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Abstract

Despite advances in surgical techniques, conventional tendon grafting and artificial re-

constructive methods for repairing ruptured tendons, injured of this nature continue to

face significant limitations related to high re-rupture rates and lengthy recovery peri-

ods. The high incidence of re-rupture after surgical grafting highlights the limitations of

current techniques to restore the native tendon structure and bio-mechanical properties

critical for withstanding physiological loading when compared to pre-injured strength.

Artificial tendon reconstruction made from synthetic woven textiles is becoming more

widely used, however these also pose limitations in that woven structures do not possess

intrinsic stretch or elasticity, which limits their ability to mechanically mimic biological

tissues such as tendon and muscle.

While limited in literature, functionalised gelatin (F-gelatin) has shown to possess good

bio-compatibility and bio-stability within the bio-material field. The manufacture of

continuous filament fibres through wet spinning (WS) enables gelatin-based materials to

be incorporated into textiles that possess tuneable qualities when compared to synthetic

polyesters, hydrogels, woven structures, and electrospun meshes [409] . Despite this, the

production of gelatin-based fibres poses several challenges such as poor reproducibility,

bio-degradation in vivo, and insufficient fibre qualities such as brittleness and limited

durability.

The research presentedbuilds on prior findings by Rickman et al. [307], with the interest

of reducing fibre production time to address the feasibility of scaled-up WS production

of gelatin-based filament fibres for use in artificial tendon reconstruction. To address

these challenges, chemical and photoactive crosslinking of the native porcine gelatin has

been used to enhance the polymer’s stability in environments mimetic of those in vivo.
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This study largely focuses on the optimisation of a lab-scale WS set up, as well as fibre

optimisation through a series of fibre drawing and Ultraviolet (UV) light -curing trials so

to determine the most successful combination (identified through stress and strain prop-

erties). Findings showed good spinnability of F-gelatin when the polymer dope (contain-

ing polymer and 50 mM acetic acid) was held at 65°C and spun into a very cold alcohol-

based coagulation solution held at 2°C. The difference in temperature between the dope

and coagulation solutions was found to increase the rate of phase transition from liquid

to solid, resulting in the quicker formation of WS fibres. It was also found that spinning

reproducibility was improved under cool ambient temperatures.

In conclusion, this research emphasises that 4-Vinylbenzyl Chloride (4VBC) fictionali-

sation of porcine gelatin-based materials, in conjunction with UV crosslinking offers a

promising direction for producing bio-compatible WS fibres relevant to tendon recon-

structive materials. This research therefore looks to lay foundations for (a) the scaled-up

production of functionalised gelatin (F-gelatin) fibres, so to determine the feasibility of

mass production; as well as (b) to produce gelatin fibres that possess improved mechan-

ical qualities that demonstrate the potential to be manufactured into a structured textile

(such as knitting). This research also argues in brief the benefits of incorporating knit-

ted structures into bio-mimetic textiles (such as artificial tendons), so to better imitate

biological tissues.
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Chapter 1

Introduction

1.1 Research Context

Tendon rupture is a prevalent issue within the National Health Service (NHS) and other

healthcare providers [138][407][397], occurring most frequently to tendons around large

joints; e.g. the Patella and quadriceps at the knee joint, the rotator cuff at the shoulder

joint, bicep long/short heads between the elbow and shoulder, and the AT of the an-

kle joint) [92]. This is likely due to the high repetitive stress and long-term overuse

sustained by these joints during everyday activities [410]. While injuries of this type

are common, treatment is often long-term and regularly involves surgery [40], post-

operative rehabilitation [353], and follow-up appointments [382][433]. Complications

such as re-rupture, infection, and loss of mechanical function are common and are fac-

tors in prolonging the recovery process, and reducing overall quality of life.

Much of the current literature reports that the most affected demographic is that of working-

class adult males [281][331]; however, this prevalence may be skewed by gender bias in

population-based studies [314] on injury prevalence or a lack of willing to report injuries

within sport-based demographics [109]. It is for these factors (among others) that the

exact impact of tendon rupture is unknown, however is assumed to be greater than the

current literature suggests.

Looking specifically at the AT, injury and rupture result in functional impairment, pain,
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and swelling, which significantly impacts a patient’s day-to-day, and overall quality of

life. In long-term cases, the inability to engage in physical activities can have long-term

consequences, affecting strength, endurance, gait patterns, and causing ongoing discom-

fort in the affected joint.

As will be discussed further in Section 2.5., high frequency rates of complications and

re-rupture [275][413] have generated interest in the development of Artificial Tendon

Reconstruction (ATR) in recent decades. Much of this new development have come in

the form of synthetic or biological grafts to repair or reinforce damaged tendon tissue

[52][120][335]. Commonly woven textile structures composed of synthetic polyester

fibres [417][418][419][420][421], these devices are usually surgically fixed into place

through conventional operative techniques such as stitching or multi-strand sutures

[363]. For biological grafts and artificial reconstructions alike, this bio-synthetic inter-

face remains at a significantly at higher risk of repeat tears often due to the differences

in material/mechanical properties throughout the tendon’s entirety (spanning from bone-

to-tendon-to-muscle). While woven textiles can provide excellent joint and tendon sup-

port through its rigid structure, the author hypothesises that these materials are limited

through the inability to mimic local collagenous tissue.

Woven textiles have certain limitations when used in biomimetic materials and struc-

tures, particularly in applications requiring advanced nature-inspired materials. Plain

weave structures; where weft yarns pass over and under the warp yarns; exhibiting isotropic

properties along the direction of fibres. This property means that fabrics of this class

present consistent mechanical characteristics in both the weft and warp directions. How-

ever, many biological structures, such as skin, bone, and tendons, are composed of ma-

terials with anisotropic properties; whereby they exhibit varying mechanical attributes

in different directions. Restoring ruptured tendons at the myotendinous junction (MTJ)

poses significant obstacles due to the intricate interdigitation of native tendon and mus-

cle tissues, creating a highly complex interfacial region. The author suggests that by

introducing a third equally dissimilar material (a woven structure) into the interfacial

region, a significant disconnect between native tissue and artificial implant is created,

preventing a cohesive healing pattern. For this reason, the author presents the hypothesis
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that woven textiles may be inadequate in the bio-receptive replication of such anisotropic

features found in natural materials, in that the inherent isotropy of woven textiles re-

stricts their capacity to fully mimic the directionally dependent mechanical properties

observed in numerous biological systems. This discrepancy between the isotropic nature

of woven fabrics and the anisotropic behaviour of many natural materials can pose chal-

lenges when attempting to develop biologically similar structures that share the com-

plex mechanical attributes of their biological counterparts. Overcoming this limitation

may require exploring alternative textile architectures or material compositions that can

better approximate the anisotropic characteristics present in the structures that inspire

biomimetic design.

The author therefore argues the potential benefits of biomimetic knitted structures in the

artificial reconstruction of tendons at the tendon-muscle/bio-synthetic interface; while

setting the foundations for biocompatible F-gelatin fibres that might possess adequate

mechanical properties to withstand the rigorous knitting process.

Gelatin-based materials have been at the heart of biomaterial and tissue engineering

(TE) research for decades. A protein found in abundance in humans, mammals, and

sea-life alike, the material offers excellent biocompatibility, bio-receptibility, and pro-

cessability, gelatin has proven a successful in a range of medical-related applications,

such as wound dressings, TE, drug delivery systems, and serving as a scaffold for re-

generating damaged or lost tissue. Despite its many applications, denatured collagen

requires a degree of chemical processing to enhance its mechanical properties, while en-

suring its thermal and wet stability when used in in vivo applications. F-gelatin refers

to a chemically modified (or crosslinked) gelatin containing specific functional groups,

which improve mechanical performance, while allowing the material to be processed

into various states such as hydrogels, fibres, or membranes/films. Crosslinking offers a

range of advantages for biomaterials and biomedical applications. The introduction of a

robust network of covalent bonds improves the mechanical/ structural integrity and dura-

bility of the material. As will be discussed in further detail, crosslinking also improves

the compatibility and integration of the material with other substances, in addition to

improving the bio-receptibility; enabling implanted biomaterials to properly integrate
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and interact with the surrounding biological environment, cells, and tissues [107]. This

can promote desirable cellular responses, adhesion, and integration within the target bi-

ological environment. Finally, crosslinking can introduce pH or temperature-responsive

properties, allowing the material to adapt to specific physiological conditions or trigger

targeted release mechanisms. This versatility (via crosslinking) expands the potential ap-

plications of biomaterials, such as native gelatin, which would be otherwise limited by

its poor mechanical properties and rapid degradation in vivo.

Traditional crosslinking methods have exhibited limitations such as restricted mechani-

cal strength and cytotoxicity [272]. Recent advancements in this field focus on develop-

ing functionalised collagen materials, particularly for high-strength hydrogel production.

A novel approach involves grafting photo-active moieties onto the collagen backbone,

and subsequent UV-light irradiation initiates the synthesis of a covalently crosslinked

network, resulting in a mechanically robust hydrogel. This UV-irradiation technique

is appealing as it eliminates the need for incorporating cytotoxic materials during the

precipitation stages preceding the spinning process [423]. Consequently, this approach

offers the potential for excellent mechanical properties and biocompatibility in the re-

sulting collagen hydrogels. The compatibility of this approach with the wet-spinning

process for collagen-based materials is therefore of considerable interest. WS involves

the extrusion of a spinning solution into a compatible non-solvent, leading to coagu-

lation and solidification through diffusional exchange. Within this research project, f-

gelatin fibres are crosslinked with both 4VBC and a photo-initiator to enhance mechan-

ical strength, reduce susceptibility to potential enzymic degradation, and improve ther-

mal and wet stability, through formation of covalent inter-molecular and intramolecular

bonds between collagen molecules [150].

1.2 Research Statement

In this study, an assessment of existing methodologies concerning gelatin-based wet-

spun biomaterials has been conducted, with a specific focus on (a) identifying openings

in the present understanding of gelatin as a functional biomaterial, and (b) further inves-

tigate the feasibility of producing UV-cured, 4VBC-functionalised gelatin (Gel-4VBC)
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through optimised WS methodology. This research is primarily focused on laboratory-

based investigations to develop optimised methodologies at the lab scale. Moreover, the

research endeavours to align with advancements in textile production techniques by un-

dertaking optimisation procedures aimed at enhancing the characteristics and structure

of the fibres. Through this comprehensive approach, the study aims to address the cur-

rent gaps in knowledge, explore the feasibility of scaled-up production, and enhance the

overall quality of gelatin-based biomaterial fibres.

1.3 Aims and Objectives

To date, there is very limited published literature on the WS of functionalised gelatin,

and even less on the specific use of gel-4VBC as a dope polymer. The aim of this re-

search is to address the current gap in literature through the process optimisation and

development of wet spun, photoactive, and crosslinked gelatin fibres. The objectives to

be met through this body of research are as follows :

1. Evaluate current approaches to gelatin-based wet-spun biomaterials and highlight

gaps in current knowledge.

2. Determine the feasibility of the optimised f-gelatin as a bioresceptive material.

3. Determine the feasibility of manufacturing UV-cured Gel-4VBC filament fibres

through WS methodologies at a laboratory-scale.

4. Looking towards textile manufacturing techniques, carry out fibre optimisation

processes with a view to improve fibre properties and morphology.

5. Provide recommendations for further work in this field.
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Literature Review

2.1 Biological Materials: Collagen and Gelatin

Collagen is a naturally occurring hierarchical matrix polymer, found abundantly in ten-

don, ligament, skin, blood vessels, organs, etc. The primary function of collagen is to

provide rigidity and mechanical support to the Extracellular Matrix (ECM) of connec-

tive tissues; accounting for roughly a third of protein content in animals [336]. 28 vari-

ations of collagen have been identified, each comprised of 46 polypeptide chains [306];

however, 90% of total human collagen content has been found to be Type 1 Collagen

(T1C) with types 2, 3 (T3C) and 4 making up the majority of the remaining 10%.

Collagen is a structural protein that plays a crucial role in maintaining the integrity of

various tissues and organs in the body; aiding in homeostatic regulation, mechanical

strength, and the capacity to carry out chemical reactions with adjacent biomolecules

[336]. Stabilised by a ladder of recurrent interstrand hydrogen bonds between the N-H

groups of glycine residues and carbonyl groups of adjacent amino acid (AA) residues;

these inter-chain bonds are responsible for its high mechanical strength and resistance

to degradation [171]. Disruption to these bonds by the partial hydrolysis of collagen,

resulting in the breakdown of the triple helical structure, produces gelatin, where the

triple-helix structure of native collagen is transformed into a random coil or disordered

structure in gelatin (Figure 2.1). This is typically achieved through prolonged heating or

treatment with acids or enzymes [244].

7



Chapter 2

Figure 2.1: Schematic illustration depicting the irreversible denaturisation of collagen to

produce gelatin.

2.1.1 Polypeptide Structure

The collagen monomer is composed of three protein polypeptide alpha chains, assem-

bled in a tightly packed, left-hand-polyproline helical arrangement (polyproline II-type

configuration), which coil around each other forming a ‘loose right-handed superhe-

lix’ [327]. These polypeptide chains are build-up of a repeating tri-amino acid motif,

commonly noted as Gly-X-Y. “Gly” referring to the repeating Glycine molecule which

is present every third amino acid (AA) in the chain; is smaller in size than other AAs

present in the chain [327] facilitating the close packing of the triple helix. This residue

sits close to the ‘superhelical central axis’ [327], and plays a key role in the arrangement

of crosslinks between adjacent collagen monomers, further contributing to the integral

strength and stability of the polypeptide chain. The succeeding “X” and “Y” compo-

nents represent any configuration of AAs; of the 17 AAs found in collagen [327][412].

The most commonly appearing are proline, hydroxyproline, arginine, and lysine (Figure

2.2).

During initial synthesis in the endoplasmic reticulum, α-chains self-assemble, forming a

triple helical structure called procollagen. During maturation of the procollagen (Figure

2.3d), N- and C-terminal propeptides are cleaved in a process referred to as exocytosis,
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leading to the formation of tropocollagen (mature monomer) [349]. The hierarchical

structure of collagen is illustrated in Figure 2.3. Tropocollagen forms the foundational

unit for collagen-based tissues, boasting dimensions of approximately 1.5 nm in diame-

ter and 300 nm in length. Stacking in clusters of five, these monomers adopt a staggered

arrangement with a 67 nm overlap (termed D-periodicity, where “D” is 67 nm) [350].

Strong covalent bonds hold the regularly spaced gap and overlap segments together, con-

tributing to the overall structural integrity. The inter-monomer gap (0.54D in length) is

essential for maintaining flexibility and elasticity within the fibril, enabling stretching

and deformation without fracturing. Collagen fibrils aggregate to form larger fibres, sup-

ported by ECM proteins like glycosaminoglycans, proteoglycans, and lysyl oxidases that

facilitate fibril crosslinking.

2.1.2 Extracellular Matrix

The ECM is the non-cellular, hydrous polymer network in a connective tissue (Figure

2.4), which acts as a cellular scaffold, providing structural stability, while supporting

cell differentiation and self-regulatory stability [355], regulates tissue development

[313], and wound healing [243] [323] [304] [60]. The matrix is largely comprised of

water, proteoglycans (long-chain polysaccharides, such as biglycan and perlecan, fill-

ing the interstitial space) [312][355], and interwoven fibrous proteins (collagen, elastin,

fibronectin laminins and other glycoproteins) [243][313][369][355]. It is uniquely tai-

lored to specific tissue structures throughout the body [173], and dictates tissue-specific

Figure 2.2: Chemical structures of the four most commonly appearing amino acids present in

collagen polypeptide chains. From left to right; Glycine, Proline, Hydroxyproline, Arginine and

Lysine.
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mechanical properties such as tensile properties and elasticity, cell adhesion and chemo-

taxis. Within the ECM, collagen makes up roughly 30% of the fibrous protein mass

[112], and is the primary structural support of the entire matrix [313][112].

Proteoglycans are comprised of glycosaminoglycans which are covalently bonded to

protein molecules (such as collagen fibres) within a tissue’s ECM [157][322][112].

This double bonding of neighbouring fibres increases the stiffness and rigidity of the

ECM structure, reducing the likelihood of stress-induced tears in tissues, while increas-

ing tensile strength of the overall structure. This enables the structure to withstand high

Figure 2.3: Hierarchal structure of collagen: (a) proteinogenic amino acid chain; (b)

polypeptide chains; (c) Procollagen peptidase; (d) Tropocollagen and its (di) cleaved chain

ends; (e) Rows of monomers staggered in axial periodicity, forming larger microfibrils. (ei) and

(eii) depict the “gap” and “overlap” segments; (eiii) smallest repeating unit of a collagen fibril;

(f, fi) packing of monomers into a microfibril and larger fibril-structure, which packs into (h)

fascicles.
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levels of stretching and structural deformation: an important quality in native materials

such as skin, bone, cartilage, and tendon/ligament [186][44]. On a molecular level, this

crosslinking of fibres decreases susceptibility to enzymic degradation [220][135] and

protein break-down [135], aiding in the long-term structural integrity.

2.1.3 Collagen Denaturisation

Collagen can undergo denaturation when subjected to various processes, including heat-

ing and other methods such as electrical, enzymatic, or chemical treatments. This de-

naturation process transforms the native collagen structure into gelatin (Figure 2.1). It

is a chemical process which has a significant impact on the structure and function of

biological proteins and tissues. Break-down of the triple helix results in a loss of inher-

ent strength, structure, and overall performance. This is largely due to the breaking of

Figure 2.4: The ECM network (generalised) between cells. Main components are highlighted as

(a) the cell/plasma membrane, (b) integrin, (c) collagen fibres, (d) proteoglycan complex

comprised of a long polysaccharide chain with (e) linked carbohydrate and protein branches and

(f) fibronectin.
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intra-molecular bonds leading to a disarrangement of the helix. During denaturisation,

polypeptide α-chains un-coil from each other; the effect of this is diminished mechani-

cal properties, such as strength, flexibility, and deformation resistance. Denaturisation

through heating results in the disruption of hydrogen bonds between α-chains. This

process is commonly used in common practices such as cooking meat, where collagen

within the ECM (connective tissue) denatures, resulting in a tender, more digestible

protein when consumed [50][293]. Mukherjee and Rosolen [254], noted that in aque-

ous conditions, temperatures above 37°C (internal temperature of a healthy human) are

enough to initiate denaturisation, which is essentially the reason why human skin starts

to develop wrinkles overtime as an individual gets older.

Mechanical stresses such as compression or tensile strain can also lead to the denatura-

tion of collagen. Structures like tendons, ligaments, and other ECM components are par-

ticularly susceptible to this type of denaturation following traumatic injuries [208]. This

denaturation process is also a contributing factor to the formation of wrinkles as humans

age. Over time, collagen fibres can be exposed to external stressors from movement and

activity, UV radiation, blue light from screens, and environmental pollution, can fur-

ther contribute to structural denaturation [282]. Furthermore, enzymatic degradation by

proteases’ can disrupt the triple-helix structure of collagen by cleaving the individual

α-chains and the bonds that interconnect them. During wound healing, this enzymatic

degradation of the ECM can delay the healing process by causing the breakdown of the

ECM [326][233]. The molecular alignment of the polypeptide chains utilises charge-

charge and hydrophobic interactions [336], contributes to gelatin’s mechanical strength

and proteolytic resistance [219][62][332].

2.1.4 Charge-Charge and Hydrophobic Interactions

Charge-charge interactions, also known as electrostatic interactions, play a crucial role

in the structure, folding, and binding of proteins. Microscopically, these interactions

occur between charged groups, such as the positively charged amino groups and nega-

tively charged carboxyl groups of amino acid residues [448][231]. The strength of these

interactions is inversely proportional to the distance between the charges and directly

proportional to the product of their magnitudes [224], which contribute significantly to
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the stability of protein structures and the specificity of protein-protein interactions.

Hydrophobic interactions, on the other hand, arise from the tendency of non-polar (hy-

drophobic) groups to minimise their exposure to water molecules [76]. In proteins, these

interactions occur between non-polar amino acid side chains, such as those of alanine,

valine, leucine, and isoleucine [180][276]. The hydrophobic effect drives the folding

of proteins into compact structures, where non-polar residues are buried in the interior,

away from the aqueous environment [356]. Hydrophobic interactions also play a crucial

role in protein-protein interactions, to facilitate the binding of hydrophobic surfaces and

contributing to the overall binding affinity.

Both charge-charge interactions and hydrophobic interactions play a crucial role in

the denaturation of collagen to produce gelatin. The triple-helical structure of colla-

gen, which is stabilised by both electrostatic interactions between charged amino acid

residues, form salt bridges and hydrogen bonds, as well as hydrophobic interactions that

drive the tight packing of the three polypeptide chains [343][300][201]. During the de-

naturation process, these interactions must be disrupted to unravel the collagen triple

helix into individual random coil polypeptide chains, forming gelatin. Specifically, the

electrostatic interactions are weakened by changing the pH or ionic strength of the solu-

tion, destabilising the collagen structure. The disruption of both charge-charge and hy-

drophobic interactions is essential for the unfolding and disordering of the polypeptide

chains, converting the highly organised collagen structure into the disordered, random

coil conformation characteristic of gelatin.

2.2 Gelatin as a Biomaterial

Gelatin is commonly used in both pharmaceutical and biomedical applications as the

material exhibits good biocompatibility and bio-receptibility [431][56][218]. As a col-

lagen derivative, it mimics the ECM of human tissues, making it highly effective in the

construction of wound dressings and TE [315][258][176]. Native gelatin is limited by its

hydrophilic qualities, meaning that chemical crosslinking is often necessary to make it

stable in vivo.
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2.2.1 Current Limitations

The physicochemical properties of gelatin limit its application as a biomaterial due

to poor mechanical strength without chemical crosslinking [127][259], temperature

and water sensitivity [214][218], susceptibility to enzymatic degradation [220][135],

biodegradability [259], inconsistent properties and poor reproducibility [329], limited

crosslinking options [59][99], and limited control over rate of degradation [218].

