normal 

non-woven alginate wound dressing. The subsequent biodegradation and biocompatibility test 

confirmed its suitability as wound-dressing material. 

In Chapter 5, alginate-silk fibroin composite fibre was made using WSM Set-up A with a 30G 

(inner diameter 0.159 mm) needle, with the collected fibre freeze-dried into a non-woven mat. 

Vascular endothelial growth factor (VEGF) was enclosed in the fibre by mixing with extrusion 

solution in advance. Benefiting from a low-temperature and aqueous environment during the 

fibre-spinning process, the VEGF remained bioactive by directly being added to the solution. 

In this chapter, two types of silk fibroin with different morphologies were introduced, namely, 

aqueous solution and microspheres, together with controlling the solution concentration, in 

order to vary the VEGF release behaviour by changing the fibre’s inner structure. The VEGF 

release rate was found to be suitable for an actual wound where all the VEGF must be released 

in less than 24 h; this finding has not been reported by previous research. The release rate was 

determined by using an arctangent function, after which the instantaneous release speed was 

calculated to further understand the fibre’s properties. Finally, it was established that release 
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behaviour and degradation behaviour can be controlled by silk fibroin morphology and 

spinning-solution concentration, in line with “egg-box” theory as discussed in Chapter 4. 

In summary, as an interdisciplinary project, this work includes knowledge and technologies 

from biomaterial, textile and biomedical engineering. In turn, it has developed two types of 

wound-care materials for different types of wounds, with the use of wheel-spun fibres. 

6.2 Limitations and future work 

There are several aspects that can be explored in more depth in the future, as listed below: 

(1)  The WSM design could include the following optimizations: 

a)  The angle and shape of the blend in the case of WSM Set-up A needs further 

optimization; 

b)  The construction of the rotation part of WSM Set-up B requires further 

exploration; 

c)  How to control the twisting effect via each parameter during the fibre-spinning 

process should be subject to systematic investigation. 

(2) The wheel-spun alginate-silk fibroin fibre could be applied to the controlled release of 

epidermal growth factor and transforming growth factor-beta (TGF-β). As such, how 

this could facilitate the development of a multi-functional wound dressing needs 

further study. 

(3) The remaining bioactivity of the growth factors enclosed in the fibre needs systematic 

investigation. 
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(4) Cell works and animal studies in the case of controlled-release fibre require further 

evaluation. 
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