Gelatin-based substances possess significantly weaker mechanical properties, tensile

strength, and deformation resistance, than its collagen counterpart, which limits its ap-

plications as a raw material. Gelatin is also more hydrophilic than collagen due to the

differences in their molecular structures as a result of structural denaturisation. The high

hydrophilicity of gelatin molecules is owed to the abundance of hydrophilic functional

groups (amine, hydroxyl, etc.) within the peptide backbone [123][360]. These groups

have a strong affinity for water molecules, leading to the absorption and retention of wa-

ter by the gelatin structure; often resulting in swelling, structural softening, and loss of

structural integrity. The high swelling ratio of gelatin gel structures (the ratio of gel mass

to the total mass including absorbed water post-hydration) can affect dimensional stabil-

ity and mechanical properties, this can be problematic in applications requiring precise

control over the material’s morphology and size [408][399]. Following hydrolysis (the

disruption to hydrogen bonds in the triple helix), and the unravelling of collagen’s triple

helix, a larger number of peptide bonds become exposed, making them more vulnerable

to enzymatic degradation. This limits its long-term stability in vivo as an implantable

biomaterial, with potential losses in structural integrity over time, especially in load-

bearing applications (such as regenerating complex tissues or organs) [36][218].

Gelatin-based materials can vary in properties depending on their source (animal or

plant-derived), extraction methods, processing conditions, and crosslinking techniques,

which can cause challenges in producing consistent material performance. Studies have

shown that increasing the bloom strength of gelatin results in higher compressive strength

and storage modulus (elastic modulus) of the Gelatin-crosslinked with Methacrylic acid

(MA) [15][442]. Methacrylic acid-functionalised gelatin (Gel-MA) hydrogels made

from porcine gelatin with a bloom strength of 300 had a compressive strength of 40
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kPa, compared to 18 kPa for those made with a bloom strength of 175, suggests an im-

proved structural integrity and resistance to external forces, which corresponds to higher

molecular weight and longer collagen chains in the gelatin [129][41]. In addition, a re-

cent study by He et al. [137] revealed that food-grade porcine gelatin had superior gel

strength, emulsification and water holding capacity in comparison to gelatin derived

from sea-life such as the Big Head Carp, Coregonus Peled and other Carp scales. Over-

all conclusions form He et al. [137] indicate that gelatin from aquatic animals (primarily

cold-water fish) has inferior gelation and mechanical properties in comparison to mam-

mal sources, attributable to lesser AA quantities. A reason for this disparity in colla-

gen properties was noted by Coppola et al. [74], who owed this to the reduced degree

of crosslinking in marine animal collagen in comparison to terrestrial animals such as

bovine. Additionally, sea-life-derived gelatin possesses a lower proportion of proline

and hydroxyproline; which plays a crucial role in stabilising the triple-helical struc-

ture of collagen, [91], resulting in a lower proportion of triple-helical structures and a

higher proportion of β-turn/β-shift structures; affecting the gelling ability and mechani-

cal strength of the gelatin [91].

2.2.2 Applications of Functionalised Gelatin

The use of gelatin-based materials is often seen as attractive due to its low-cost (in com-

parison to pure collagen), and biocompatibility due to its natural presence in human tis-

sues [124][27][87]. Chemical crosslinking of gelatin has been shown to improve the

chemical and mechanical performance of gelatin, making it appropriate for use in in

vivo medical devices. While there are many advantages, appropriate crosslinking meth-

ods are often limited and can affect the biocompatibility and degradation profile of the

material. Some successful chemical crosslinkers include sugars (e.g. fructose) [383],

dextran dialdehyde [97], diepoxy-containing compounds [357], aldehyde compounds

[303][234][383], genipin [357][435][205], diisocyanates and isocyanates [20], carbodi-

imidesn [436], and polycarboxylic acids [229].

Previous literature has investigated the successful crosslinking of bridging monomers

to collagen and gelatin-based material. These include glycidyl methacrylate (GMA)

[90][154][237], MA [316] [78] [334], and 4VBC [34][307]. Chemical crosslinking us-
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ing bridging monomers such as these, create a physical connection between polymer

chains via covalent bonds that attach one part of the collagen structure at one reactive

site and to a different region of the collagen at another site [443]. Native polymers that

possess many polar water-binding sites (e.g. gelatin), are highly soluble in water, which

affects the mechanical strength of resulting fibres once the raw polymer is processed

into fibres (spinning methods to be discussed further in Section 2.3.). Zeugolis et al.

[443] conducted a review into different crosslinking materials used in the formation of

collagen filament fibres; finding that the addition of bridge monomers (crosslinking)

into the polymer can significantly alter collegen/gelatin’s tensile strength, resistance to

temperature, and sensitivity to water/moisture. Tronci et al. [378][380] investigated the

effects of crosslinking collagen-based hydrogels with MA, GMA and 4VBC bridging

monomers (Figure 2.5); noting a positive correlation between material rigidity, com-

pressive modulus, and swelling index.

It has also been noted that hydrogels crosslinked with 4VBC exhibited a higher swelling

capacity and compressive modulus than both MA and GMA. One reason for this may

be due to the molecular structure of the monomers. 4VBC, an aromatic compound, is

highly stable, with higher melting and boiling points (compared to aliphatic compounds

of similar molecular weight) [167][194][3]. Additionally, 4VBC’s distribution of π elec-

trons between adjacently-stacked benzene rings provides further stabilisation to the

chemical (and therefore overall) structure [3]. In contrast, GMA, an aliphatic compound,

composed of straight, branched, or open-chain structures (therefore lacking the hexago-

nal benzene rings of aromatic compounds), has a lower melting and boiling points [155].

Furthermore, MA, an acrylic compound consisting of a carbon-carbon double bond (-

C=C-) structure, possesses low-melting points at room temperature [71], which can be

attributed to the relatively weak inter-molecular forces (van der Waals forces) between

its small molecules. There is very little published literature on the WS of GMA, MA or

4VBC-functionalised collagen and gelatin, however of that currently published, all have

shown to retain some monomer helix configuration [378][380], benefiting the overall

mechanical strength of resulting WS fibres. Biocompatibility of functionalised poly-

mers can also be improved through supplementary wash stages to remove surplus cyto-

toxic substances acquired during the functionalisation reaction [82]. All three bridging
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Figure 2.5: Chemical structures for 4-Vinylbenzyl Chloride, methacrylic acid and glycidyl

methacrylate bridging monomers.

monomers possess good resistance to water and control over swelling in wet conditions,

supporting their application in TE applications, through the formation of covalent bonds

with prevent the ingress of water molecules into the polymer’s structure. The process of

chemical crosslinking gelatin with 4VBC is illustrated in Figure 2.6a.

2.3 Crosslinking

Crosslinking can also be achieved through the addition of supplementary photoactive

monomers. Several papers have noted the functional groups in 4VBC, GMA and MA

that enable the formation of molecular crosslinks upon exposure to UV light [377] [378]

[380]; which initiates the formation of free radicals (wavelength dependent) from a

photo-initiator. This instigates fracture of the carbon-carbon double bond (C=C) bonds

from the vinyl group, enabling the formation of covalent bonds between bordering monomers

(Figure 2.6). Photoactive crosslinkers permit polymer functionalisation prior to the

manufacture of the material into gels or fibres, which enables the detoxification of any

cytotoxic residues acquired during spinning.

2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone (herein referred to as “Ir-

gacure 2959” or ”I2959”) is a photoinitiator which can be added to a polymer solution

(e.g. WS dope) in order to enable a rapid curing/hardening reaction upon exposure to

UV-light. This reaction is referred to as photopolymerisation and involves the genera-

tion of free radicals (at specific UV wavelengths), which facilitates the covalent bonding

of adjacent polymer molecules. I2959 is generally used in Three-Dimensional Print-

ing (3DP) [192], WS fibres [307], dental materials [251][401], resins [319], hydrogels

[330][240], and other biomaterials [391][387][401].

17



Chapter 2

2.3.1 4-Vinylbenzyl Chloride-Crosslinking

4VBC is a chemical compound with the molecular formula C8H7Cl, that contains a

vinyl group and a chlorine atom attached to a benzene ring. This compound is often

used as a monomer in the synthesis of various polymers through processes such as free

radical polymerisation. Very little literature has been published on the crosslinking of

collagen-based polypeptides with 4VBC for production of wet-spun filaments; however,

the monomer has been shown to increase the overall toughness and swelling control of a

material, through the obstruction of water binding sites. This inhibits excessive swelling

of the material in wet conditions, and enables the control swelling and material proper-

ties [378][380]. Tronci et al. [378][380] also notes that the degree of chemical crosslink-

ing can be modified based on the material application, which permits the tailoring of

properties in gelatin-based materials for specific biomedical and biotechnological appli-

cations [378][380]. The high compressive strength of the 4VBC monomer (owed to its

rigid benzene structure) make it well-suited for bone and tendon scaffolds.

2.4 In Vivo Applications and the Biological Response to

Gel-4VBC Material

Numerous innovations within engineering and medicine have extended the applications

of collagen and gelatin to the field of tissue engineering. Ramshaw et al. [299] dis-

cussed the applications of collagen-based materials within medical devices noting the

successful implementation of the biological material in cardiology (e.g. heart valves,

arterial/veinous replacements, etc.), surgery (e.g. sutures), and wound management

[130][179][93][105][299][298]. Skin substitutes represent a middle ground between

collagen-based wound dressings and scaffolds designed for tissue regeneration. As such,

skin substitutes have been employed for treating diabetic ulcers, burns, and as protec-

tive barriers between the skin and the external environment [259][117]. The substitutes

function similarly to wound dressings, gradually integrating into the epidermal tissue

over time [16][65]. The IntegraTM bilayer wound matrix [141][291], which consists of

bovine T1C, and shark chondroitin 6-sulfate Collagen–glycosaminoglycan matrix rein-

forced by an impermeable silicone membrane [213][277] has demonstrated the ability
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Figure 2.6: Schematic illustration of the chemical crosslinking process of gelatin polypeptide

chains with 4VBC, (a) before, and (b) after exposure to UV light.

to facilitate tissue healing, through the forming of a complete seal over the wound. In

turn this prevents biological fluid egressing through the dressing through the healing

process [67]. TE and Tissue Regeneration (TR) are commonly utilised approaches for

constructing collagen-based scaffolds and membranes. These methods aim to provide

a biomimetic ECM that mechanically supports the tissue, encourages cell adhesion [7],

tissue growth and eventual remodelling [7][218], and scaffold breakdown and reabsorp-

tion [405][404][199][425][396][301]. In TE, patient-specific stem cells are cultured onto

the scaffold in vitro. In TR, the scaffold is directly implanted into the patient, relying

on the recruitment of cells onto the scaffold in vivo. Both TE and TR need to support

cell adhesion and viability of new tissue to ensure growth and survival. The scaffolds

should be non-cytotoxic, degrade at the appropriate rate to provide mechanical stabil-

ity during tissue remodelling, and possess the necessary mechanical properties in a wet
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environment to mimic native tissue. The optimal dissolution rate would allow the im-

planted material to maintain its structural integrity for an adequate duration, facilitating

the initial stages of tissue regeneration and wound healing. Subsequently, the gradual

dissolution and clearance of the material would enable the progressive replacement by

the regenerated native tissue, ultimately restoring the original tissue architecture and

function without the persistent presence of a foreign body.

Biomimetic nonwoven gelatin meshes (normally electrospun) has been explored in some

depththrough literature [223][43][311] due to their ability to structurally mimic compo-

nents of biological tissue such as the fibrillar structure of the ECM [328], vascular grafts

[405][404] and as biodegradable materials for in vivo drug delivery or cellular structural

scaffolds [49][48][125][126][396]. Meshes such as these are three-dimensional in struc-

ture which aids in facilitating cellular attachment [222][352], proliferation [57][351],

and differentiation during TR [131], making these materials useful for tissue engineer-

ing, where they can support the growth of specific tissues or organs. This category of

biomaterial has also been proven beneficial in drug delivery systems, whereby drugs or

bioactive molecules are embedded into the fibres [390][75] and (once in vivo) release

slowly over time [390].

2.4.1 Chronic Wound and Burn Dressings

Chronic wounds, such as diabetic and pressure ulcers, and burns require specialised

dressings to promote healing, control fluid discharge and reduce the risk of infection.

Maintaining a moist environment is crucial for successful wound healing [106][340][174][390],

as it aids in cell migration [144][266], TR [266], and aid in the removal of dead tissue

from the site [174]. For these reasons, materials (such as gelatin) with good water ab-

sorption properties have been frequently investigated [260]. Collagen and gelatin fibres

naturally have the capacity to swell and absorb substantial levels of exudate released by

the wound site, making collagen an ideal material to form wound dressing [284].

During the process of wound healing, proteins, and amino acids such as fibroblast growth

factors [348], glutamine and arginine [372][70] play a crucial role in attracting fibrob-

lasts and keratinocytes to the site of the wound. This attraction facilitates essential stages
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such as debridement, re-epithelialisation, and angiogenesis [441][33]. Collagen-based

wound dressings can provide a conducive environment for cell migration, tissue re-

pair, and the healing process; by assisting in stimulating the deposition of newly synthe-

sised collagen and the promotion of wound granulation [324]. Matrix metalloproteases

(MMPs) (collagen degrading enzymes), are released by the body during inflammation to

aid in the remodelling of tissues, as such they are abundant within the wound healing en-

vironment [184][160]. In cases of chronic wounds, the abundance of MMPs can lead to

the breakdown of healthy tissues, impeding the progress of tissue repair. As such, Bohn

et al. [46] and Tronci et al. [379] developed collagen-based wound dressings that utilise

the collagen as a sacrificial target for the MMPs, helping to preserve healthy tissue dur-

ing the wound healing process.

Gelatin-based materials used in both wound and burn dressings can also promote the

regrowth of fibroblasts, which are responsible for collagen production and wound con-

traction, further aiding in the healing process. Fibroblasts play a crucial role in wound

healing by producing collagen, the main component of the extracellular matrix. Jang et

al. [163] developed a dental gelatin paste to promote full thickness wound healing to en-

hance vascularisation in newly formed tissues around the healing site [163][259]. From

this, researchers observed excellent native cell attachment to the gelatin matrix, facili-

tated by the fibroblast infiltration, encouraging neo-vascularisation, and encouraging na-

tive collagen production [196]. Alongside the biological/mechanical benefits discussed

above, the use of wound dressings that incorporate gelatin to promote healing, have

been shown to improve patient comfort [188][260]. Likely due to the fact that gelatin-

based dressings are less adherent to the wound bed compared to traditional gauze dress-

ings [188][260], minimising any risk of further tissue damage and pain during dressing

changes.

2.4.2 Food Stuffs

Outside of the medical field, gelatin has been proven a valuable material in a range of

other applications. Gelatin-based food packaging presents a promising solution in the

pursuit of sustainable and eco-friendly packaging alternatives. Derived from animal col-

lagen, gelatin offers a natural and biodegradable material source for creating packaging
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materials that can effectively reduce the environmental impact of plastic waste [23]. As

a meat-derivative, these packaging’s are also often edible [23][153] and compostable

[341][310]. Despite the environmental benefits, as an animal derivative, these materi-

als are limited in their appropriateness in the food industry as they are not suitable for

vegans and vegetarians, as well as some religions.

Despite these novel packaging materials exhibit versatility, with the ability to be formed

into various shapes, films, and coatings tailored to different food products. Suderman et

al. [354] discussed the extensive use of gelatin as a biomaterial within the food industry

(films, packaging, etc.) proved successful in acting as a protective barrier to foods from

the external environment (e.g. oxidisation, moisture, light, bacteria, etc.), and preserv-

ing the freshness and extending the food item’s shelf life. Using bio-derived materials

such as proteins (including casein, gelatin, and whey) [69] and polysaccharides (such

as chitin, cellulose, starch, and chitosan) [63][17] can also contribute to lowering the

environmental impact of non-biodegradable plastic waste. As with many gelatin-based

materials, packaging films require significant treatment and crosslinking to limit their

sensitivity to moisture [122]. Despite this, some gelatin-based films have been shown to

offer good resistance to moisture [8][317]; an essential quality in preserving the fresh-

ness and quality of perishable food products.

Different food products require different types of packaging and environmental protec-

tion. Gelatin-based packaging have tuneable properties through modification of formu-

lation and processing conditions [216], enabling the production of films with varying

degrees of flexibility, strength, and external protection. These tuneable properties of gel-

based films and packaging can be owed largely to the inclusion of polyol plasticisers

into the material during production [354]. Polyols are organic compounds that contain

several hydroxyl groups [344][156] and have been found to be efficient in plasticising

hydrophilic polymers [371][119]. Benefits of the inclusion of polyols into gelatin-based

materials includes improved mechanical properties, increased extensibility, flexibility

and tensile resistance, plasticity, and rigidity [133][132]. Specifically, gelatin-compatible

polyols that have been explored for use in biodegradable films include glycerol [256],

mannitol [206][245], xylitol [375], and sorbitol [245][26]. Monosaccharide sugars in-
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cluding glucose, mannose, fructose, and sucrose [294][289], as well as some fatty acids

[207][169], have also been successfully used to improve gelatin film plasticity.

2.4.3 Wearable Textiles

The application of collagen-based materials outside of the medical and food industries

may seem peculiar; however, the emergence of circular bio-economies (CBE) in recent

years [361] has generated much interest in renewable biomaterials. Recent applications

of gelatin in these fields include nonwoven mesh N95 respiratory filters [22], as a starch

alternative to stiffening silk-based fabrics [189], and wearable conductive sensors [98].

Recent literature has presented collagen-based flexible electronic devices with appli-

cations in electrochemical energy storage, sensing, healthcare monitoring and thermal

management [287][25][447]. Benefits of collagen-based textiles (aside from their bio-

compatibility) include good anti-static properties [346], ability to absorb UVA and UVB

rays [346], flexibility and versatility [5][25][239].

2.5 Collagen and Gelatin Fibre Spinning Methods

WS fibres and fibrous scaffolds have been explored in a range of TE-related applications

and have exhibited several advantageous properties such as possessing a substantial sur-

face area; enabling enhanced cellular adhesion and re-growth; additionally good poros-

ity of WS fibres permits effective migration of cells during proliferation [5]. The tun-

ability of fibre qualities (to be discussed in detail in Section 2.5) through regulation of

coagulation bath temperature, exterior surface quality [381][333], porosity [175][108],

drawing conditions [426]. WS fibrous scaffolds offer unique advantages for tissue en-

gineering, with their surface properties, porosity, and post-spinning treatments playing

crucial roles in influencing cell behaviour and promoting tissue regeneration. Collagen

is already widely utilised within textile manufacture to produce both single fibres (incl.

filament, spun staple) and structured fabrics, through methods such as knitted, wovens

and nonwovens.

Collagen-containing materials are attractive within the medical field due to their bio-

compatibility and biostability in physiological conditions. In addition, collagen deriva-
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tive possesses certain characteristics that make the protein a highly attractive material;

non-toxic, nonallergenic, and with suitable mechanical properties (strength, elasticity,

durability). Within surgical applications, materials containing collagen are likely to be

accepted in vivo as it is a non-immunogenic substance. This section discusses in brief

detail alternate spinning methods. An overview of these have also been presented in in

Table 2.1.

2.5.1 Wet Spinning

WS (Figure 2.7) is a fibre production technique that has been used to spin a wide vari-

ety of natural protein-based filament fibres including sodium alginate/soybean protein

[80][81], casein [146][113][434], silk polymer [384], cellulose [428][271][183]; as well

as collagen and gelatin [429][241][378][347][21].

WS has four key phases: dissolution, extrusion, coagulation, and fibre collection (Figure

2.7). The initial dissolution phase involves the state change of the polymer (gelatin)

from a solid to a liquid by dissolving it in a compatible solvent to form a liquid dope.

This dope is then loaded into a syringe and extruded at a continuous speed, through a

blunt-tipped needle into a coagulation bath containing a solvent-non-solvent solution

This initiates a solvent/non-solvent phase inversion of the dope stream from a liquid

gel to a solid fibre. Finally, resulting fibres are treated (supplementary baths, drawing,

curing, drying) and collected. During the coagulation stage, WS relies on diffusional

exchange of solvents to generate the phase transition reaction; whereby the compatible

solvent diffuses out, and the coagulation solvent diffuses into the polymer resulting in

the formation of a solid fibre. The speed of this diffusional exchange reaction can signif-

icantly affect fibre morphology and properties.

WS is of particular interest as it can transform biopolymers (such as collagen) into solid

fibres without denaturising the native protein structure (as there is no need to use ex-

cessively high temperatures, voltage, etc.). WS is advantageous compared to alternative

fibre spinning methods, due to; good fibre permeability [175][334], and suitability for

use with larger and thermally sensitive proteins as collagen and gelatin [334]. These

properties make WS fibres suitable for in vivo applications, such as wound dressings
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[151][376][385]. Alongside wound care, these fibres also have uses in other medical-

related applications, such as: drug delivery [265], blood filtration/haemodialysis [389],

tissue repair [422][5][58]. WS is particularly established as a practical fibre production

method for naturally occurring plant and animal-based polymers [175]. Despite the ad-

vantages associated with WS, the method does have its drawbacks, Shirvan et al. [334]

notes that a common limitation of WS fibre scaffolds is ‘poor dimensional stability’

[334], which can negatively affect a fibre’s overall performance. Key factors that can

negatively impact mechanical performance include disproportionate swelling and water

uptake resulting in expansion and fibre buckling [334].

Figure 2.7: Basic wet spinning set up. (a) Syringe pump; (b) syringe; (c) rubber tubing and

blunt-tipped needle; (d) coagulation bath; (e) fibre collection method.

2.5.2 Rotary Wet Spinning

Rotary wet spinning (RWS) (Figure 2.8) has shown good potential in the WS of poly-

meric fibres. The apparatus set up differs from conventional spinning, through the place-

ment of the coagulation bath of a motorised rotary stage, which generates a circular flow

to apply tension on the dope/fibre as is exits the needle. In high speed RWS, fibres are

drawn, aligning polypeptide chains through the application of a light centrifugal force

[54][307][334][64].

Shirvan et al. [334] notes that this set-up in principle can aid in overcoming Kelvin–Helmholtz

instability (of the liquid dope in the coagulation solution), which describes the velocity

difference across the interface between two fluids flowing in parallel [320][88], as ob-
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served in WS. Kelvin– Helmholtz instability is driven by the faster moving fluid causing

perturbations or ripples to develop on the interface between the two liquids [320]. These

fibres can adopt a more uniform cross-section due to the rotation-induced shear force ap-

plied along the filament body. Through the application of a continuous draw in the early

coagulation stages, resulting fibres possess enhanced overall mechanical performance

[121][170]; addressing inconsistencies associated with conventional WS [247]. RWS

fibres often exhibit smoother surface textures, with minimal crevices along the exterior

[334].

Figure 2.8: Experimental rotary-assisted wet spinning set up. The (a) syringe pump has been

turned 90° and raised on a (b) jack stand so that the needle can sit approximately 10 mm below

the surface of the coagulation solution.

2.5.3 Electrospinning

Electrospinning (Figure 2.9) employs an electric field to extrude the dope from a spin-

neret onto an oppositely charged collection plate [305]. The charge exerted upon the
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polymer solution causes the formation of a Taylor cone from which the fibre is drawn,

a volatile solvent is required to ensure this evaporates during this process such that the

deposited mesh is dry. Fibre properties and morphology can be modified through the

adjustment of variables such as dope flow speed, dope concentration, and holding tem-

perature (in the syringe), molecular weight, spinning parameters (needle dimensions,

flow speed, etc.), ambient conditions (temperature, humidity, etc.). Despite much re-

search into collagen-based electrospun fibres and nonwovens, the high voltage required

to facilitate fibre production [342] has been found to cause disruption of intramolecu-

lar H-bonds of the collagen polymer which results in an overall decrease in mechanical

strength of polymeric material [444][143]. Collagen fibres can also possess low tensile

strength, be sensitive to moisture, and possesses low thermal stability, limiting the use of

these fibres in some physiological applications [45]. Despite these drawbacks, electro-

spun collagen has numerous advantages in the production of nonwoven biomimetic fibre

meshes that replicate the structural and biological features of the physiological ECM

tissues [152][339][165][55][328][195][104][83][182][14].

2.5.4 Dry Spinning and Gel Spinning

Dry spinning (DS) (Figure 2.9) follows the same four phases as WS, which are: dissolu-

tion, extrusion, solidification (coagulation), and fibre treatment/collection. The process

involves dissolving a polymer in a volatile solvent to form a spinning dope. Polymer

concentrations tend to be higher in dry spinning dopes (20-30%) as opposed to other

spinning techniques; this will result in an increased liquid viscosity which can be re-

duced through heating prior to extrusion. The dope is filtered before extrusion from a

nozzle into a heated air chamber, forming a continuous stream of liquid. The solvent

within the polymer dope evaporates, leaving behind a polymer stream which becomes

a solid fibre. Finally, fibres can be treated or processed (such as drawing or UV-curing

[209][221] to alter properties. DS is best suited for polymers that have a melting temper-

ature equivalent to the temperature at which the material will begin to thermally degrade

[366].

Chaochai et al. [68] used DS to produce gelatin fibres with diameters ranging between

50-60 µm, that displayed good water resistance and maintained fibre morphology when
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Figure 2.9: Simplified illustrations of (a) an Electrospinning set-up, and (b) a Dry spinning set

up.

incubated for over 90 days, following extension and crosslinking with sugars [374][68],

making these fibres suitable for biomaterials in applications such as gel-based drug de-

livery. Researchers noted that the fibres’ internal structure were non-homogenous and

porous, indicative of mechanical weakness, and that fibre morphology through the spin-

ning process could not be fully regulated. Compared to gelatin there are few publica-

tions utilising DS to produce collagen-based fibres.

Gel-spinning (GS) (Figure 2.10)is a similar process to DS, with a secondary coagu-

lation phase in the form of a coagulation bath, which strengthens the phase transition

of the polymer from gel to solid fibre. Acting as an intermediate between wet and dry

spinning, during extrusion, the dope stream will first pass through a heated air cham-

ber (as utilised in DS) before further cooled, coagulated, and hardened in a coagulation

bath (see WS). The dope will appear in a gel-like state (due to the ultra-high molecular-

weight polymer) as it first travels through the heated chamber, which enables the dope

stream to remain intact until it reaches the coagulation bath. At the molecular level, in

its gel-state the polymer is held together by strong inter-chain bonds, aiding in an in-

creased tensile strength. Fukae et al. [115] demonstrated this by producing GS-gelatin

fibres with an average tensile strength of 146 MPa. These samples were tested to fail-
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ure at a 1:16 rate of extension. Fibre diameter was not stated in this paper, however

researchers noted that the WS needle used had an internal diameter of 0.3 mm [115].

Fukae and Midorikawa et al. [116] took this further by spinning gelatin dissolved in an

ethylene glycol solution, resulting in fibres possessing an average tensile strength of 405

MPa; significantly higher than similar studies [115][116][242].

Figure 2.10: Simplified illustrations of a Gel spinning set up. (a) dope extrusion; (b) coagulation

bath, and (c) heating; (d) fibre collection.

2.5.5 Centrifugal Spinning

Centrifugal spinning (CS)(Figure 2.11)is a fibre production method which employs

force generated through centrifugal motion to produce fibres. In this method, a poly-

mer or melt is introduced into a rapidly rotating spinneret or nozzle. As the spinneret

revolves, centrifugal force forces the dope material through the tiny holes of the noz-

zle, forming fine fibres. The fibres created through centrifugal spinning can be manu-

factured in a range of diameters and lengths, depending on factors such as the polymer

properties, spinneret design, rotational speed, and processing conditions. A recent paper

by Arican et al. [22] employed CS to manufacture gelatin-based nanofibre meshes for

use in N95 respiratory filters. CS gelatin fibres were sandwiched between two layers of

nonwoven polypropylene material to produce the filter sheets which presented similar
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breathability qualities to commercial benchmarks, indicating promising application of

gelatin-based CS [22].

Figure 2.11: Basic centrifugal spinning set up. (a) liquid polymer jet (b) spinneret (c) Fibre

collectors (d) centrifuge.

2.6 Fibre Manipulation and Optimisation of Wet Spun

Fibres

Certain parameters during WS can have considerable influences on the thermodynamic

attributes of the dope, as well as the resulting fibre morphology. This section will cover

key parameters that should be considered throughout the WS process; including dope

polymer concentration, dope and coagulation bath solvents, additional chemical addi-

tives, processing temperatures, extrusion and draw rates, and physical qualities of the

nozzle and coagulation/supplementary baths [292]. The production of WS filaments re-

lies on diffusional exchange of solvents between the coagulation bath and dope/fibre, in

accordance with Fick’s Law of counter diffusion, which describes the diffusion of par-

ticles, proportional to the concentration gradient [178][398], as well as post-spin treat-

ments of the fibre, which will be discussed in the following sub-sections.
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2.6.1 Dissolution: Dope Rheology and Solvent Polarity

Prior to the physical fibre production via WS, a spinning dope must be prepared whereby

a polymer is dissolved into a compatible solvent. Factors that can affect dope consis-

tency and end fibres include dope rheology, viscosity and solvent properties. Rheology

of the spinning dope describes the flow behaviour of the polymeric solution) in the early

stages of fibre production is a major contributing factor to the fibre’s final structure and

properties; and will determine both physical attributes, as well as solvent diffusion kinet-

ics during later stages of WS.

Gelatin dopes exhibit viscoelastic behaviour, displaying properties of both viscous liq-

uids and elastic solids when subjected to strain or stress [10]. Their rheological proper-

ties are influenced by factors like temperature, composition, concentration, and applied

strain. The gel strength and viscosity are two important rheological properties of gelatin-

based materials, as higher gelatin concentrations generally lead to higher gel strength

and viscosity. Coordinated physical gelation (cooling below gelation temperature) and

chemical crosslinking (e.g., photocuring) can be used to modulate and ”lock in” the

physical networks in f-gelatin hydrogels, influencing their rheological and swelling

properties [439].

Viscosity is largely determined by the quantity of polymer wt.% dissolved into a solvent

and plays an imperative role throughout the entire spinning process. As WS dopes tend

to be higher in polymer concentration [384], solute/solvent solutions are often thick and

viscous in consistency. With a higher polymer concentration, the rate of diffusional ex-

change will decrease during coagulation, which presents difficulties in producing a ho-

mogenous fibre [378]. Conversely, a disproportionately quick coagulation reaction may

result in the fibre’s exterior to solidify, preventing diffusional exchange at the fibre’s cen-

tre; negatively impacting the overall homogeneity and crystallinity of the filament. Dope

rheology (as it is extruded from the needle and into the coagulation bath) is essential to

the resulting fibre’s geometry [334]; as the flow behaviour will govern both fibre mor-

phology and uniformity, as well as drawing tension throughout the coagulation reaction

[394][334]. Dope viscosity can also impact the crystallinity of fibres [384]. Highly crys-

talline materials exhibit organised, repeating molecules, while amorphous materials will
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display a far more random molecular structure, significantly influencing internal friction

and resistance to deformation under axial stress [21]. The viscosity of a substance can

be influenced by molecular weight as a result of heightened interlocking of polypeptide

chains, leading to a decrease in chain mobility, due to an increased surface tension dur-

ing coagulation.

The solvent must effectively dissolve the polymer to create a homogeneous dope. Non-

uniform fibres caused by poor spinning or clogging of equipment can occur if the poly-

mer is unable to fully dissolve into the solvent. This can also have an impact on the

dope’s rate of diffusional exchange, as different solvents will possess different rates of

coagulation, which can impact the structure and properties of the resulting fibres. When

using protein-based polymers, volatile solvents can induce polymer denaturisation, re-

sulting in reduced stability and mechanical properties and tensile strength, irrespective

of crosslinking treatments. Regarding this polymer denaturisation, it should be noted

that in some cases a partial denaturation or ”unfolding” of the protein is required for WS

to facilitate alignment between protein molecules (globular proteins specifically need

unfolding into a more linear state for spinning) [252].

Solubility of a polymer in a solvent is a significant factor in the production of dope.

When there is a high solubility between polymer and solvent, intermolecular interactions

are improved [334]. Regarding scaled-up WS, environmental and economic impacts of

the solvent may have to be considered. Solvents that have high toxicity, and limited or

complex disposal routes may limit large-scale production of the dope.

Solvent polarity plays a significant role in WS, as it impacts charge separation due to

differences in electronegativity between the solvent and polymer [13][424]. In polar sol-

vents, the negatively charged atoms induce charge separation within the polymer, which

generates an electric field [238]. Polarity influences the alignment of polymer chains

during WS and is a crucial factor in controlling fibre characteristics in WS applications.

Polarity can also influence the WS process. During polymer dissolution, the degree of

solvent-polymer interaction depends on the polarity of the solvent. More polar solvents

will have a higher electronegativity difference, leading to stronger interactions with the
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polymer. During charge separation, the more electronegative atoms in the solvent can

pull electrons away from the polymer, leading to the creation of charged regions within

the polymer. The charge separation within the polymer due to solvent polarity creates an

electric field within the solution, which aids in the alignment of polymer chains during

WS and can contribute to the formation of the desired fibre structure. As the polymer

solution is extruded into a coagulation bath, the electric field generated by charge sepa-

ration can influence the orientation and arrangement of polymer chains this affects the

formation and properties of the resulting fibres.

2.6.2 Extrusion: Dope Temperature, Pumping Speed and Nozzle

Features

Following dissolution of the polymer, the dope is pushed through a nozzle (needle or

spinneret) into a coagulation bath. Factors that can affect resulting fibre morphology and

characteristics include the temperature of the dope prior to extrusion, the rate at which

the dope is pumped through the needle, and the physical features of the needle.

The high viscosity of WS dopes, which can often cause needle blockage or gelation

at temperatures below taht of gelation [9][338]. By holding the gel at a temperature

above that of gelation, the dope possesses an increased thermal kinetic energy potential

[181][12], enhances mobility of the polypeptide chains within the solution and results in

a decrease in viscosity immediately prior to extrusion [295].

The flow rate of dope through the nozzle should be compatible with the gel viscosity

and should be high enough to enable the production of a continuous polymer stream

as it is extruded into the coagulation bath. Within the case of lab-scale WS where this

body of research situates itself, where syringes are more generally used (as opposed

to industrial-scale machines) however, the pumping speed should not be so high to the

point where it generates excessive back pressure on the syringe and needle, causing

blockage, spillage, or breakage of the equipment. Matveev et al. [236] suggested that

the rate of phase transition (during WS) increases if the pumping speed is increased;

however, this finding was coupled with a finding of increased macrovoids within the

fibre’s internal structure [158][236]. The flow rate speeds of dope through the needle
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will largely be dictated by the dope’s rheology. Increased exterior roughness has been

associated with employing an extrusion rate that is not best tailored to the rheological

properties of the dope [334].

Dope parameters aside, the physical dimensions of the hole that the dope is extruded

through can influence resulting fibre morphology. A smaller needle gauge (G) with a

larger lumen diameter (<16 G) will produce thicker fibres which will require a longer

period of incubation time in the coagulation bath to enable total solidification; as op-

posed to a higher gauge (>16 G), which will coagulate in a shorter duration, while also

producing finer fibres. Different gauge sizes can also affect resultant fibre mechanical

characteristics, such as tensile strength and drawing capacity, enabling fibre modifica-

tion to specific performance requirements. The needle gauge will typically determine

flow rates, as finer gauges will require a slower stream of dope through the channel

[364][182]. H.C. Kim et al. [182]. also notes that both dope pumping speed and shear

stress is largely determined by the needle’s internal diameter. While this will not be ex-

plored within this body of research, spinnerets with non-circular cross-sections may also

offer differing fibre properties.

2.6.3 Coagulation: Temperature and Solvent-Non-Solvent Compati-

bility

Like dope solvents, the choice of coagulant solvent/s play a central role in fibre forma-

tion. As the dope is extruded from the needle, the dope solvent diffuses out of the fibre,

and is replaced by the anti-solvent in the coagulation bath. Factors that affect the rate of

coagulation (other than those previously mentioned: dope characteristics, needle, and

fibre diameter) include solution polarity, viscosity, volatility, and temperature [215].

Holding the coagulation solution at different temperatures will have an impact on result-

ing fibre properties. Several WS studies had noted holding the solvent-non-solvent solu-

tions below zero (0°C) [116][333]. Oksuz and Erbil [269] observed that in reducing the

temperature of the coagulation bath denser filaments with improved mechanical prop-

erties could be produced; while within the context of scaled-up production of fibres this

paper hypothesises that decreasing the bath temperature to below zero could aid in dras-
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tically reducing the rate of coagulation of the fibre from gel to solid (gel-sol reaction).

One reason for this could be the significant change in temperature of dope/fibre (usually

held at room temperature or heated) as it is extruded into the cold solvent-non-solvent,

causes a reduction in thermal kinetic energy potential [230][39][181]. The decrease in

kinetic energy reduces the mobility of polypeptide chains within the gel, increasing the

viscosity of the dope, and initiating a slight phase change from liquid gel towards a more

solid-like state [318][438], as molecules have limited mobility and maintain a fixed po-

sition. This temperature-induced phase change is temporary and can be reversed if total

coagulation of fibre is not achieved; the extent of this phase change will depend largely

on the specific composition of the gel and the temperature range involved.

Bath temperature will also have an impact on the exchange rate between the solvents.

The rate of solidification is governed largely by the exchange behaviour of dope and co-

agulant solvent. In contrast to using a cold coagulation bath, Shirvan et al. [334] argue

against dropping the solution temperature, stating that with this reduction in heat poten-

tial, mutual diffusion coefficient is decreased, which slows the rate of diffusion between

the two solvents [345][437][449][334]. While excessively slow solidification speeds will

limit both the consistent morphology and production of WS fibres, several studies have

indicated that the slight deceleration in diffusional exchange caused by a temperature

drop in the coagulation solution may decrease the porosity of the fibres internal structure

[430][142][161]; which enables closer packing of polypeptide chains, and the produc-

tion of a more uniform fibre [161].

The speed at which diffusional exchange takes place in a fibre will not only affect fi-

bre morphology and properties, but also effect the rate at which fibres can be produced.

Rickman et al. used a salt-based solution (Sodium chloride (NaCl) 20% (wt.%), Polyethy-

lene Glycol (PEG) 20% Weight Value (w/v), dissolved into 0.1 M Phosphate buffered

saline (PBS) solution, [307]) to spin Porcine skin gelatin (PSG)-crosslinked with 4VBC.

Following extrusion, the fibre required a 60-minute incubation period in the salt-based

coagulation bath (set to 5°C), followed a secondary 60-minute incubation phase in a

wash bath containing distilled water to remove any sodium chloride from the fibre’s sur-

face. Very slow coagulation rates such as these may limit both the length of fibre that
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can be spun at one time (as fibre length will be greatly determined by the size and di-

mensions of the physical bath), as well as feasibility of scaled-up production. Upon ex-

trusion into the bath, the polymer within the dope begins to gel and coagulate because of

solvent-non-solvent exchange phase inversion [334].

2.6.4 Post-Spin Treatments: Drawing and Curing

The fourth step in the WS process if fibre collection, which often involves some sort of

drawing or post-spin treatment steps. Drawing is a critical step in the manufacture of

WS fibres and involves stretching the newly formed fibre to improve mechanical stabil-

ity [11]. Benefits of post-spin drawing include alignment of polymer chains/crystalline

structure, which enhances the fibre’s dimensional stability and tensile strength [288][334],

making it more resistant to axial loading and breakage. An increased crystallinity has

demonstrated improved resistance to higher temperatures, mechanical stresses, and

enzymatic degradation [290]; as well as reducing susceptibility to moisture absorption

through a reduction in porosity [334]. Drawing can also aid in attaining a more homoge-

nous fibre diameter, which minimises any variations and non-uniformity in the final fibre

[103], and enables control over fibre morphology, including its denier (linear density)

and elongation. Drawing can be used to improve mechanical properties of a fibre. The

draw-ratio describes the ratio between filament draw speed, and pumping speed [236];

it is controls polypeptide alignment at the molecular scale. Fahma et al. [103] indicated

that an increase in draw ratio (> 1) would correlate with an increase in Young’s modulus

(YM) and tensile strength (TS) [426][103]. Yaari et al. [426] observed a significant dif-

ferent in surface quality between drawn and undrawn WS collagen fibres. In this study

it was found that undrawn fibres exhibited a very non-homogenous cross-section along

the length of the fibre, as well as displaying significant internal macrovoids and exter-

nal crevices on the fibre’s exterior; while drawn fibres displayed a far more homogenous

and smooth surface quality [426]. The mechanical advantages of post-spin drawing have

been demonstrated by Fukae et al. [115] who found a significant increase in both tensile

strength and Young’s modulus from 28 MPa and 0.7 GPa, respectively, to 180 MPa and

3.4 GPa following fibre drawing by 8x its original length.

Curing involves the chemical crosslinking of polymer chains using UV rays and a photo-
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crosslinking agents dissolved either into the dope, or into the coagulation bath (which

disperses into the polymer during diffusional exchange). Of particular interest to this

project, the process of UV-curing involves the chemical crosslinking of polymer chains,

which is achieved through the use of a photoinitiator, which a activates a network of co-

valent crosslinks upon exposure UV light. Upon exposure to this light, covalent bonds

are formed between biomolecules in the dope, increasing stiffness and handleability of

the fibres, as well as improving their resistance to higher temperatures (that may oth-

erwise impact the uncured polymer) and water. Crosslinking of gelatin to stabilise the

polypeptide chain structure under higher temperatures has been proven to reduce any

potential immune reaction when used in vivo [124]. Gorgieva [124] suggested that these

findings may be due to the removal of antigens which aids in material sterilisation.

The photo-crosslinking agents can be dissolved into the polymer dope solution prior to

extrusion. Alternatively, they can be incorporated into the coagulation bath, where they

diffuse into the polymer during the exchange of solvent and non-solvent. Upon exposure

to UV light, the photo-crosslinking agents initiate the formation of covalent bonds be-

tween the polymer chains. This chemical crosslinking process results in the formation

of a stable, three-dimensional network structure. The curing step is crucial for impart-

ing desired mechanical properties, chemical resistance, and thermal stability to the final

polymer product. It is commonly employed in various manufacturing processes, such as

the production of coatings, adhesives, and composite materials.

2.7 Biomimetic Fibres for Artificial Tendon Reconstruc-

tion

This body of research sits within the context of biomaterials used within biomedical ap-

plications such as ATR. With the national life expectancy ever-increasing [2], and sport

activity levels returning to pre-pandemic heights [4], tendon degeneration and rupture

is of rising prevalence [138][397]. The Achilles tendon stands out due to its critical

anatomical location and its prevalent susceptibility to injury and rupture. Presently, ar-

tificial tendon reconstruction methods primarily rely on synthetic polyester woven tex-

tiles, which lack adequate biomimetic properties and exhibit high rates of re-rupture.
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This outcome is likely attributed to the challenge of effectively integrating biological

tendon and muscle fibres with synthetic materials. In this context, the significance of

collagen and gelatin as valuable biomaterials emerges, offering potential solutions to ad-

dress the limitations of current reconstructive techniques and enhance overall treatment

outcomes. The following sub-chapter will discuss the current state of artificial recon-

struction, materials, and structures, as well as the impacts of these injuries on patients

and the wider healthcare system.

2.7.1 The Achilles: Anatomy, Structure and Function

The AT (also referred to as the Calcaneal Tendon) is a thick, fibrous band of tissue that

connects the gastrocnemius and soleus muscles of the calf to the heel bone (calcaneus)

[226][96][200] (Figure 2.12). The AT is formed by the merging of the calf muscles’

fibres (tendon-muscle interface) as they extend downward toward the heel bone, taper-

ing into the calcaneal insertion site (tendon-bone interface). It is the strongest, largest,

and thickest tendon in the human body; however, is also the most susceptible to injury

due to (a) its location within the body and (b) the considerable forces it must withstand

throughout day-to-day activities, such as weight bearing, walking, running, jumping

[197][162][365]. The primary function of the AT is to facilitate plantarflexion; described

as the transmission of force from the calf muscle through the ankle joint and on to the

foot, through a movement is a downward pulling motion [96][200][1]. Additionally, the

AT is central in the supination (outward rolling motion of the foot during the gait cy-

cle) and pronation (inward rolling motion of the foot during the gait cycle) of the foot,

enabling an individual to maintain a healthy gait. During plantarflexion, (push move-

ments: running, jumping) the calf muscles will contract, producing tension that trans-

mits through the AT to the calcaneus. This transmission of force propels the body for-

ward and supports the body’s weight during movements. A healthy tendon is therefore

crucial in the withstanding shock forces and protecting the ankle joint and overall lower

limb. With an average landing force of approximately 12.5-times the bodyweight of the

runner [190][227][415] placed upon the AT during running, tendons act as natural shock

absorbers, through their ability to stretch and store elastic energy during high-impact

activities.

The Myotendinous Junction (MTJ) carries two main functions: to facilitate efficient
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force distribution accross the span of the interface, and to mitigate focal stress concen-

trations during muscle contraction [274][35][403][388][359][427]. The interdigitated

structure of the MTJ creates a larger interfacial region, allowing the contractile forces to

be distributed over a broader area. This force dispersal mechanism helps to prevent the

localisation of stress at specific points, which could otherwise lead to tissue damage or

failure. Furthermore, the finger-like projections of the tendon fibres and myocytes pro-

vide a gradual transition between the dissimilar mechanical properties of the two tissue

types, further reducing the risk of stress concentrations and potential failure at the inter-

face [274] [35] [403] [388] [359] [427].

Figure 2.12: The Achilles tendon (indicated with arrow) in its (a) plantarflexed and (b)

dorsiflexed positions. A schematic illustration of the myotendinous junction (c) has been

presented alongside.

2.7.2 Tendon Injury, Rupture, and Degeneration

Tendon rupture refers to the complete or partial tearing or separation of a tendon from

its attachment point to a bone [47][37]. Tendon ruptures can occur due to sudden trauma

(sudden impact/injury), degenerative changes (long-term wear and tear/chronic tendinopa-

thy), overuse, or a combination of these factors; often caused by exceeding the tendon’s
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capacity to withstand applied loads, resulting in material [tendon] failure [rupture]. AT

rupture is a relatively common sporting injury; particularly in activities that involve ex-

plosive movements, quick changes in direction, and high-impact actions. AT ruptures

often occur during dynamic movements that put excessive force on the tendon; and com-

monly occurs when the calf muscles contract forcefully while the foot is dorsiflexed

(bent upward), causing an abrupt and powerful tension on the tendon body/interfaces

[30][337][261]. These causes of injury/rupture are regarded as extrinsic factors; and

within sport, have been largely attributed to excessive or repetitive mechanical stress

on the tendon, poor training techniques, inadequate warm-up and stretching routines,

and improper footwear. Several factors have been attributed to an increased risk in AT

rupture. A correlation has been observed between natural aging, and risk of AT injury

[138][358][393][185] (also observed in animal studies, [278], due to intrinsic physiolog-

ical changes such as reduced blood flow to tendons [393], increased stiffness [138][212],

decreased ability to withstand higher mechanical loads [138], mobility-induced atro-

phy [110], fibre disorganisation and the accumulation of non-functional tissue [402].

Genetic predisposition and underlying medical conditions can also contribute to injury

risk. Many studies have noted adult men as the predominantly affected demographic

[147][250][440][279][138][128][198][225][367]. Clayton and Court-Brown [73] found

higher injury rates among male demographics; however the mean age of injury was

higher in women, indicating that females may be more susceptible to age-induced ten-

don injury.

Similar findings were found in a Finnish study by Nyyssönen et al [267] who concluded

the average of tendon injury from the Finnish National Hospital Discharge Register was

2-to-3 years older in women than their male counterparts, across a 12-year-span. Despite

significant research supporting this, it may be important to note that much academic re-

search on injuries (and sporting injuries) is carried out on this specific demographic,

indicating a degree of gender bias. To counterbalance this, Chan et al. [66] observed

higher operative rates in women’s’ sports as well as longer time lost from play, in com-

parison to male athletes; 77.8% vs 58.8%, and 96 vs 48 days respectively.

Degenerative changes over time can weaken tendons, making them more susceptible
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to rupture even with less forceful actions. Chronic conditions such as tendinopathy

[227][200] or chronic inflammation [85] can weaken the tendon structure and increase

the risk of rupture [227][200][85][331], especially in individuals with repetitive move-

ments [197] or those engaged in activities that put stress on specific tendons [217].

2.7.3 Treatment: Commercial Benchmarks for Artificial Tendon

Reconstruction

The current approach to tendon reconstruction involves various surgical techniques,

ranging from anti-inflammatory drugs for chronic injuries to surgical repair for acute

cases [228]. While different suture techniques, such as four-strand cross-lock repair

[321][32][31][19][94][79][139][285][414] and U-shaped repair [262][280][400], are

employed in reconstruction surgery, complications and limited functionality can still oc-

cur post-surgery [101][302][410][202].

The specialisation of tendons to their specific role and anatomical location within the

body, make them extremely difficult structures to repair/replace [193][210]. Current sur-

gical treatments include suturing (ruptured ends are aligned and stitched together) and

grafting, which involves the harvesting of a healthy tendon from one part of the body

and transplanting it to the injury site [232][362]. Conventional techniques including au-

tografts, allografts, and xenografts have proven successful in their ability to promote

cell proliferation however, have also displayed several drawbacks such as high infec-

tion risks [370][168], inflammatory immune response, donor site morbidity [370][314],

and high re-rupture incidences [281][331]. Post-operative re-rupture of tendons occurs

most frequently during the critical healing period (less than 14 days) after surgery [51].

In cases of successful reconstruction, tendons rarely regain full mechanical strength

[53][432][118], which can often result in chronic pain and a reduced quality of life

[249][271][270][392]. These postoperative complications, therefore, prevent traditional

methods such as these, from offering suitable long-term treatment [51].

In recent years, researchers have looked toward novel artificial methods of reconstruct-

ing tendons [6]. Artificial neo-tendons, (made from man-made materials such as polyester),

have been recommended as an alternative to surgical tendon autografts in the case of
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significant tendon damage and tendon loss [6], and have delivered promising results in

recent years [51].

Leeds-Keio (LK) polyester (Figure 2.13)[325] was developed as a synthetic alterna-

tive to conventional knee ligament suturing by Xeros/Neoligaments [114][235]. LK

polyester fibres (22 µm diameter) are manufactured into a rigid open-weave mesh struc-

ture [114][264]. Since the material’s launch, LK polyester has been manufactured into

a range of tendon/ligament reconstructive products, such as the AchilloCordPLUS™

System (AT reconstruction) [417]), JewelACL™ (anterior cruciate ligament (ACL) re-

construction) [418]), the PatellarTape System™, Infinity-Lock, and Poly-Tapes (Patellar

tendon reconstruction) [419][420][421]). The polyester material has displayed tensile

properties equivalent to those of a human ACL, with an ultimate load strength of 2200

N [114]. Regarding long term performance and durability of the material, Nomura et al.

[264] investigated neo-cellular attachment to the woven mesh using ultrasound imaging;

observing good collagen and surrounding ECM integration.

Figure 2.13: ’The Leeds-Keio artificial ligament with typical woven polyester structure’;

adapted from Schroven et al. [325].

Carbon fibre-based synthetic tendons were developed by Johnson and Johnson for use

in AT reconstruction [6] to act as surrogate native carbon fibres following rupture [172].
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These have exhibited similar mechanical dimensions and properties to other graft trans-

plantation techniques [166][172]. Surgicraft developed a composite carbon-polyester

synthetic tendon [166][6][51], which utilised the respective benefits of strength and

rigidity of carbon, and the flexibility and elasticity of polyester [51], combined to form

the Surgicraft Surgical Mesh System and Surgicraft ABC prosthetic [248].

2.7.4 Impacts of Tendon Injury on Healthcare

Many sources recommend reconstructive surgery in younger demographics and in phys-

ically active/sudden rupture cases [164]. The impact of Achilles tendon rupture on the

NHS is significant, with over 11,000 cases per year [77][145].

Tendon injuries place a significant burden on healthcare providers [406][183][72]. The

financial strain, largely a product of extensive (often long-term) medical treatments,

including consultations, imaging, surgeries, and rehabilitation, imposing burdens on

healthcare systems and individuals alike [406]. Ruptured tendons sometimes require a

period of immobilisation to heal [84][226], and even after this, rarely regain full me-

chanical function [432] and so rehabilitation of the tendon and surrounding joint is im-

perative to increasing the outcomes of recovery and functional restoration. The repercus-

sions of tendon rupture extend to workforce productivity, with injuries causing tempo-

rary or permanent disability, sometimes leading to a decrease in productivity.

2.8 Chapter Conclusion

This project looks to build upon knowledge in two distinct areas. The first being to ex-

amine the current state of tendon reconstructive methods. As previously mentioned, re-

pair of ruptured tendons at the MTJ presents significant surgical challenges due to the

intermeshing of native tendon and muscle tissues (Figure 2.12c). Additionally, it is the

gradient transition of the MTJ region from dissimilar tendon-to-muscle fibre exhibits

further complicates the application of synthetic woven tendon implants through the in-

troduction of a third dissimilar material (this time synthetic) into the tendon-system.

This complex interface, exhibits a low healing process attributed to their hypo-cellular

and hypo-vascular nature, resulting in limited cell presence and blood supply, reducing
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both the rate of healing, and also the healing quality. Moreover, the absence of a uni-

versally accepted standard for suture materials, techniques, and rehabilitation protocols

adds complexity to tendon repair procedures.

To build upon the issues mentioned above, the author looked to fill this gap in knowl-

edge through building upon a second area of research; that is the manufacture biocom-

patible filament fibres through fibre spinning methodologies, with material properties

optimised from earlier initial fibres reported in Rickman et al. [307]. As discussed through-

out this chapter, WS-fibre-based scaffolds have been shown to offer considerable poten-

tial for tendon tissue engineering applications through the biomimicry of microenviron-

ment that supports cell attachment, orientation, migration, and proliferation [414] [309]

[149] [102]. Recent developments by Rinoldi et al. [308] employed a three-dimensional

microfluidic WS system in the manufacture of highly-aligned cell-laden hydrogel yarns

made from human-bone-marrow-mesenchymal stem cells dissolved in a Gel-MA bio-

ink [308]. Findings of T1C and T3C cellular expression, indicate hope for total regrowth

of tendon-forming cells and TR, showing great promise for the future of biocompatible

WS fibres for in vivo applications.

Similarly, recent advancements by Wu et al. [411], Rinoldi er al., [308], Dong et al.

[95], and Deng et al. [89] have shown promising application of WS in the production

of biomimetic ligament scaffolds. In addressing ACL reconstruction, re- searchers con-

cluded that resultant fibres exhibited cytocompatibility and osteogenic differentiation

qualities, superior to natural degummed natural silkworm silks.

Gelatin is a valuable biomaterial, with many current applications in the medical, phar-

maceutical and food industries. Processing gelatin, however, presents challenges for ex-

tended application in the field of biomaterials for in vivo application. The production of

high-quality, uncontaminated collagen-based fibres is essential for advanced wound care

and tissue regeneration devices. WS is capable of producing such fibres, but enhancing

the wet stability and mechanical properties without resorting to chemical crosslinking

remains a challenge across current literature.

The subsequent experimental work concentrates on exploring an alternative method for
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preparing F-gelatin-based fibres. The subsequent research assesses the feasibility of WS

and supplementary UV-crosslinking of photoactive gelatin-based fibres. Following this

further optimisation of fibres through drawing and curing investigation is conducted to

thoroughly evaluate the fibre properties.
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Experimental: Materials and Methods

3.1 Chapter Introduction

The literature reviewed, has evaluated the current approaches to gelatin-based wet-spun

biomaterials and highlights a gap in current literature and practice, regarding the ability

to successfully treat and heal tendon tiussue to prior mechanical strength and function

(Objective 1).

This chapter outlines all experiments and optimisation processes carried out through-

out this research project in order to manufacture UV-cured Gel-4VBC filament fibres

through WS methodologies at a laboratory-scale. The research process involves several

key steps, catagorised by their stage in the WS process (as discussed in Section 2.5.1).

Each experiment was designed to optimise the properties and performance of the result-

ing f-gelatin fibres.

3.2 Materials

High bloom strength gelatin from porcine skin (PSG) (Sigma-aldrich, Gillingham);

Phosphate buffered saline (PBS) tablets (Sigma-aldrich, Gillingham); Polysorbate 20

(EMD Millipore, Massachusetts, United States); 4-vinylbenzyl chloride (4VBC) (Fisher

Scientific, Massachusetts, United States); Triethylamine (TEA) (Sigma-aldrich, Gilling-

ham); Absolute Ethanol (EtOH) (Sigma-aldrich, Gillingham); 2-Propanol (IPA) (Sigma-

47



Chapter 3

aldrich, Gillingham); Acetic acid (AcOH) (Merck millipore, Gillingham); Hydrochloric

acid (HCl) (Sigma-aldrich, Gillingham); 2-Hydroxy-4- (2-hydroxyethoxy)-2- methyl-

propiophenone (I2959) (Sigma-aldrich, Gillingham); Sodium bicarbonate (NaHCO 3);

2,4,6-Trinitrobenzene sulfonic acid (TNBS) (Fisher Scientific, Massachusetts, United

States); Diethyl Ether (Sigma-aldrich, Gillingham); Polyethylene Glycol 8000 (PEG

8000) (Sigma-aldrich, Gillingham); Polyethylene Glycol 400 (PEG 400) (Sigma-aldrich,

Gillingham); Sodium chloride (NaCl) (Tesco PLC, Hertfordshire).

3.3 Synthesis of Collagen-Based Polymers

The following experiments describes optimisation of methodologies within the disso-

lution stage of the WS process. The synthesis of collagen-based polymers is a crucial

aspect of the methodology, and included the crosslinking of gelatin with 4VBC and sub-

sequent quantification of functionalisation degree through the use of colourimetric as-

says. The dissolution of the functionalised polymer (at different wt.%) in various acids

is also explored to determine the optimal conditions for the polymer dope. Stability and

compatibility of the polymer dope are extensively investigated, with a focus on thermal

and wet stability, as well as the interaction between the dope and different coagulation

solutions; including the salt-based bath as described in Rickman et al. [307].

3.3.1 Gel-4VBC Functionalisation

High bloom strength PSG, was dissolved in distilled water at 10 wt% and heated to

50°C. The following materials were then added in sequential order; 1% w/v Polyoxyethy-

lene sorbitol ester, 4VBC 14.8% w/v, and TEA a14.6% w/v. These measurements were

followed in accordance with the methodology states in Rickman et al. [307]. The so-

lution was mixed vigorously at 600 rpm for five hours at 50°C. Subsequently, the reac-

tion mixture was added to absolute ethanol at a 1:10 volumetric ratio and left overnight

to terminate further reactions and allow for precipitation of the functionalised gelatin.

Following this, the gel-4VBC was removed from the solvent, and placed into a fume

cupboard to allow any residual IPA to evaporate off, before drying at 60°C for 48 hours.

This procedure is illustrated in Figure 3.1.
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Figure 3.1: Chemical crosslinking functionalisation of PSG with 4VBC. The key steps within this

reaction are outlined as: (a) dissolution of native PSG in PBS solution, (b) combination of the

PSG/PBS solution with Polyoxyethylene sorbitol ester, 4VBC and TEA in the quantities listed in

section 3.2.1.; (c) precipitation of the gelatin solution in IPA; (d) removal of remaining IPA and

drying of the crosslinked gelatin in an oven; (e) crushing down large pieces of polymer (pestle

and mortar) into a powder and storing in a glass jar.

3.3.2 2,4,6-Trinitrobenzene Sulfonic Acid Colourimetric Assay

The extent of 4VBC-functionalisation of gelatin was measured through the 2,4,6-Trinitrobenzene

Sulfonic Acid (TNBS) colourimetric assay, following the procedure outlined by Bubnis

and Ofner (1992). Gel-4VBC (11 mg) was placed in a falcon tube, to which 1 ml of a 4

vol.% NaHCO3 solution was added followed by. 1mL 0.5 vol.% TNBS solution. Simul-

taneously, native gelatin blank samples (11 mg) with 3mL of 6N HCl were prepared. All

samples were agitated at 200 revolutions per minute (r·min-1) and maintained at a tem-

perature of 40°C for 4 hours. Following this, 3mL of 6M HCl is added to the gel-4VBC

samples and 1mL 0.5 vol.% TNBS solution is added to the blanks. All samples were in-

cubated again for 1 hour at 60°C. Once cooled to room temperature, all samples were

diluted with 5 ml de-ionised (DI) water. Unreacted TNBS was extracted through mixing
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with diethyl ether in a separation funnel, the aqueous component was kept, and the sol-

vent discarded. From the remaining solution, 5 ml was collected and then diluted with

15 ml of DI water. This resulting solution was heated in a water bath at 50°C to allow

any remaining diethyl ether to evaporate off.

Each gel-4VBC solution was analysed using UV-Vis spectrophotometry (6315 UV/Visible

Spectrophotometer by Jenway, UK; St James’ Hospital, Leeds), and the recorded ab-

sorbance value at 346 nm was compared against the blank sample. Equations 3.1 and

3.2, were used to calculate both the molar content of remaining lysines (per gram of

gelatin) and the degree of gelatin functionalisation, respectively.

Moles(lys)

Gelatin
=

2 ∗ Abs ∗ 0.02
1.46 ∗ 104 ∗ p ∗m

(3.1)

Where Abs is the absorbance at 346 nm, 1.46 x 104 is the molar absorption (M-1cm-

1), p is the spectrophotometer cell path length (1 cm), m refers to the weight of gel-

4VBC (0.011 g), and 0.02 is the total volume of diluted (diethyl ether-) extracted solu-

tion (litres).

F = (1− GelF
GelN

) ∗ 10 (3.2)

Where GelF is the molar lysine content of functionalised gelatin,GelN” is the molar

lysine content of native gelatin, and F is the degree of functionalisation of 4VBC onto

the gelatin.

The TNBS assay relies on the reaction between TNBS and the primary amino groups

(lysines) on gelatin [377][203]. By quantifying the decrease in free amino groups af-

ter 4VBC functionalisation, the degree of substitution can be indirectly determined

[377][203]. This colourimetric method has been widely used to characterise the func-

tionalisation of collagen and gelatin with various monomers like 4VBC and MA [377][203][307].

3.3.3 Polymer Dissolution in Acetic and Hydrochloric Acids

Gel-4VBC polymer was dissolved in AcOH and HCl acids using the conditions defined

in Table 3.1. 5ml of each solution were prepared in glass vials, placed into a large water
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bath, and held at 55°C for 60 minutes. Stirring was set to 6500 rpm. The chosen stir-

ring speed was carefully determined to strike a balance between two key factors. On

one hand, it needed to be sufficiently high to ensure thorough mixing of the highly vis-

cous dope solution, ensuring complete dissolution of the gel-4vbc solute into the sol-

vent. However, on the other hand, the stirring speed had to be slow enough to prevent a

”whipping” effect, which could introduce a significant amount of unwanted air bubbles

into the solution. After this, stirring was turned off and solutions were heated for a fur-

ther 10 minutes to allow any air bubbles to accumulate at the top surface of the liquid,

and burst. This is illustrated in Figure 3.2.

Table 3.1: Experimental conditions investigated to determine polymer dissolution.

Sample
Gel-4VBC

w/v (%)

Polymer

quantity (g)
Solvent

Solvent

quantity (ml)

1 5 0.25 50 mM HCl 4.75

2 10 0.5 50 mM HCl 4.5

3 5 0.25 100 mM HCl 4.75

4 10 0.5 100 mM HCl 4.5

5 5 0.25 50 mM HCl 4.75

6 10 0.5 50 mM HCl 4.5

7 5 0.25 100 mM HCl 4.75

8 10 0.5 100 mM HCl 4.5

9 5 0.25 DI water 4.75

10 10 0.5 DI water 4.5
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Figure 3.2: Dissolution of Gel-4VBC and I2959 into 50mM AcOH.

3.4 Dope Thermal and Wet Stability

This experiment series addresses the benefits of both chemical and UV crosslinking of

gelatin. The gelation of Gel-4VBC was investigated in order to ascertain feasibility that

the polymer would be able to undergo the gel-sol reaction and eventually spin into fi-

bres. Here, the properties of native PSG and gel-4VBC were compared with respect to

gelation and temperature stability. Four dope samples were prepared (Figure 3.3) for

this experiment; as set out in Table 3.2. All solutions were dissolved at 55°C for 2 hours

and decanted onto a sheet of parafilm to solidify. Dopes 2 and 4 (containing I2959) were

cured for 40 minutes to generate UV-crosslinks. Three 20mm2 samples were taken from

each dope and labelled as (a), (b), or (c) (Table 3.2). One dry sample from each dope

condition was placed into incubator set to 37°C and 60°C respectively, while the remain-

ing samples were left at room temperature (RT). All samples were inspected every 15
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minutes for the first hour of incubation, hourly for three hours and then left under heat

for a further 24 hours, to determine gel stability at physiological temperatures. Follow-

ing this, samples were fully saturated in DI water and re-incubated in the 37°C and 60°C

ovens. These gels were examined every 15 minutes for the first hour and again after a

second hour to assess their properties (Table 3.3). The time steps for these have been

noted in hours and minutes (hh:mm).

Figure 3.3: Dope samples prior to heating experiment.
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Table 3.2: Experimental conditions to investigate the effect of increased temperature on dry dope

samples.

Sample Polymer Incubation temperature (°C) Time steps (hh:mm)

1a RT

1b 37

1c

Gel-4VBC

60

2a RT

2b 37

2c

Gel-4VBC, 2% I2959

60

3a RT

3b 37

3c

Native PSG

60

4a RT

4b 37

4d

Native PSG, 2% I2959

60

00:15;

00:30;

00:45;

01:00;

02:00;

03:00;

24:00

Table 3.3: Experimental conditions to investigate the effect of increased temperature on wet dope

samples.

Sample Polymer Incubation temperature (°C) Time steps (hh:mm)

1b 37

1c
Gel-4VBC

60

2b 37

2c
Gel-4VBC, 2% I2959

60

3b 37

3c
Native PSG

60

4b 37

4c
Native PSG, 2% I2959

60

00:15;

00:30;

00:45;

01:00;

02:00;

03:00;

24:00
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Figure 3.4: Manual needle constructed from a 0.2 ml pipette-tip and 24 ml luer-lock syringe.

3.5 Compatibility of Dope with Coagulation Solutions

The following experiments describes optimisation of methodologies within the coagu-

lation stage of the WS process. Drop tests and phase transition studies are conducted to

identify the most suitable coagulation bath composition and temperature. The WS pro-

cess itself is optimised using a both a conventional (Section 2.5.1) and rotating (Section

2.5.2) lab-scale rig, with parameters such as needle gauge, pumping speed, rotational

drawing, temperature, and spinning duration systematically varied to achieve the opti-

mised fibre properties.

3.5.1 Drop Tests into Different Coagulation Baths

Following optimisation of the dope solution, drop tests were carried out to determine

the best solvent for the coagulation bath. The different coagulation conditions have

been set out in Table 3.4. 5 ml dope was prepared at 10% and 20% polymer w/v in 50

mM AcOH. Both dopes were pre-heated to 55°C. Six coagulation baths were prepared;

bath 1 contained follows the salt-based bath as described in Rickman et al. [307] 20%

w/v PEG 8000, 80% w/v 0.1M PBS solution, and 20wt.% NaCl in a total ratio of 1:1:4

[61][444][443][307]. Baths 2 contained 100% IPA, and bath 3 contained 100% EtOH.

Herein referred to by its source as ”Rickman et al., 2019”. All six baths each contained

20 ml of liquid and were all held at room temperature. A single droplet of each dope

was pipetted into each bath and left to coagulate. This gel-sol reaction was timed (sec-

onds, s). Following coagulation, each bath was visually assessed to determine whether

droplet coagulation had been achieved. The droplet would then be removed from the

bath using a pair of stainless-steel tweezers, and the process was repeated to ascertain an
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Table 3.4: Experimental conditions considered to determine the compatibility of different

coagulation solutions with Gel-4VBC dope.

Dope Coagulation bath

Bath 1a Rickman et al., 2019

Bath 2a IPA10% Gel-4VBC*50mMAcOH

Bath 3a EtOH

Bath 1a Rickman et al., 2019

Bath 2a IPA20% Gel-4VBC*50mMAcOH

Bath 3a EtOH

average coagulation time (Table 3.4). IPA and EtOH were investigated as potential co-

agulation baths as they are both organic solvents that are unable to form hydrogen bonds

with the charged groups in the gel-4VBC. Because of this, the polymer will remain un-

stable and clump together, enabling the phase transition from gel to solid fibre.

3.5.2 Effect of Coagulation Bath Temperature on Rate of Phase

Transition

The effect of coagulation bath temperature was investigated. Several WS studies had

noted holding the solvent-non-solvent solutions below freezing [116][333][269][307].

The purpose of cooling the coagulation baths was to examine how lower temperatures

might impact the phase transition and fibre formation during the WS process; a decrease

in coagulation bath temperature has been shown in previous studies to influence the mor-

phology and properties of the resulting fibres, such as by promoting the formation of

macrovoids and altering the porosity [18][204][307][445]. Each 15 ml coagulation bath

(as previously described in Table 3.4) was set in an ice bath for 10 minutes prior to the

drop tests being carried out, to allow the solution temperature to cool. Coagulation baths

would remain in the ice bath throughout the experiment. Using a 20% gel-4VBC w/v

dope, the drop tests were repeated (Table 3.5).
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Table 3.5: Experimental conditions to test the effect of decreased solvent temperature on rate of

coagulation.

Dope Coagulation bath

Bath 1 Rickman et al., 2019

Bath 2 IPA20% Gel-4VBC*50mMAcOH

Bath 3 EtOH

3.6 Optimisation of Gel-4VBC Fibres and Lab-Scale

Wet Spinning Rig

The following experiments describes optimisation of methodologies within the extrusion

and coagulation [of fibres] stages of the WS process. The feasibility of fibre spinning,

and the recycling of coagulation solvent are also considered. The drawn fibres are then

subjected to UV-crosslinking to enhance their mechanical and chemical stability. Optical

microscopy, mechanical testing, and SEM are employed to characterise the fibres’ water

uptake, stress-strain behaviour, and morphology, respectively. The wetting and heating

of the fibres are finally investigated to assess their performance under physiologically-

similar conditions. By following this comprehensive methodology, the research aims

to develop UV-cured gelatin-4VBC fibres with optimised properties for use in various

biomedical applications, such as tissue engineering scaffolds, wound dressings, and drug

delivery systems.

3.6.1 Feasibility of Fibre Spinning

Initial WS experiments were first carried out using a 0.2 ml pipette tip with an internal

needle diameter of 1 mm, attached onto a 24 ml syringe (Figure 3.4). The dope was pre-

pared with a polymer concentration of 20% in 50 mM concentration AcOH. The dope

was held at 55°C until the polymer was fully dissolved, where it was transferred to the

24 ml syringe. To minimise the risk of needle blockage during spinning, the pipette-tip

needle was inserted into the coagulation bath (maintained at 1°C in an ice bath) at a 45°

angle, and dope was manually extruded into the solution. Resultant short fibres were in-

cubated in the coagulant for two minutes before being removed from the solution. Fibres
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were then wound around a glass rod covered in parafilm and left to air dry.

3.6.2 Needle Gauge

Various needle gauges (G) were explored to determine the most successful fibre size.

Blunt-tipped luer lock needles with a length of 50 mm were investigated in a range of lu-

men sizes; 16G, 18G, 20G, and 21G (purchased from Science Warehouse) Fibre bundles

were spun using a RWS set-up and incubated in the coagulation bath for 30 seconds, be-

fore they were removed from the bath and air-dried. The dope used contained 20 wt.%

gel-4VBC dissolved into 50 mM AcOH. The dope did not include I2959 to evaluate the

properties of the fibres before curing. This omission allowed for an assessment of the

fibre properties in their uncured state, as the crosslinking network formed during the

curing process tends to make the fibres more brittle. These mechanical properties were

assessed visually and in terms of fibre handleability.

3.6.3 Pumping Speed

Pumping speed was assessed to determine flow rate of the dope through the needle and

into the coagulation solution. The successful pumping speed for the WS process will be

defined as a flow rate that is simultaneously fast enough to maintain a continuous, un-

interrupted flow of the polymer dope through the spinneret, but slow enough to avoid

producing excessive back pressure within the system. Dope was extruded using an au-

tomated syringe driver (purchased from Science Warehouse) for 3 minutes and the rate

was decreased from 3.00 ml/min down to 1.2 ml/min. Dope flow behaviour and back

pressure was noted before the experiment was repeated at a speed 0.2 ml/min slower.

The speed increments have been specified in Table 3.6. Pumping speed was assessed

to determine flow rate of the dope through the needle and into the coagulation solution

during the WS process. These parameters are crucial for maintaining a continuous, unin-

terrupted flow of the dope through the spinneret while avoiding excessive back pressure

within the system. To achieve this, they extruded the dope using an automated syringe

driver for 3 minutes, gradually decreasing the flow rate from 3.00 ml/min to 1.2 ml/min

and observing the dope flow behaviour and back pressure at each step; in order to iden-

tify the optimal pumping speed that meets the desired criteria for the WS process. Pre-

liminary WS studies were carried out prior to this experiment, with a pumping speed of
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Table 3.6: Experimental pumping speeds to determine most compatible flow rate using a 21G

needle.

Dope pumping speed steps (ml/min)

3.00; 2.80; 2.60; 2.40; 2.20; 2.00; 1.80; 1.60; 1.40; 1.20

0.5 ml/min as informed by Rickman et al. [307], (stating a pumping speed of 30 ml/h),

however a continuous and unbroken dope stream could not be achieved; hence, explor-

ing faster flow rates into the coagulation bath. Rationale for this are discussed in greater

detail in Chapter 4.

3.6.4 Rotational Drawing

A rotating coagulation bath (previously illustrated Figure 2.8) was explored to over-

come limitations related to using a stationary bath with the needle inserted at a 45°.

The dope was prepared with a polymer concentration of 20% in 50 mM concentration

AcOH. The dope was held at 55°C until the polymer was fully dissolved, where it was

transferred to the 24 ml syringe. During WS, the syringe driver was rotated 90° and

raised on a jack stand. The needle was inserted vertically into the bath, 10 mm from the

bath’s edge. The tip held 10 mm below surface of the solution. During extrusion of the

fibre, the bath was rotated within the ice bath, applying a slight tension to the fibre as it

was drawn from the needle. A 50 ml cylindrical glass bath (sitting within a 250 ml ice

bath) was used to hold the coagulation solvent . The cylindrical shape of the dish per-

mitted rotation of the coagulation bath during spinning. Fibre bundles were gathered at

the bottom of the bath before they were removed, unravelled, and cured.

3.6.5 Temperature

A decreased coagulation bath temperature was previously investigated in Section 3.5.2

to investigate the effect of decreasing temperature on the rate of phase transition. Now,

as part of s WS set-up, this decreased temperature of the coagulant was explored in com-

bination with an increased temperature of dope. A syringe heating sleeve (purchased

from Science Warehouse) was used to hold the syringe containing the polymer dope

at a constant temperature of 65°C throughout the spinning process. Heated dope was
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extruded into the coagulation bath held over ice. This was repeated with a dope held

at room temperature (no heating sleeve), and spinnability was compared between the

two dope temperatures. It was noted that in Rickman et al. [307], the polymer dope was

maintained at 50°C prior to extrusion. A higher holding temperature of 65°C was se-

lected in order to mitigate any potential adverse effects from additional factors such as

the coagulation ice bath, and the increased polymer wt.% in the dope; from 15 wt.% in

Rickman et al., 2019, to 20 wt.% in this experiment.

3.6.6 Recycling Coagulation Solvent

During coagulation diffusional exchange of solvents takes place, whereby the dope sol-

vent diffuses out of the fibre, and is replaced by the coagulant solvent, initiating the

phase transition from gel to solid. To maintain fibre quality, the total amount of dope

that could be coagulated by a known quantity of coagulant solution was qualitatively

assessed. A syringe containing gel dope was held at 55°C. Fibres were spun at a pump

speed of 0.6 ml/min, using the rotation-assisted method (as described in Figure 2.8) into

a 100 ml coagulation bath containing IPA on ice. The WS was paused every 60s and

the fibre was visually examined, following incubation in the coagulation bath for 20 s.

This process was repeated until the quality of fibre and rate of coagulation (solvent dif-

fusional exchange) decreased. Once it was determined that fibre quality had decreased,

all dope remaining in the syringes was decanted into a measuring cylinder. The quantity

of remaining dope (in ml) was subtracted from the original amount of dope to calculate

how much dope could be spun in 100ml of IPA.

3.7 Fibre Drawing and UV-Crosslinking

The following experiments describes optimisation of methodologies within the post-

spinning-treatment stage of the WS process. The impacts of both extension (drawing)

and UV-crosslinking were investigated simultaneously (Table 3.7). Fibres were spun

using a 21 G needle, with a 0.3 ml/min pumping speed, into a rotating coagulation bath

containing EtOH. Fibres were incubated for 10 seconds before they were loaded into an

Instron 3365 (Oral Biology, St James’ Hospital, Leeds). The internal boundaries of the

fibre clamps were set 50 mm apart so that a 5 cm length of fibre could be drawn. Using
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Table 3.7: Experimental conditions investigating the simultaneous effects of fibre drawing and

UV-curing on fibre properties.

Percentage increase in length during fibre drawing Curing duration (hh:mm)

25 %

50 %

75 %

100 %

00:01; 00:15; 00:30; 00:45

Bluehill Universal Software, the draw speed was set to 25 mm/min and extension was

set to 12.5 mm to allow for a 25% extension from the fibre’s original length. Following

this, fibres were spun under the same conditions as above, and extended by 25mm (a

50% length increase), 37.5 mm (75%) and 50mm (100%) (40 fibres total) (Table 3.7).

10 replicate fibres were produced for each condition. Dry fibres were placed on a dry

glass petri dish and exposed to UV light with a wavelength of 365 nm and an intensity

of 8 mW·cm-2. All fibres were cured for 1 minute. Mechanical testing (Section 3.9) was

carried out on all fibres. This process was repeated four times with the curing duration

increased up to 45 minutes (Table 3.7). The purpose of these experiments was to deter-

mine the optimal drawing and curing conditions, and to compare the uniformity of fibre

repetitions within each condition. In simultaneously investigating the effects of both ex-

tension (drawing) and UV-crosslinking, the author aimed to understand how these two

key processing steps interact to influence the final properties of the Gel-4VBC fibres.

3.8 Optical Microscopy

Craft card (purchased from the University of Leeds Student Union) was cut into 3-6 cm

rectangles, with a 20mm diameter circle cut in the centre of each piece. These rectangle

cards acted as a mounting frame for spun fibres (Figure 3.5). Individual dry fibres were

attached to each rectangle, first with double-sided-tape and reinforced with Sellotape.

Each frame was placed onto the specimen stage of a Leica M205C Light Microscope

(Nonwovens Laboratory, School of Design) and magnified to x50. Digital microscope

images were taken of each fibre. Following this, each mounted fibre incubated in DI

water at 40°C for 5 minutes immediately before reloading them onto the specimen stage
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and reimaging. The fibre diameters (and subsequently, the cross-sectional area) were

obtained using ”ImageJ” software. This was done by using the features ”Analyse > Set

Scale” to calibrate the pixel dimensions to real-world units; followed by ”Analyse >

Measure” to obtain the area and other measurements of the selected fibre diameter. The

water was held at that slightly higher than the human body’s internal temperature, so to

mimic physiological conditions.

3.8.1 Calculating Water Uptake

The swelling index (SI) of the fibres was determined as the percentage increase in cross-

sectional area following to the incubation of the samples with water. The following

equation was used:

SI = 100 ∗ xs − xd

xd

(3.3)

Where SI is the swelling index, xs is the wet diameter, and xd is the dry (original) diam-

eter.

3.9 Mechanical Testing

Following microscopy of wet samples, mounted fibres were re-incubated in DI water for

a further 2 minutes and loaded onto the Instron 5544 (Universal Strength Tester, School

of Design, University of Leeds); using a < 5N load cell. Mechanical testing was carried

out in accordance with section 7 of the ISO 5079:2020 [368]; which dictates for filament

fibres, the distance between the two clamping points (gauge length) should be 20 mm.

This was measured using a caliper. The internal boundaries of the jaws would align with

the circle boundary of the card fibre mounts, which also acted as a protective barrier to

minimise fibre breakage at the clamps. Fibres that broke during clamping were excluded

from results. Once loaded, the gauge length was set to zero on the Bluehill Universal

software. The rate of extension was set to 25 mm/min and would continue to apply ten-

sile load until mechanical failure of the fibre. The rate of extension between the Instron

clamps for both the aforementioned drawing of wet fibres (Section 3.7), and during

mechanical testing were set to the same speed. In maintaining the same rate of exten-
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sion/strain rate during both the wet fibre drawing and mechanical testing stages ensures

consistency in fibre microstructure, deformation behavior, and avoids potential structural

changes, ultimately enabling accurate and reproducible measurement of the mechanical

properties resulting from the specific drawing conditions [182]. The yield point is the

stress value at which a material transitions from elastic deformation to plastic deforma-

tion. It marks the onset of permanent deformation of the fibre. On a stress-strain curve,

this is identified as the region where the curve starts to deviate from its linear progres-

sion. The ultimate tensile strength (UTS) is the highest point on the stress-strain curve

indicating the maximum stress a material can withstand before it deforms/ruptures. Be-

yond this point, the material experiences mechanical deformation and failure.

3.9.1 Stress and Strain

The stress value for each fibre was calculated using Equation 3.4.

σ =
F

A
(3.4)

Where σ is the Stress value (Nm-2 or Pa), F is the applied force (mN) at mechanical

failure, and A is the cross-sectional area (µm2).

The strain value for each fibre was calculated using Equation 3.5.

ϵ =
∆l

l0
(3.5)

Where: ϵ is the Strain value, ∆l is the change in length (mm), recorded as the fibre length

at mechanical failure, and l0 is the original fibre length (mm). Using MATLAB, the

mean stress value for each condition was plotted along the y-axis, and mean strain along

the x-axis. From here the yield point (plastic deformation) and UTS could be ascer-

tained.

The relationship between stress and strain was calculated using the following equation,

E =
σ

ϵ
(3.6)
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Where E is the relationship between stress and strain, σ is the strain value, and ϵ is the

Stress value.

3.10 Wetting and Heating Drawn and Cured Fibres

RWS fibre bundles were investigated using the same methodology set out previously in

Section 3.4. In this experiment, two RWS fibre bundles were spun, dried and cured for

30 minutes in a cure box (Chromato-Vue C-71). Both fibre bundles were weighed as dry

samples, before being incubated in separate water baths containing 200 ml DI water and

placed into a 37°C oven. One bundle was incubated under these conditions for a 24-hour

period, while the second was left to incubate for a 30-day period (one month). Once the

incubation period was up, each bundle was removed from its water bath, excess water

was removed, and the sample was re-weighed in its semi-dry state. A percentage in-

crease in weight was calculated using Equation 3.3.

3.11 Scanning Electron Microscopy

Fibre surface texture was examined using SEM (School of Chemistry, University of

Leeds). Imaging was conducted at a magnification of x40, and image analysis and quan-

tification of fibre diameter distribution were performed using ImageJ software.

3.12 Chapter Conclusions

The WS process has been broken down into four key stages; dissolution, extrusion, co-

agulation, and post-spin treatments; with the view to systematically investigate and op-

timise each of these key stages. The aforementioned experimental methods described

within this chapter were designed in order to answer Objective 3 (Section 1.3) of this

research project, which was to carry out fibre optimisation processes with a view to im-

prove fibre properties and morphology.
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Results and Discussion

4.1 Chapter Introduction

This chapter presents the results of experimental conditions set out in Chapter 3. As pre-

viously discussed, this body of research looks to present the development of wet spun,

UV-cured, functionalised gelatin fibres; building on previous research by Rickman et

al. [307]. The following results are presented in the following order: optimisation of

polymer dope (Sections 4.2 to 4.4), coagulation (Section 4.5), optimisation of WS rig,

(Section 4.6), and post-spin optimisation and analysis (Sections 4.7 to 4.8).

The key objectives investigated in this chapter are to determine the feasibility of (a)

f-gelatin as a bioresceptive material (Objective 2), (b) manufacturing UV-cured Gel-

4VBC filament fibres through WS methodologies at a laboratory-scale (Objective 3),

and (c) conduct a systematic optimisation of the fibre production processes, aimed at en-

hancing the structural and functional characteristics of the resulting fibers (Objective

4).

4.2 2,4,6-Trinitrobenzene Sulfonic Acid Colourimetric

Assay

The TNBS colourimetric assay was used to indirectly evaluate the modification of ly-

sine amino groups in gelatin through the addition of 4VBC. The results of the reaction
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(as specified in Section 3.3.2) indicated successful functionalisation of the PSG to form

gel-4VBC, with functionalisation degrees of 86.74%. TNBS assays were conducted on

different batches of gel-4VBC throughout this project’s duration (results in Table 4.1,

and a mean standard deviation of ±2.59. These results align with research presented in

Hoch et al. [140], Rickman et al. [307] and Tronci et al. [378]. Degree of functionali-

sation was higher in the gel-4VBC presented in this research, in comparison to rat’s tail

T1C-functionalised-4VBC as previously reported in Tronci et al. [377] and Rickman et

al., [307]; and this has been attributed to the thermal denaturisation of the triple helix,

enhancing the polymer’s chemical accessibility [268].

Table 4.1: TNBS colourimetric assay absorbance peaks, where ‘L’ is the Free lysine content and

‘Y’ is the yield of functionalisation. Results shown to three decimal places

Batch Mean F SD (±)

Native PSG 0 2.3.44

Gel-4VBC Batch 1 83.420 2.74

Gel-4VBC Batch 2 89.729 1.83

Gel-4VBC Batch 3 87.06 3.89

4.3 Dope Optimisation

4.3.1 Polymer Dissolution in Acetic and Hydrochloric Acids

Both AcOH and HCl was investigated as potential dope solvents. Rickman et al. [307]

has previously shown the compatibility of AcOH with gel-4VBC when the polymer was

dissolved into a concentration of 17.4mM [307]. Employing a slightly higher molar

concentration, 20 wt.% gel-4VBC was dissolved into 50 mM AcOH. Molar concen-

tration was increased from the methodology proposed in Rickman et al. [307] to con-

trol and prevent the gel dope from congealing and clotting at room temperature. This

dope was compared to a 20 wt.% gel-4VBC dissolved into 50 mM HCl. While HCl has

not been explicitly used as a dope solvent for gel-4VBC, many researchers have used

very low concentrations of HCl to dissolve collagen-based materials in other biomed-

ical applications [187]. No significant difference in dope consistency or later compati-

bility with coagulation solvents (during drop tests or spinning) was detected from a vi-
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sual/handleability perspective. AcOH was ultimately selected for continued use during

this project.

Within the context of producing fibres that would be theoretically safe for use in vivo,

AcOH is relatively biocompatible and can be cleared from the body through normal

metabolic pathways. In contrast, HCl is a strong inorganic acid that would be highly

cytotoxic, corrosive, and incompatible with biological systems. Regarding the manu-

facture of biomaterials for healthcare applications, AcOH is also relatively stable and

can be lyophilized/freeze-dried for long-term storage, making it suitable for commercial

manufacturing and regulatory approval for biomaterials and pharmaceuticals [191].

4.3.2 Photoinitiator: I2959 in Dope vs Coagulation Bath

I2959 was investigated as both a dope component and coagulation solution component.

In Rickman et al., [307] researchers dissolved the curing agent into the coagulation bath,

which held the fibres for an hour during the incubation period. It was found that I2959

could dissolve into both the dope and EtOH. This finding raised questions followup

questions as to whether it might be more beneficial to dissolve I2959 in the dope OR

in the coagulation solvent.

I2959 photoinitiator is a compound that is sensitive to UV light and when activated, ini-

tiates the formation of a chemical crosslink network within the material, in a process

is called polymerisation [373]. As the polymerisation reaction progresses, the material

changes from a liquid or gel-like state to a solid, hardened state. When activated by UV

light, typically at a wavelength of 365 nm, I2959 breaks down into two free radicals: a

benzoyl radical and an alkyl radical [373]. These free radicals react with, and crosslink

monomers or polymers that contain reactive groups, such as methacrylate groups [373],

to form a stable network of crosslinks. I2959 is preferred for biomedical applications

due to its moderate water solubility, low cytotoxicity, and minimal immunogenicity

compared to other photoinitiators [100].

Three methods of integrating I2959 into fibres was investigated. Initially, dissolvabil-

ity of 2 w/v.% I2959 in 10 ml DI water, EtOH and AcOH was established. Following

confirmation of solubility, a water-based curing bath containing 2 wt.% I2959 was ex-
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plored. Gel-4VBC fibres were spun from a gel-4VBC/50 mM AcOH dope into a EtOH

coagulation bath. Following a successful phase transition, fibres were transferred to

a supplementary curing bath containing DI water containing 2 w/v.% I2959. Figure

4.1 shows the quick dissolution of fibres during the curing process when placed in this

water-based curing bath. Following this, 2 w/v.% I2959 was dissolved in EtOH to act as

a single coagulation-curing bath. While this seemed to work, the fast rate of coagulation

(in comparison to findings in Rickman et al. [307]) made it that WS fibres would have

to remain in the coagulation bath for a prolonged duration of time (up to 30 minutes)

during the curing process, causing fibres to over-coagulate and become extremely brit-

tle once removed from the bath. While this process of introducing a PI into the f-gelatin

fibres, was not successful in producing fibres with good handleability, cured fibres dis-

played good wet stability when placed in a water bath for 20 minutes.

Finally, 2 w/v.% I2959 was dissolved into the dope, spun, dried, and cured. This method

enabled the fibre formation and quick removal from the coagulation solvent (prevent-

ing extreme brittleness). This process involved dissolving 2 wt.% I2959 into the dope

(in glassware covered in tin foil so to prevent natural/UV light from prematurely activat-

ing the UV-curing process). Light was further prevented from initiating crosslinks in the

Figure 4.1: (a) Dissolution of gel-4VBC fibres in a water-based curing bath containing 2% wt.%

I2959. Photo taken inside the curing box following 60 seconds of incubation in the curing bath;

and (b) behaviour of fibre bundles spun from a dope containing 20% gel-4VBC in DI water with

no curing (left bath), and 30 minutes in a cure box (right bath). A curing bath of 2% I2959

dissolved into IPA was used to integrate the photoinitiator into the fibres. Scale bar is applicable

for both images.
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gel dope in the syringe as it was covered in the heating sleeve. Following extrusion and

phase transition, fibres would be left to air dry for 5 minutes before being transferred to

a UV-cure box (chromate-Vue C-71, Oral Biology, St James’ Hospital, Leeds), and ir-

radiated at 365 nm for 30 minutes. It was concluded that by integrating I2959 into the

dope (as opposed to the coagulation solution or as a supplementary bath) produced the

highest quality fibres with regards to flexibility and handleability. This is likely due to

the in-situ crosslinking of the fibres during the WS process, which can help stabilise the

fibre structure and improve the mechanical properties, such as flexibility and handleabil-

ity, compared to post-treatment approaches [307]. Integrating I2959 into the dope also

ensures a more homogeneous distribution of the photoinitiator throughout the fibres,

leading to more uniform crosslinking and enhanced mechanical performance [307]. In

contrast, adding I2959 to the coagulation solution or as a supplementary bath after spin-

ning may result in less efficient crosslinking and potentially uneven distribution of the

photoinitiator within the fibres [307].

4.4 Determining Dope thermal and Wet Stability

Photoactive covalent bonding was investigated so to assess the benefits of chemical and

UV crosslinking, both separately, and in combination. As defined in Section 3.4, four

dopes were prepared; the first dope, containing only Native PSG dissolved into 50 mM

AcOH, acted as the control sample. The remaining dopes, Native PSG with 2 wt.%

I2959, gel-4VBC, and gel-4VBC with 2 wt.% I2959 were all dissolved in the same 50

mM AcOH as the control. The two separate samples containing Native PSG with 2 wt.%

I2959 and gel-4VBC sought to assess the stand-alone effects of chemical crosslinking

in comparison to UV-crosslinking. Furthermore, these were used in conjunction for the

final (gel-4VBC with 2 wt.% I2959) sample to evaluate these properties in tandem. Ini-

tially, dry samples (20 mm2 squares, 3 mm thickness) of each dope were placed into

an oven set to 37°C and 60°C ovens and visually assessed every 15 minutes for the first

hour (Figure 4.2). Samples were then incubated for a further 24h and visually assessed.

The 37°C oven was selected as this project focuses on the production of gelatin-based

fibres that can survive within the human body. The 60°C oven was selected to ensure

that the fibres would be able to withstand significantly higher temperatures- proving the
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dope’s feasibility of survival (on a purely chemical level) within the body.

Other than the Native PSG sample (Figure 4.2i) in the 60°C (where a slight softening of

the sample was observed), there was no change between the control dry samples and the

samples incubated at high temperatures for 24h in both ovens. Photographs of all sam-

ples, prior to, and after heating for 24 hours, have been presented in Figure 4.2. It may

be worth noting the differences in surface texture between the samples containing I2959

(Figures 4.2c, d, g, h), and the samples that did not contain the curing agent (Figures

4.2a, b, e, f). Samples containing I2959 exhibited a rougher, matte surface quality and

appeared to be opaquer in appearance. As the samples containing no I2959 were translu-

cent in appearance, this opacity may indicate the formation of crosslinks, as these sam-

ples had already gone through the UV-crosslinking process. As could be expected, both

samples containing gel-4VBC (Figures 4.2a, b, c, d) were more saturated in colour

when compared to the native PSG. This is due to the yellow colour of chemical 4VBC,

which binds to the gelatin molecule during the functionalisation process. As shown in

Figure 4.2, no colour change was observed in any sample following heating, regardless

of duration or oven temperature, indicating dry stability across all four samples.

This body of research, however, looks to produce gelatin fibres that would be stable

within the human body. To mimic this in vitro, all samples were incubated in 10ml DI

water and returned to their respective ovens. Findings of this experiment have been

presented in Figure 4.3. After 15 minutes, no real changes were observed in the 37°C

oven in any sample; however, significant dissolution of the gel-4VBC (Figure 4.3c)

and Native PSG (Figure 4.3k) samples were observed in the 60°C oven after only 15

minutes. During this initial 15 minutes, sample thickness had decreased the most in the

native PSG (Figure 4.3k, 60°C), followed by the gel-4VBC (Figure 4.3c). Similar find-

ings were found in the dopes containing no I2959 in the 60°C oven. For each sample,

5 thickness measurements were taken in mm with digital calipers, and the mean was

calculated. These mean thicknesses have been presented in Table 4.2. Due to the disso-

lution of I2959 into the dopes, the gel-4VBC + 2% I2959 and the native PSG + 2% wt.%

I2959, were the least affected by heating in both the 37°C and 60°C ovens.
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Figure 4.2: Images showing change in surface texture of dry gelatin samples after incubation.

4.4.1 Native PSG Control Sample

As the control dope, the native PSG polymer reacted poorly to wet heating in both oven

temperatures. Of all samples heated to 37°C, the native PSG sample has the most signif-

icant decrease in thickness after 15 minutes (-0.249 mm from original thickness) and

greater still after 60 minutes (-0.681 mm from original thickness). At 37°C, general

structural integrity was maintained after 60 minutes, however the reduction in thickness

indicated significant dissolution of the gel into the surrounding water. Similarly, to the

sample heated to 37°C, the sample heated to 60°C experienced the most considerable

decrease in thickness after 15 minutes (-0.9 mm from original thickness) and 60 minutes

(-2.54 mm from original thickness). The sample had also completely stuck to the plastic

sheet after 60 minutes and had returned to its liquid gel-state (in comparison to samples

containing a UV-crosslinking agent, which were able to maintain their solid state). The

high susceptibility of native PSG to water and thermal degradation is likely due to the

lack of free radicals (that can form covalent bonds between gelatin chains) or aromatic

rings, present in further enhancing the thermal and water stability of the material.

4.4.2 Effect of 4VBC Crosslinking Only

In the gel-4VBC heated to 37°C (Figure 4.3a), some slight puckering was observed

around the edges of the sample and some dissolution (indicated by a slight-yellowing
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Table 4.2: Wet sample thickness measurements in mm to 3 decimal points.

Sample
Starting

thickness

00:15

incubation

at 37°C

01:00

incubation

at 37°C

00:15

incubation

at 60°C

01:00

incubation

at 60°C

Gel-4VBC 3.003 3.001 2.871 2.498 1.674

Gel-4VBC,

2 wt.% I2959
3.004 3.004 3.003 3.004 3.002

Native gelatin 3.005 2.756 2.324 2.105 0.465

Native gelatin,

2 wt.% I2959
3.004 3.002 2.997 2.994 2.898

of the surrounding water) was evident; however, there was no real change in overall

thickness (-0.002 mm). The sample developed a tacky surface following 60 minutes

incubation at 37°C, however the sample still maintained overall form. When heated to

60°C (Figure 4.3c), a reduction in thickness of 0.505 mm was observed (when com-

pared to the original thickness taken at room temperature) in the first 15 minutes. Af-

ter 15 minutes of incubation at 60°C (Figure 4.3c), a reduction of 0.505 mm thickness

was observed (when compared to the original thickness taken at room temperature). As

could be expected, after 15 minutes, the sample in the 60°C was evidently dissolving at

a faster rate than the sample incubated at 37°C (Figure 4.3a).

The sample dissolved at a faster rate when compared to the sample at the same time step

in the 37°C oven, had become fixed to the plastic sheet it was placed on, and an air bub-

ble had started to form. Following 60 minutes incubation, significant bubbling of the

surface was evident, and a considerable amount of the sample had dissolved into the sur-

rounding water. The sample’s thickness had reduced by a further 0.824 mm (-1.329 mm

total reduction) and could not be removed from the sheet without damaging the sample

further. Overall findings of the gel-4VBC sample indicates that chemical crosslinking

(4VBC onto the gelatin) alone is not sufficient for a dope/gel to withstand the physiolog-

ical conditions present within the human body. For each sample, 5 thickness measure-

ments were taken in mm with digital calipers, and the mean was calculated.
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Figure 4.3: Wet gelatin samples after 15 and 60 minutes.

4.4.3 Effect of UV-Crosslinking Only

To investigate the sole effects of UV-curing, 2 wt.% I2959 was dissolved into a dope

containing native PSG and 50 mM AcOH. As no chemical crosslinking of the gelatin

polymer had been carried out, this sample was not expected to be wet stable at increased

temperatures; however, proved to be the second-most successful sample after gel-4VBC

+ 2 wt.% I2959. In the 37°C oven, no significant differences in thickness were observed

after 15 minutes (-0.002 mm), and only a reduction of -0.007 mm after 60 minutes.

Structurally, the sample remained intact throughout the experiment and did not stick to

the plastic surface as opposed to the gel-4VBC and Native PSG samples.

In the 60°C oven, a reduction of -0.01 mm was observed after 15 minutes at 60°C and
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a further -0.096 mm after 60 minutes (totalling -0.106 mm). After the 60 mins heat-

ing, however, the sample was significantly tackier in comparison to the gel-4VBC + 2

wt.% I2959 sample; and while the sample had not become fixed to the plastic sheet (as

with the case of the two dopes not containing I2959), it was slightly sticker than the gel-

4VBC + 2 wt.% I2959 sample.

4.4.4 4VBC/UV Combination Crosslinking

Both forms of polymer crosslinking were investigated in tandem in the final dope sam-

ple. Here, 2 wt.% I2959 was dissolved into a dope containing 20 w/v gel-4VBC in 50

mM AcOH and cured for 30 minutes. After 60 minutes in the 37°C oven, A reduction in

thickness of only -0.001 mm was observed. This change in thickness was not deemed to

be a significant, indicating good wet and thermal stability. No dissolution of the gel into

the surrounding water was observed at any point.

No significant changes were observed between the sample heated to 60°C and the sam-

ple heated to 37°C. Even after 60 minutes at the higher temperature, no dissolution or

reduction in structural integrity was observed. In both ovens, the sharp edge (produced

from slicing the samples with a medical-grade scalpel, St James’ Hospital, Leeds) was

maintained, proving the preservation of shape. A reduction in thickness of -0.002 mm

was observed in the sample heated at 60°C for 60 minutes. This was not deemed a sig-

nificant reduction. Unlike the sample containing native PSG and I2959, the combination

sample (gel-4VBC + 2 wt.% I2959) did not present any change in surface texture as a

result of thermal degradation. This stability under the applied conditions was exempli-

fied by the gel-4VBC + 2 wt.% I2959 sample’s ability to maintain a distinctive bound-

ary edge (Figure 4.3e, f, g, h), whereas the samples that had only undergone chemical

crosslinking (Figure 4.3a, b, c, d) and the control samples (Figure 4.3i, j, k, l) pre-

sented significant dissolution around the sample boundaries. This shape integrity was

also observed in the native PSG + 2 wt.% I2959 sample to an extent.

4.4.5 Discussion on Dope Characterisation

Findings indicate that chemical functionalisation of gelatin is not enough to enable both

wet and thermal stability. Within the context of this research, these are imperative qual-
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ities in ensuring the survival and longevity of WS gelatin fibres within homeostatic con-

ditions. The wet/thermal stability of the native PSG + 2 wt.% I2959 was a surprising

result as it was previously hypothesised that the polymer would be somewhat unstable

due to the hydrophilic nature of the material. As previously mentioned, when exposed to

UV light, I2959 binds the polypeptides via photo-crosslinks which create a network that

traps and immobilises water molecules, rendering the gelatin water-insoluble. Overall,

both dopes containing I2959 were the least affected by wetting and heating (in terms of

overall resulting thickness), with the gel-4VBC polymer generally performing the best

under the set conditions.

4.5 Dope Compatibility with Coagulation Solutions

This section of results specifically focuses on optimisation of the chemical solutions

used in the dope and coagulation bath. Chemical compatibility plays a critical role in

WS for several reasons. Firstly, compatibility between the dope solvent and the solvent-

non-solvent (coagulant) influences the coagulation process, ensuring that the transition

from a liquid solution to solid fibres occurs efficiently and produces the desired prop-

erties. Secondly, it enables control over the phase transition that occurs during coagu-

lation, preventing any undesirable chemical reactions or by-product formation as the

solvent in the polymer solution rapidly exchanges with the non-solvent in the coagula-

tion bath. These factors collectively contribute to the production of biopolymer fibres,

the efficient use of materials, and the safety of the manufacturing environment in WS.

4.5.1 Drop Tests: Varying Polymer Concentrations in Coagulation

baths

Drop tests carried out using both 10% and 20% w/v Gel-4VBC in AcOH in three coag-

ulation bath solutions. These have been specified in Table 3.4, following the method-

ology set out in Section 3.5.1, and results have been presented in Table 4.3. A 0.2 ml

pipette tip was fixed to a 15 ml syringe containing the dope; and single droplets were

allowed to form and fall into each coagulation bath (room temperature). Coagulation

was timed from the point of the drop hitting the bath and was judged visually and physi-

cally (using point-tipped tweezers). The initial formation of gel droplets is characterised
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by the formation of a dope droplet in a semi-gelled, but reversible state. These semi-

coagulated droplets, once removed from the coagulation bath, revert to a fully gelled

state because their structural integrity relies on the presence of the non-solvent bath. Un-

der room temperature conditions, it was difficult to form a solid dope droplet in the salt-

based bath as described by Rickman et al. [307]. The results from this experiment show

that while the polymer did not disperse out into the bath (remaining somewhat intact),

no successful phase transition (gel-sol) was achieved, indicating a reversible-gelation

state. The results of these drop tests are depicted in Figures 4.4a and 4.4d. Both EtOH

and IPA produced quick gel-sol reactions in droplets for both polymer w/v conditions.

Droplets appeared to shrink more when 10 wt.% gel-4VBC was used as opposed to the

higher polymer wt. dope in both the IPA and EtOH coagulation baths. This is likely due

to a larger quantity of solvent (50 mMAcOH) undergoing diffusional exchange. No dif-

ference was observed when the same wt.% dope was used in IPA or EtOH. The author

theorised this similarity in drop test results to be likely due to the chemical similarities

in between the two solvents. EtOH and IPA are both alcohol compounds that share simi-

lar commercial uses, including being solvents, disinfectants, and having antiseptic prop-

erties [24][134]. They both evaporate quickly, are flammable, used in pharmaceuticals,

and possess polar properties (allowing them to function as dehydrating agents) [253].

In addition, both substances are similar in chemical structure: C2H5OH (EtOH) and

C3H7OH (IPA).

Overall, the results of the drop tests indicate that both IPA and EtOH are very effective

as coagulant solvents. Upon visual and physical examination of dope droplets, no differ-

ences in characteristics, size, shrinkage, hardness, etc. could be detected. In contrast to

findings by Rickman et al. [307], the salt-based coagulation bath (Figure 4.4a and 4.4d)

did not produce successful droplets, indicating that a gel-sol phase transition could not

be achieved within a 5-minute incubation period. Coagulation times have been presented

in Table 4.3, showing the differences in droplet formation and coagulation time at RT

and on ice. In the salt bath (20% PEG 8000, 80% 0.1M PBS solution 20 wt.% NaCl) a

solid 10% Gel-4VBC did not form, even after being left to coagulate for longer than 5

minutes (300s) (Figure 4.4a); while it took the 20% Gel-4VBC sample 08.98s for a gel
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droplet to form, however, was not fully coagulated following 300s incubation (Figure

4.4d).

Table 4.3: Mean time taken (seconds, s) for a gel droplet (20% w/v Gel-4VBC) to form in each

coagulation bath held on ice.

Sample Rickman et al., 2019 EtOH IPA

10% Gel-4VBC n/a.

11.18s (±1.89) for

a gel droplet to form;

25.24s (±2.72) to fully

undergo gel-sol

10.34s (±2.35) for

a gel droplet to form;

27.51s (±3.52) to fully

undergo gel-sol

20% Gel-4VBC
208.98s for a gel droplet

to form. No full gel-sol

6.42s (±0.29) for

a gel droplet to form;

16.17s (±2.03) to fully

undergo gel-sol

5.96s (±0.74) for

a gel droplet to form;

18.47s (±1.59) to fully

undergo gel-sol

It should be noted the time taken to form a droplet in the salt-bath was halved when the

bath was cooled over ice (208.98 s to 104.23 s), however in both instances, no full coag-

ulation reaction was achieved when the droplet was removed from the coagulation bath.

These times are significantly longer than those recorded using an EtOH bath. As can be

extracted from Table 4.3, a full gel-sol coagulation reaction could be achieved in less

than 20 seconds using an EtOH bath at RT, and less than 10 seconds when the tempera-

ture was further reduced.

4.5.2 Effect of Coagulation Bath Temperature on Rate of Phase

Transition

In a second experiment, the effect of decreasing the ambient temperature of the coagula-

tion bath was considered to investigate the impact on coagulation speed. For this experi-

ment a 20 wt.% gel-4VBC dope was prepared in following with the procedure set out in

Section 3.5.2. Two coagulation baths were prepared; the salt-based bath as described in

Table 4.4 and EtOH and placed in an ice bath 20 minutes prior to the experiment. The

ice bath was replenished, when necessary, throughout this process. The mean coagula-
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Figure 4.4: Wet gelatin samples after 15 and 60 minutes.

tion times have been set out in Table 4.4. These findings show a significant reduction in

mean coagulation time of gel droplets because of the decreased bath temperature.

Table 4.4: Mean time taken (seconds, s) for a gel droplet (20% w/v Gel-4VBC) to form in each

coagulation bath held on ice.

Bath
Room temperature (18°C) On ice (2°C)

Gel-droplet

formation

Full gel-sol

transition

Gel-droplet

formation

Full gel-sol

transition

Rickman et al., 2019 208.98s n/a 104.23 n/a

EtOH 6.42s (±0.29) 16.17s (±2.03) 3.98 (±1.64) 9.81 (±1.51)

4.5.3 Feasibility of Fibre Spinning (Manual Pipetting)

Drop tests indicated that EtOH (on ice) was the most successful coagulation bath solu-

tion, however as there is minimal literature on WS gel-4VBC fibres, the author felt it

important to continue using the salt-based coagulation solution (as presented in Rickman

et al.[307]) to act as a direct comparison. To prove the feasibility of WS of gel-4VBC,
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dope (20 wt.% gel-4VBC polymer, 2% w/v. I2959) was pipetted into the two coagu-

lation solutions (held in an ice bath) using the manual pipette (Figure 3.4) and left to

coagulate. The maximum time each fibre spent in the coagulation was up to 5 minutes.

Findings echoed results presented in Section 4.5.1; fibres pipetted into the salt-based

bath (Figure 4.5) did not fully coagulate, and after 5 minutes, could not be removed

from the bath without reverting to a liquid state. Interestingly, the fibres spun into the

salt bath displayed an affinity to the glassware that contained the coagulation solution.

Fibres spun would migrate towards the edges of the glassware, making it difficult to re-

move any polymer without damaging the semi-coagulated fibre. While a fibre shape was

formed in the salt-based bath, it quickly returned to its liquid state if removed from the

non-solvent. As expected, fibres pipetted into the EtOH bath coagulated quickly and

could be removed from the bath after 60 seconds while maintaining form; indicating

successful gel-sol transition within a quick time frame. These findings are positive in

terms of scaling-up fibre production as coagulation speed had been reduced from a 60-

minute incubation period [307] to roughly 30 seconds.

Figure 4.5: 20% gel-4VBC dope fibres spun into coagulation baths containing 20% PEG 8000,

PBS solution and 20 wt.% NaCl; and EtOH.
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4.5.4 Plasticisers

This methodology was also employed to trial dope containing different molecular weights

(MW) of PEG (8000 and 400). PEG was explored as a potential plasticiser to improve

fibre flexibility and handleability and was selected due to its compatibility with PSG as

shown in Rickman et al. [307]. PEG 8000 was initially investigated as it was the molec-

ular weight (MW) investigated as a potential coagulant in work published by Rickman et

al. [307]. In its powder form, this MW significantly increased the viscosity of the dope

to the extent that it was extremely difficult to expel from the syringe. A lower MW of

the plasticiser (PEG 400) was investigated to improve fibre plasticity, without increas-

ing dope viscosity. The PEG was in a liquid state after a short period of heating, and so

could be easily amalgamated with the gel-4VBC/I2959 dope as previously specified.

Both dopes were manually pipetted into a coagulation bath containing EtOH held at

2°C. Figure 4.6 presents WS fibres containing 5% w/v (a) PEG 400 and (b) 8000 re-

spectively after a 3-minute incubation in the EtOH coagulation bath. The rate of coagu-

lation was considerably slower in the dope containing PEG 8000 than in the lower MW.

Figure 4.6: WS fibres containing (a) 5 wt.% PEG 400 and (b) 5 wt.% PEG 800, and spun into a

coagulation solution of EtOH held over ice, and (c) 5 wt.% PEG 400 following submersion in DI

water for a period of 5 minutes.

Regardless of the MW of PEG, the fibres displayed irregular morphologies. This irreg-

ularity in fibre morphologies is attributed to the merging of fibres on top of each other

during the WS process. This prevented untangling if fibre bundles without the risk of fi-
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bre damage or breakage, as well as surface buckling and collapse of the fibre structure.

This could lead to variations in the appearance and properties of the fibres. Some of the

fibres exhibited flattened, ribbon-like morphologies, indicating that the dope solvent (the

solvent used in the fibre-forming gelatin solution) rapidly diffused out of the fibres, lead-

ing to this specific morphology.

Both samples (fibre/ribbon bundles) were cured for 30 minutes. It was assumed that

these fibres would remain intact when placed in an aqueous bath (as I2959 has pre-

viously been demonstrated (Section 4.4) to improve wet stability of gel-4VBC dopes

and fibres). PEG’s high solubility in water, however, meant that fibres dissolved rapidly

when placed into a water bath (room temperature). Pictured in Figure 4.6c is the out-

come of placing fibres spun with a dope containing 5% w/v PEG 400.

4.5.5 Discussion on Drop Tests and Chemical Compatibility

Through these initial optimisation studies, several key decisions have been made to en-

hance the efficacy of the process. Dope optimisation studies have led to the selection

of a 20% gel-4VBC dope solution, which is notably enhanced using a 50 mM AcOH

solvent in cooler ambient temperatures. Furthermore, to ensure precise control over the

coagulation process, an EtOH coagulation bath maintained at 2°C within an ice bath

has been chosen. This low-temperature environment is expected to promote the efficient

solidification and formation of fibres, ultimately contributing to the formation of fibres

with a quicker rate of coagulation, in comparison to earlier literature. Regarding earlier

work by Rickman et al. [307], the long coagulation time (incubation for 60 minutes, fol-

lowed by a further 60-minute incubation in a wash bath) limits the scaled-up production

of these fibres. In addition, the incubation period limits the maximum length of fibre that

can be spun at one time, as fibre length and morphology will be largely governed by the

physical dimensions of the coagulation bath container.
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4.6 Optimisation of Gel-4VBC Fibres and Lab-Scale

Wet Spinning Rig

The following section focuses on the optimisation of the WS rig. Following early chem-

ical optimisation, the dope used was a 20 wt.% gel-4VBC polymer dissolved in 50 mM

AcOH, and the coagulation bath was EtOH held at 2°C in an ice bath. Optimisation of

the physical WS set-up is imperative the production of high-quality fibres, as well as en-

suring uniformity and reproducibility. This plays into this project’s focus of improving

fibre production productivity in attempt to determine feasibility of scaled-up gel-4VBC

fibre spinning. The following experiments look to fulfill Objective 3, to determine the

feasibility of manufacturing UV-cured Gel-4VBC filament fibres through WS method-

ologies at a laboratory-scale.

4.6.1 Needle gauge

The needle gauge, or the diameter of the needle used in WS, is an important parame-

ter that can significantly impact the process and the properties of the resulting fibres.

Fibres were spun using 16G, 18G and 21G luer lock needles fixed to a 24 ml syringe,

and pumped at 0.6 ml/min. Without tensile testing, fibres spun with the narrower gauge

needle (21G) exhibited good handleability and flexibility in comparison to the larger

gauges. Fibres spun using a 16G lumen required a longer coagulation period and were

brittle when handled. This is likely due to uneven coagulation through the fibre’s cross

section due to the larger circumference. From this optimisation, a 21G needle was se-

lected for further use in the optimisation of the rig. The reduction in needle hole size

(from 16G to 21G) resulted in significant differences in fibre mechanical properties,

which can be attributed to the reduced internal diameter of the extrusion nozzle, leading

to higher internal die pressure and increased shear forces on the extruded dope. These

factors likely contributed to greater molecular chain alignment and a reduction in fibre

diameter. Die swelling (also referred to as the Barus effect) is characterised by a change

in the elastic modulus (stiffness) when a liquid long-chain polymeric material is sub-

jected to a sustained or static deformation, such as during extrusion from a WS nozzle

(needle) [283][263][246].
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Die swelling, known as the Barus effect, manifests when a liquid long-chain polymer

like a polypeptide solution is compelled through a narrow passage, exemplified by a

needle. While within the syringe, the molecular chains adopt a spherical configura-

tion, however as it passes through the smaller internal diameter of the needle, flow rate

accelerates, causing the chains to disentangle due to the shear stress. Subsequently, as

the polymer exits the needle, the flow rate decelerates, and the chains re-establish their

spherical organisation, leading to a swelling of the polymer solution. This results in

the production of fibres with diameters slightly larger than that of the needle’s internal

cross-section. The diameter of the needle can impact the rate at which the spinning solu-

tion is extruded.

4.6.2 Pumping Speed

A larger needle gauge may allow for a higher flow rate, potentially leading to faster pro-

duction. However, this must be balanced with other factors such as the quality and uni-

formity of the fibres. Following selection of a 21G needle, a compatible pumping speed

was investigated. The dope pumping speed directly influences the rate at which the poly-

mer solution is extruded or pumped through the needle. The ability to control the flow

rate is crucial for ensuring uniform fibre properties and dimensions. Through spinning

trials, significant back pressure of the dope on the syringe was found to occur at pump-

ing speeds over 2:00 ml/min, resulting in inefficient fibre formation, and significant dope

wastage. From this finding, slower pumping speeds, between 0.3 and 1.5 ml/min, were

trialled (Table 3.6). A successful pumping speed would be represented by a continuous

dope flow into the coagulation bath without the formation air bubbles, or gaps in flow.

Ultimately a pump speed of 1.2ml/min was selected as this facilitated the production of

continuous filament fibres within the coagulation bath. The speed selected was signif-

icantly higher that previously reported in literature [307]. As mentioned in Chapter 3,

the increased polymer wt.% (20 wt.% gel-4VBC) from the 15 wt.% originally stated in

Rickman et al. [307]. While increasing the amount of polymer dissolved into the dope

during wet spinning has a significant impact on the flow speed through the needle; as the

increased viscosity generally results in higher resistance to flow, and therefore slower

extrusion rate. However, many polymer solutions (such as gelatin) exhibit shear thinning
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behavior, where the viscosity decreases as the shear rate increases; partially offsetting

the effects of higher viscosity and allow for higher flow speeds at elevated polymer con-

centrations [334][447](Shirvan et al., 2022; Zhang et al., 2024)

Evidence from multiple sources in literature have confirmed that gelatin-based dopes,

including native gelatin and Gel-MA, exhibit shear thinning behaviors during WS and

other extrusion methodologies [286][211][307]. This shear thinning allows the dopes to

flow more easily through the narrow nozzle or spinneret at higher shear rates, as the flow

properties of gelatin solutions are not linearly proportional to the applied shear force

[148]. While the literature does not specifically refer to 4VBC-functionalised-gelatin,

we can infer that the gel-4VBC used in these studies, would exhibit similar properties.

4.6.3 Rotational Drawing

Due to lack of equipment (specifically an automated drawing component), it became

very difficult to produce WS fibres of a decent quality when using a conventional (CWS)

bath set up (as shown in Figure 2.7). To overcome this, a RWS process was adopted (il-

lustrated in Figure 2.8). In this methodology, the syringe was placed vertically into a

rotating coagulation. Rationale behind this method was that the effect of rotation on the

dope would aid in aligning the polymer fibres along the fibre’s length (in the longitudi-

nal direction), assisting in improving phase separation and fibre formation, as well as in

achieving a more uniform fibre morphology. Long fibres (Figure 4.7a) were spun con-

tinuously into a rotating coagulation bath and compared to a fibre spun using a conven-

tional bath set up (Figure 4.7c); this fibre was spun until it the fibre naturally broke from

the needle (due to constraints imposed by coagulation bath dimensions). Both RWS and

CWS were spun under the same parameters (needle gauge, pumping speed, coagulation

bath temperature, dope composition, temperature); and all samples were produced on

the same day so to ensure comparable ambient conditions.

As is evident from Figure 4.7, a far higher yield of fibre could be attained using a RWS

set-up in a single continuous spin. This is likely due to the slight draw-effect produced

by the forces of the coagulation solution’s rotational motion. No further drawing of ei-

ther fibre was carried out so to best examine the effects of RWS-induced-drawing.
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SEM imaging (Figure 4.8) was taken of the fibre samples presented in Figure 4.7b

and Figure 4.7c to compare surface qualities. Visually, Figure 4.8a (CWS) exhibits a

slightly rougher surface texture, as opposed to Figure 4.8b (RWS), where fibres, while

more varied in degree of surface grooving, are smoother. A key reason for the variation

in surface grooving in Figure 4.8a could be slight variations in fluid movement during

rotation. It was hypothesised that similar fibre attributes could be produced through ap-

paratus mechanisms that produce a slight draw of the fibre as it initially enters the coag-

ulation bath.

Regarding scalability, it is difficult to predict how RWS could be adapted to facilitate

mass production of fibres, without increasing the time spent in the coagulation bath.

One suggestion could be by inducing some sort of movement of the coagulation fluid,

as within the methodology presented in this body of research, it was the physical move-

ment of the ethanol (in a circular motion) that applied a slight draw to the fibres. Here,

distinct differences in fibre morphology at the same SEM-zoom are visible.

4.6.4 Spin Duration (Fibre Bundles)

An estimated total continuous fibre length (prior to drawing) of 47.75m could be spun

from a filled syringe containing 24 ml dope. To calculate this, a uniform cylindrical fibre

length with a diameter of 0.8 mm (corresponding to the internal diameter of the 21G

needle) was assumed, and a constant flow rate of 0.6 ml/min was applied. At this flow

rate, the total time to spin this quantity of dope was estimated to be 40 minutes. Taking

Figure 4.7: (a) RWS fibre bundle during the coagulation phase; (b) dry RWS fibre bundle

following a 30-minute cure period; and (c) CWS fibre, wound around a test tube and left to dry.
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Figure 4.8: SEM photographs at X40 zoom of (a) WS fibre (non-rotary), and (b) RWS fibre

bundle spun on ice. Both samples were spun using 21G needle.

these findings, it could be estimated that in a 60-minute period, a total potential fibre

length of 71.62m could be produced with the same diameter.

From a materials perspective, to produce this length of fibre, the quantities of polymer

and dope solvent would be 7.2 ml and 28.8 ml, respectively in order to produce the 36ml

dope required to spin for a full hour. When taking drawing processes into account, to-

tal length of fibre produced in a 60-minute period will increase in accordance with the

draw speed. A fibre length of 71.62 m, drawn with an extension of 50%, will give a to-

tal potential fibre length of 107.43m that could be spun in a 60-minute period. While

these equations do not consider other extenuating factors (such as rotary speed, poten-

tial Barus effect), these do give a good indication of the potential of scaled up gel-4VBC

production.

4.6.5 Effect of Heat Difference Between Dope and Coagulation So-

lution

This project clearly demonstrated that when working with a thermally sensitive poly-

mer like gelatin, ambient temperature significantly affects various aspects of the exper-

iments. Gelatin has a relatively low gelation temperature, which is close to room tem-

perature, and one issue that arose was that of needle blockage, cause by the liquid dope

congealing when removed from the hot plate (following the dissolution step). When a

gelatin solution is heated and then allowed to cool, it undergoes a phase transition as it
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approaches its gelation temperature, where molecules lose kinetic energy, allowing them

to form a solid network structure. During this process, the individual gelatin molecules

reorganise and entangle, forming a 3D polymer chain network, resulting in the congeal-

ing of the solution. This became an issue during the colder months when the ambient

temperature (within the laboratory) was decreased. This was overcome through the pre-

viously mentioned electric heating sleeve (purchased from Science Warehouse) used to

hold the syringe (containing gel dope) at a consistent temperature (65°C) during the WS

process.

Prior to this the effect of cold coagulation bath was investigated on the RWS of gel-

4VBC. Fibre bundles spun on ice, shown in Figure 4.7 and Figure 4.8 were compared

to fibre bundles spun at room temperature (Figure 4.9). As before, samples depicted in

Figure 4.8 and 4.9 were spun on the same day to maintain similar ambient conditions.

As is evident, while some fibres are visible, the bundle in Figure 4.9 failed to fully form

and appear to have melted into one another (to a degree). Individual fibres appear less

cylindrical and flatter, and a large solid ring of coagulated dope is visible around the

outer edge of the SEM image. The SEM images indicate that the rate of coagulation is

significantly impacted by the temperature of the coagulation bath. The conclusion that

the rate of coagulation increases as coagulation bath temperature decreases was drawn

from these findings. The author notes that spinnability was highly affected by ambient

temperature, and spinning over ice allowed for a degree of controllability on the exter-

nal environment in which this laboratory work was carried out. It would be of benefit

to spin these fibres in a temperature/humidity-controlled environment, however due to

constraints, could not be facilitated through this body of research.

The benefits of maintaining the dope at a temperature above that of gelation, minimised

needle blockage, and enabled a longer consistent spin duration. In addition, the increased

dope temperature (combined with the decreased coagulation solution temperature), in-

creased the thermal difference between object (dope/fibre) and environment (coagulation

bath), which impacts the rate of cooling. As the temperature difference between the two

components was increased, the speed at which the fibre cooled and solidifies (within the

bath) did also.
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Figure 4.9: SEM photographs at X40 zoom of Rotary WS fibre bundle spun at room temperature.

4.6.6 Discussion on Rig Optimisation Processes

Through optimisation of the laboratory-scale spinning rig, several key decisions have

been made to improve the effectiveness and productivity of the process. Firstly a 21

G needle was selected as the most effective needle gauge/internal diameter. It should

be noted that this was the smallest diameter that the author could ascertain throughout

this project. For this reason, it could be that an even smaller gauge (22 G +) could result

in better fibres, opening some scope for further research. The heating sleeve (enabling

the dope to be maintained at a temperature above that of gelation) was also found to

be extremely successful in improving productivity and efficiency of the spinning pro-

cess, while aiding in reducing frequency of fibre breakage through the reduction of nee-

dle blockage. A 0.6 ml/min pumping speed proved to provide a consistent dope flow

through the needle and into the coagulation bath without causing air bubbles or gaps in

the gel stream. In addition to this, the flow rate was too high to the point that excessive

back pressure caused the syringe to leak or break.
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The wet spinning methodologies have been successfully implemented at a laboratory

scale to manufacture UV-cured Gel-4VBC filament fibers. This achievement showcases

the feasibility of producing these specialised fibers using the WS techniques, opening up

opportunities for further research and development in this area.

4.7 Drawing and Curing

The following experiments investigate the combined effect of fibre extension (drawing)

and UV-curing duration on fibre morphology and mechanics. Fibre development in this

section builds on the previous results discussed in this body of research by investigating

the fourth step of the WS process; fibre collection and post-spin treatments. Short fibres

(of roughly 100 µm) were spun using the WS conditions defined in Section 4.4 and 4.5.

Once coagulated, fibres were transferred to an Instron 3365 (Figure 4.10) (Oral Biology,

St James’ Hospital, Leeds) and extended to a pre-determined length (prior to the fibre

drying). The gauge length, referring to the distance between the clamping points was set

to 50 mm (measured with digital calipers). This gave each WS fibre an initial length of

50 mm. The four drawing conditions were 25%, 50%, 75% and 100% of original length,

giving final fibre lengths of 62.5mm, 75mm, 87.5mm, and 100mm, respectively. Once

drawn, fibres were left to dry while still clamped in the Instron, so to prevent potential

recoil or shrinkage of the fibre’s length back to its original. Dry fibres were then trans-

ferred to a Chromato-Vue C-71 and irradiated at 365 nm for a pre-defined period (stated

previously in Table 3.7).

Findings indicate that the drawing process can impact the molecular chain alignment

and orientation, while the UV-crosslinking step can further stabilise the fiber structure

and enhance its mechanical and thermal properties

4.7.1 Water Uptake and Fibre Swelling

WS fibres underwent UV-curing and were assessed regarding their ability to absorb

liquid- so to examine fibre properties in a near-physiological environment. This property

is especially relevant for applications in the medical field, such as that of tendon recon-

struction, where wound exudate production can reach significant levels, and for tissue

89



Chapter 4

Figure 4.10: Process of drawing fibres using the Instron 3365 to control and measure the rate of

extension to a pre-defined limit.

scaffolds where nutrient and waste exchange is influenced by the surrounding medium.

The degree of swelling (indicative of water uptake) was calculated as a percentage in-

crease in cross-sectional diameter (presented in Table 4.5 and Figure 4.11). A general

trend in that the degree of water uptake decreased as duration of UV-curing increased

was concluded. Calculated as the mean increase in diameter from each curing condition.

In fibres (regardless of draw length) cured for one minute, a mean % increase of 32%

was calculated. When compared to fibres cured for 15 minutes, 30 minutes and 45 min-

utes, % increase values of 18.8%, 11.3%, and 6.9% respectively were obtained. These

findings show a linear association between cure duration (crosslink network) and fibre

swelling.

UV cross-linking can reduce gelatin swelling due to the formation of a crosslink net-

work between gelatin polypeptide chains. During this chemical reaction, high-energy
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Table 4.5: Table showing the mean diameters of dry fibres versus the mean diameters of wet

fibres with their resultant water uptake as indicated by the percentage increase in width.

Sample
Mean dry

diameter (m)

Wet dry

diameter (m)

Water uptake

(% increase)

25% D, 1 min C 212.6 246.8 35.3

50% D, 1 min C 179.0 206.3 32.9

75% D, 1 min C 138.0 158.7 32.2

100% D, 1 min C 112.5 127.0 27.6

25% D, 15 min C 217.8 244.8 26.3

50% D, 15 min C 187.7 207.0 21.7

75% D, 15 min C 146.7 158.5 16.7

100% D, 15 min C 118.3 124.3 10.4

25% D, 30 min C 234.7 253.3 16.5

50% D, 30 min C 170.7 180.4 11.8

75% D, 30 min C 160.8 168.5 9.9

100% D, 30 min C 125.5 129.8 7.1

25% D, 45 min C 218.7 228.2 8.9

50% D, 45 min C 195.4 201.0 5.8

75% D, 45 min C 153.4 157.9 5.9

UV light initiates a reaction that results in the formation of covalent bonds (crosslinks)

between adjacent gelatin polymer chains. These cross-links create a network structure

within the gelatin, enhancing the overall structural robustness of the gelatin network.

In-turn, this reduces the permeability of WS fibres is diminished, reducing the ability of

water molecules to penetrate and swell the fibre when exposed to aqueous environments.

4.7.2 Varying Extension

Tensile testing of drawn fibres revealed surprising results. Overall, mean strain for the

four draw conditions; (regardless of cure duration or extension length) 25%, 50%, 75%,

100%, were 1.3, 1.2, 0.9, and 1.1 respectively. These findings indicate that the high-

est mean strain was found in fibres extended by 25%. This was a surprising finding, as
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Figure 4.11: Optical microscopy images showing comparisons between dry and wet fibres in the

following conditions: (a) 25% draw, 30 minute cure; (b) 50% draw, 15 minute cure; (c) 100%

draw, 30 minute cure; (d) 50% draw, 1 minute cure; (e) 75% draw, 15 minute cure; (f) 100%

draw, 45 minute cure; (g) 100% draw, 15 minute cure; (h) 75% draw, 1 minute cure; (i) 25%

draw, 45 minute cure; (j) 75% draw, 30 minute cure.

much of the literature on drawing indicates that fibre tensile strength has a positive re-

lationship (correlation) to draw extension [246]. Displacement measurements (at me-

chanical failure) and calculated strain values from tensile testing have been presented

in Table 4.6. The process of increasing extension (from +12.5 mm to 50 mm), better
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aligns the polypeptide chains, improving structure’s crystallinity. Literature suggests

that in materials with a degree of crystal alignment, strain can be more predictable and

uniform; as the crystal alignment prevents dislocation movement, influencing the ma-

terial’s strength and hardness. A key example of this is Wu et al. [411] who described

the manufacture of hierarchical and biodegradable WS silk fibroin scaffolds; employing

a ”double-drawing” procedure to enhance the fibre’s mechanical properties; resulted in

fibres that exhibited mechanical properties mechanically similar to those of the human

ACL.

Additionally, in materials with lower crystal alignment, the strain might lead to more

complex deformation patterns and variations in mechanical properties. Strain patterns

did not follow expected trends. Looking at other published literature, a further increase

in extension may be of benefit. The slight improvement in mean strain from 75% to

100% could potentially indicate that a longer extension length could theoretically bet-

ter improve polymer alignment and consequently, strain. This would align to findings

from Fukae et al. [115], how found a marked improvement in tensile strength when they

drew their fibres by 6-times the original length. Overall, the change in length at mechan-

ical failure (for all conditions) is varied and does not fully support (nor oppose) current

published literature. One key reason for this may be due to inconsistencies of ambient

conditions and slight variations during spinning due to this being a laboratory-based

method (with less control-ability than an industrial WS process, for example).

4.7.3 Curing Duration

Mean wet cross-sectional area, applied load at mechanical failure and calculates stress

values have been presented in Table 4.8. As a general trend, fibres cured for 30 min-

utes (regardless of extension) exhibited the highest overall stress values (29.35 N/mm2

mean stress), followed by those cured for 15 minutes (16.13 N/mm2 mean stress), and

those cured for one minute in third (8.24 N/mm2 mean stress). Indicating a strong pos-

itive relationship between degree of polymerisation (UV-curing) and stress values. In

addition, a linear relationship between stress and draw extension was also revealed. The

highest overall load at breakpoint (and consequently, stress values) were observed across

all cure-times in fibres extended by 75%, followed by the 100% draw condition. Due
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Table 4.6: Length (original) vs mean change in length of each fibre condition. Figures given to 1

decimal place.

Sample
Original length

L (mm)

Change in length

at break L (mm)
Strain

25% D, 1 min C 20 17.5 1.2

50% D, 1 min C 20 18.3 1.1

75% D, 1 min C 20 21.1 1.0

100% D, 1 min C 20 17.0 1.2

25% D, 15 min C 20 39.8 1.2

50% D, 15 min C 20 42.9 1.1

75% D, 15 min C 20 46.3 0.8

100% D, 15 min C 20 42.3 1.0

25% D, 30 min C 20 19.8 1.0

50% D, 30 min C 20 22.9 0.9

75% D, 30 min C 20 30.4 0.7

100% D, 30 min C 20 20.3 1.0

25% D, 45 min C 20 15.7 1.7

50% D, 45 min C 20 17.8 1.5

75% D, 45 min C 20 16.7 1.2
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to a significant decrease in mechanical property across fibres drawn by 50 and 75% and

cured for 45 minutes, the final condition of fibres drawn by 100% and cured for 45 min-

utes was discounted.

Stress values were associated with the duration of curing. The process of UV-curing re-

sults in a reaction known as polymerisation, where individual monomeric units are intri-

cately linked to produce larger polymer matrix, which defines the overall chain structure.

Initiating cross-linking enhances dimensional stability, making the fibre more resistant

to solvents, chemicals, and thermal stress. It also affects the fibre’s tendency to swell or

absorb moisture. The degree of crystallinity in the polymer structure influences thermal

stability and mechanical strength. The polymerisation method and reagents impact the

fibre’s chemical reactivity, affecting its potential for bonding with other materials. Pro-

cessability of the biopolymer solution during extrusion and fibre formation depends on

polymerisation, which can influence the smoothness of the process.

4.7.4 Tensile Testing

An Instron 5544 tensile tester was used to conduct tensile break tests of wet fibres. An

extension speed of 25 mm/min was set and the gauge length was set to 20 mm (in accor-

dance with the (ISO 5079:2020 [368]). This method has been depicted in Figure 4.12.

The relationship between stress and strain values in wet spun fibres plays a crucial role

in understanding and characterising the mechanical behaviour of these materials. When

subjected to an external force, the stress experienced by wet spun fibres is directly pro-

portional to the applied force and inversely proportional to the cross-sectional area of the

material. The stress-strain curve for wet spun fibres provides insights into their mechan-

ical properties, including elasticity, toughness, and UTS. Variations in WS conditions,

such as coagulation bath composition or spinning parameters, can significantly influence

the stress-strain relationship, impacting the overall performance and utility of the fibres.

A thorough analysis of stress and strain values thus contributes to the optimisation of

WS processes, ensuring the development of fibres with desired mechanical characteris-

tics for specific end uses.
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Table 4.7: Mean wet cross-sectional-area of fibres with applied load at break.

Sample
Mean wet

x-section (mˆ2)

Load at break

(mN)

Load at break

(N)

Stress ’’

(N/mmˆ2)

25% D, 1 min C 48161.1 100.5 0.100 2.075

50% D, 1 min C 33458.2 172.5 0.172 5.13

75% D, 1 min C 19783.9 287.1 0.287 14.49

100% D, 1 min C 12689.4 143.1 0.143 11.26

25% D, 15 min C 47255.7 129.5 0.130 2.75

50% D, 15 min C 33683.9 391.0 0.391 11.60

75% D, 15 min C 19770.8 663.0 0.663 33.48

100% D, 15 min C 12138.5 201.8 0.202 16.69

25% D, 30 min C 50544.8 341.9 0.342 6.77

50% D, 30 min C 25685.8 766.8 0.767 29.84

75% D, 30 min C 22358.9 1338.9 1.339 59.78

100% D, 30 min C 13287.9 249.8 0.250 21.01

25% D, 45 min C 40996.0 46.0 0.046 1.12

50% D, 45 min C 31729.2 55.0 0.055 1.74

75% D, 45 min C 19579.3 0.2 0.00023532 0.01

4.7.5 Discussion of Findings from Drawing and Curing Optimisa-

tion

The process of drawing and extension plays a pivotal role in shaping the properties and

characteristics of WS biopolymer fibres. Findings indicated that up to 75% fibre exten-

sion, drawing significantly enhances fibre mechanical properties such as tensile strength

owed to a more linear alignment of polymer chains along the fibre’s axial length. Here

are many benefits to fibre drawing both aesthetically and on the molecular scale. The ef-

fect of crystal alignment brought about by drawing leads to a reduction in fibre diameter

(Table 4.5), resulting in finer fibres with increased flexibility, which improves fibre re-

sistance to breakage and deformation. In addition, as the fibres undergo stretching and

alignment, the molecular chains, are arranged in a semi-linear alignment along the fi-

bre’s axis, increasing the density and uniformity of H-bonds throughout the fibre. This
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Figure 4.12: Process images showing fibre extension during wet tensile testing of a fibre sample

from the (a) 50% draw, 1 minute cure condition; and from the 75% draw, 15-minute cure

condition (b) at full extension, and (c) mechanical failure/break, using the Instron 5544.

aids in improving both thermal and chemical stability, while the orientation of functional

groups impacts properties such as wettability and interactions with other materials. Vi-

sually, drawing results in the formation of a more uniform fibre smoother and more ho-

mogeneous surface texture (Figure 4.8). This feature enables control over shrinkage

when exposed to wet conditions.

As fibres are subjected to stretching and alignment, the molecular chains within them

are arranged in a semi-linear fashion along the fibre’s axis. Furthermore, the process

may have implications for the biodegradability of gelatin, a material inherently prone to

biodegradation. However, the extent and specific conditions of drawing can influence

this aspect. The adaptability of these effects is underscored by the flexibility of drawing

conditions, which can be adjusted to meet the precise requirements of a wide range of

applications, spanning industries such as food processing, pharmaceuticals, textiles, and

medical devices.

4.7.6 Stress/Strain Curves

The stress-strain curve is a graphical representation of the relationship between stress

and strain in a material subjected to mechanical loading, with its peak. The curves pre-
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sented in Figure 4.13 give an indication of mean ductility and toughness when exposed

to increasing axial strain. During the plastic region, the fibre undergoes significant plas-

tic deformation. The stress necessary to cause further deformation gradually increases.

The fibre continues to deform (under axial load) plastically without a proportional in-

crease in stress. The UTS, defined as the maximum stress the material can withstand; is

where the fibre experiences localised necking, resulting in the cross-sectional area thin-

ning. UTS was found to be the highest in the “75% draw, 30-minute cure” condition,

followed by “50% draw, 30-minute cure” ad “75% draw, 15-minute cure” conditions.

Eventually, the material fractures at the point of minimum cross-sectional area. General

stress and swelling index values indicate strong correlation in the way of mechanical

loading parameters; however, when coupled with more varied elastic potential and dis-

placement limits (as indicated in both Table 4.6 and Figure 4.13), general conclusions

on the optimal draw and cure durations are more difficult to determine.

The mean elasticity modulus (EM) values for each fiber sample are presented in Table

9. These were calculated using Equation 3.6. By examining Figure 13 and the tabulated

data, it can be deduced that the fiber category exhibiting the highest EM is the sample

subjected to 75% draw ratio and a 30-minute curing process. General conclusions that

can be made from these findings are as follows. This fibre condition also withstood the

mean, highest load at breaking point (1.339 mN) Overall fibres that were cured for 30

minutes performed the strongest under mechanical loading, with the 75%, 50%, and

100% draw ratio fibres coming in the top five-highest EM-values. It can also be con-

cluded that the most successful draw-ratio was the fibres that underwent a 75% draw, re-

gardless of curing duration. This was followed by fibres drawn by 50%, and then 100%.

In general, the samples cured for 45 minutes and/or underwent a 25% draw, performed

the worst during mechanical loading. Regarding the long cure duration, the reduction

on mechanical performance is likely due to ”overcuring”, which potentially leads to in-

creased brittleness. While there is no available literature to compare these findings to,

the negative effect of prolonged exposure to UV-light has been observed in collagen-

based materials [86]. Additionally, the formation of a densely packed network of cova-

lent bonds within the polymer structure, could limit the flexibility and handleability of

the fibers: resulting in the structure to become brittle and less pliable.
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Figure 4.13: Graph showing the stress/strain relationships of the fibre draw/cure conditions.

4.8 Wetting and Heating Drawn and Cured Fibres

Regarding the manufacture of fibres, it was questioned whether findings from earlier

dope characterisation studies (Section 4.4 and Figure 4.3), would also be true for fila-

ment fibres produced through WS methodologies. Specifically, the effectiveness of com-

bination crosslinking with both 4VBC and I2959 on fibres in a wet and warm environ-

ments was investigated on two RWS fibre bundles. Each bundle was spun in accordance

with the parameters described in Section 3.10. No drawing of the fibres was conducted;

however, each bundle was cured for 30 minutes. A 30-minute-cure-time was selected as

this condition presented the most successful fibres across all draw-ratios. The first fibre

bundle (shown in Figure 4.14), was saturated in a bath containing 200 ml DI water and

incubated for 24 hours at 37°C.

Following this, the fibres were removed and inspected for any visual signs of degrada-
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Figure 4.14: Section of a RWS fibre bundle (cured for 30 minutes) (a) dry, and (b) after 24 hours

incubated in DI water at 37°C.

tion. Sample weights were taken both prior to and after incubation, with the findings

presented in Table 4.8. An 8.8% increase in weight was observed after 24 hours of in-

cubation, which aligns with previous swell measurements shown in Table 4.5 that in-

dicated a degree of mass increase. Figure 4.15 displays the fibre sample following a

one-month incubation period. During this time, room temperature water in the bath was

topped up weekly to prevent total evaporation and dehydration of the sample. A slightly

higher weight increase of 9.2% was measured, attributed to water uptake by the fibres.

These findings suggest good wet and thermal stability, as the fibre bundles did not lose

any mass through dissolution into the surrounding bath. It can be concluded from this

experiment that a gelatin combination crosslinking of 4VBC and I2959 was sufficient

to ensure the wet and thermal stability of RWS fibres under conditions that mimic the

human body.
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Table 4.8: Mean elastic modulus values calculates for each sample, shown to 3DP.

Sample Elastic modulus, E

25% D, 1 min C 1.729

50% D, 1 min C 4.664

75% D, 1 min C 14.49

100% D, 1 min C 9.383

25% D, 15 min C 2.292

50% D, 15 min C 10.545

75% D, 15 min C 41.85

100% D, 15 min C 16.69

25% D, 30 min C 6.77

50% D, 30 min C 33.156

75% D, 30 min C 85.4

100% D, 30 min C 21.01

25% D, 45 min C 0.659

50% D, 45 min C 1.16

75% D, 45 min C 0.008

4.9 Chapter Conclusion

Table 4.10 presents the new chemical parameters for the dope and coagulation bath,

as well as RWS and post-spin processes. These have been optimised from the original.

Despite being in the early stages, the progress made so far has laid a solid foundation

for achieving the key objectives related to the characterisation and utilisation of f-gelatin

as a bioreceptive material and the production of UV-cured Gel-4VBC filament fibres

through wet spinning methodologies at a laboratory-scale (Objective 2).

Building upon this foundation, a careful optimisation process has been undertaken for

each critical phase of the WS process, with the aim of achieving the most successful and

highest-quality gel-4VBC fibre production. Factors such as dope composition, coagu-

lation bath formulation, spinning conditions, and post-spin treatments have been sys-

tematically evaluated and fine-tuned to ensure optimal fibre formation, morphology, and
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Figure 4.15: Photograph showing the wet stability of RWS fibre bundles (dry bundle shown

previously in Figure 26) following a 1-month-incubation period in DI water at 37°C.

properties. This precise optimisation approach has been instrumental in overcoming the

challenges associated with the wet spinning of biopolymer-based materials and has en-

abled the production of Gel-4VBC fibres with desirable characteristics for potential ap-

plications in tissue engineering and regenerative medicine. The optimised parameters

presented in Table 4.10 represent the culmination of extensive experimentation and it-

erative refinement, incorporating insights from literature and empirical observations. By

carefully controlling and optimising these critical parameters, the research has paved

the way for the successful production of Gel-4VBC fibres with enhanced bioreceptivity,

mechanical properties, and potential for integration with biological systems.

The optimal rotating speed for the laboratory RWS set-up employed in this project was

not investigated due to certain limitations, due to a lack of appropriate equipment such

as an automated turntable or similar apparatus to facilitate controlled and consistent ro-

tation of the coagulation bath container. Instead, the rotation was manually performed

by the author, which involved spinning the coagulation bath container within the ice

bath, which proved successful in facilitating the RWS process but did not allow for pre-

cise measurement or control of the rotation speed. Consequently, it was not possible to
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Table 4.9: Sample weight before and after incubation in a 37°C water bath for 24 hours and

one-month.

Condition
Sample original

weight (g)

Sample weight

following incubation (g)

Incubation at

37°C for 24-hours
0.833 0.907

Incubation at

37°C for 1-month
1.051 1.242

quantitatively assess the spin speed in a reliable and reproducible manner, limiting the

determination of an optimal rotating speed for the specific RWS set-up. Despite these

limitations, investigating the optimal rotating speed could be an interesting avenue for

future work. Potential approaches include incorporating an automated turntable or rotat-

ing mechanism, integrating rotational speed sensors, and conducting comparative studies

between fibers produced at different controlled rotation speeds. Exploring the optimal

rotating speed could potentially lead to improvements in fiber quality, reproducibility,

and process control by addressing the limitations of the current manual rotation method

and providing valuable insights into the role of spin speed in the wet spinning process

and its impact on the resulting fiber properties.
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Table 4.10: Parameters table for the dope and coagulation bath.

Dope component Quantity Notes

Gel-4VBC 20% w/v
Heated to 65 °C and stirred

until dissolved at 650 rpm

AcOH 80% w/v

I2959 2 wt.%

Coagulation bath component Quantity Notes

EtOH 100% w/v
Held at 2°C;

10 s coagulation time

Extrusion component Feature Notes

Needle 21 G Rotating bath

Dope extrusion 0.6 ml/min
Dope held at 65°C prior to

extrusion

Post-spin treatment

component
Feature Notes

Draw ratio 75% Increase in length from l0

Cure duration 30 minutes Irradiated at 365 nm
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Conclusion and Recommendations for

Further Work

5.1 Conclusions from Research

This body of research aimed to assess the feasibility of scaled-up RWS manufacturing

processes of novel F-gelatin-based filament fibres, crosslinked with 4VBC and a I2959

curing agent. Building on literature previously published by Rickman et al. [307], both

chemical and process optimisation was conducted at each stage of the WS process in

order to boost spin efficiency through the reduction of time taken to spin continuous

fibres. Overall, this was achieved through the implementation of an alcohol-based co-

agulation bath and the control of spinning temperature at both the extrusion and co-

agulation stages. In addition, the supplementation of a UV-curing agent in the dope

solution removed the need to a post-spin curing/wash bath, as had previously been re-

quired. The free radicals generated from I2959 are compatible with the amino groups

present in gelatin, allowing for the crosslinking of gelatin and the formation of a stable

hydrogel matrix. This approach demonstrated the potential for improved manufacture

speed, as well as reducing the overall quantities of materials required to spin f-gelatin fi-

bres (through the removal of supplementary baths). Processibility was further improved

through UV-cure dissolvability studies which revealed I2959 could be integrated into the

fibre at either the dissolution, coagulation, or supplementary bath stages; prompting an

investigation into seeing whether the need for additional cure/wash stages could be re-
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duces, so to minimise the number of materials required for gel-4VBC fibre manufacture.

Ultimately, presenting the advantages of an experimental one-step WS and crosslink-

ing production line, which reducing manufacturing time and addressing the challenge

of transferring un-crosslinked fibres between baths and WS stages. In dissolving 2 wt.%

I2959 into the dope and curing spun fibres once dry was found to be the most efficient

option as this prevented over-coagulation of the fibres in a curing/coagulation solution.

Experiments employed a RWS laboratory set up to explore all parts of the WS process,

including potential coagulants, the effect of temperature, and drawing/curing optimi-

sation. Ultimately both EtOH and IPA proved to be successful coagulants for the gel-

4VBC dope and were able to initiate a phase transition of the polymer solution within a

matter of seconds, greatly reducing the speed of production from over 60-minutes [307],

to less than a minute. Collagen and gelatin are soluble in aqueous solutions, so using a

water-based coagulation bath can lead to dissolution of the extruded dope. Alcohols act

as non-solvents, preventing the dope from dissolving and allowing fibre formation [241].

Alcohols like ethanol have a lower polarity compared to water, which causes rapid de-

hydration and solidification of the gelatin polymer dope when extruded into the coagu-

lation bath. It was observed that in employing an alcohol-based bath to initiate the phase

separation, a more homogenous fibre, with a greater potential for scaled-up production

was made feasible. Drawing and curing optimisation of these fibres investigated the ef-

fects on stress/strain values, and swelling behaviours through optical microscopy and

tensile testing (Instron 5544). Typically, fibres that underwent a longer duration of cur-

ing (30 and 45 minutes) experienced a greater stability in wet conditions, as opposed to

fibres cured for only 1 minute. However these positive findings were mitigated by an in-

crease in brittleness in the case of the ”45 minute cure” condition In addition, a positive

correlation between UV-cure duration and axial load limits was observed, indicating a

strong positive relationship between degree of polymerisation (UV-curing) and stress

values. Unfortunately, strain values were varied and did not reveal any trends between

fibre drawing/curing and overall displacement limits during tensile testing.
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5.2 Recommendations for Further Work

Further exploration into WS gel-4VBC fibres could facilitate greater development of

these novel filaments, as well as improve overall stress-strain relationships. As already

discussed (Section 4.9), the optimisation of rotation speed would be an interesting con-

tinuation of this project. Other areas of interest could be further controlling ambient con-

ditions, such as temperature, humidity, and air flow, during the RWS process. Addition-

ally, the impacts of drawing and post-processing techniques, especially on fibre prop-

erties, require additional investigation. Drawing and curing optimisation studies were

carried out on short (5-10 mm) fibres due to a lack of access to a purpose-built draw-

ing/fibre collection rig, which may limit the generalisation of findings to continuous fi-

bres. Therefore, further development of continuous fibre production processes, including

fibre drawing, collection, and post-processing techniques on longer lengths of fibre, is

crucial for enabling the manufacturing of long, continuous Gel-4VBC fibres for various

applications.

Finally, PEG was explored as a potential plasticiser to improve fibre handleability due to

its use in previous research [307], and due to its availability to the author throughout this

project. While it produced disappointing results, further research on more compatible

plasticisers, such as sugars or polyols could be an area of potential further research.

5.2.1 Circular Bioeconomies Within Healthcare Materials

A CBE is a relatively new economic growth model that combines the principles of the

circular economy (slowing, narrowing, and closing material resource loops) with the

sustainable use of biological resources [257][361]. The expanding use of f-gelatin (such

as gel-4VBC) could aid in the development of CBE within medical device development

applications. The implementation of CBE within biomaterial and medical device appli-

cations presents a paradigm shift towards sustainable and regenerative practices in the

healthcare sector; deviating from the more commonly used synthetic polymer plastics

[255]. Gelatin (such as that explored in this paper) has the potential to play a crucial role

in CBE, particularly in the sphere of medical devices [273][38]. Offering great versatil-

ity and biocompatibility, gelatin’s biodegradability places the protein as an eco-friendly
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choice, aligning with CBE principles focused on waste reduction and recycling. In ad-

dition, a shift toward CBE presents potential advantageous recycling routed for collagen

and gelatin surplus resources, such as slaughterhouse waste [297][42], which can em-

phasise local and sustainable sourcing of gelatin from animal by-products, that would

otherwise be incinerated [111][159].

5.2.2 Feasibility of Scaled-up Production

As discussed in Section 4.6.3, it was believed that the application of a slight draw of

the fibre as it entered the coagulation bath, facilitated by the rotational component of

the coagulation bath was fundamental in the production of good quality filament fibres.

Looking to towards scaling up the rotation mechanism to accommodate larger bath vol-

umes and higher production rates, may pose engineering challenges. The rotating com-

ponents would need to be designed and constructed to withstand the increased loads and

stresses associated with larger-scale operations. Therefore, maintaining uniform coagu-

lation conditions may become more challenging as the production scale increases.

An alternative approach to the coagulation bath setup involves the use of a serpentine-

type bath, where the neo-fibre passes through an extended cylindrical tube in a serpentine-

like configuration, containing the coagulation fluid before being wound and collected.

This design offers several advantages over conventional straight-path coagulation baths.

Firstly, the longer path through the serpentine bath facilitates more efficient solvent ex-

change between the neo-fibre and the non-solvent in the coagulation bath, leading to

improved fibre morphology and properties. Secondly, the cylindrical tube design pro-

vides a confined and controlled environment for the coagulation process, minimising

disturbances and ensuring consistent coagulation conditions along the fibre path. More-

over, the serpentine path design for the coagulation bath could be further enhanced by

introducing controlled movement of the coagulation solution. This can be achieved by

flushing the coagulation fluid through the serpentine system at a predetermined flow

rate. Such a dynamic coagulation environment would facilitate rapid coagulation and

initial drawing of the fibres as they traverse the coagulation system. The combination

of the serpentine path and controlled fluid flow would offer several advantages, includ-

ing efficient solvent exchange, uniform coagulation conditions, and the ability to tailor

the coagulation rate and initial drawing of the fibres by adjusting the flow rate and path
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dimensions.

5.3 Applications of Optimised Fibres

5.3.1 Bioresceptive Attachment of Tendon and Muscle Fibres

Repairing ruptured tendons at the MTJ presents significant challenges due to the inter-

meshing of native tendon and muscle tissues that create a complex interface. Figure

2.13c depicts the complex interdigitation and interlocking of the tendon fibres and ter-

minal muscle fibres (myocytes) within the MTJ. While advantageous in facilitating ef-

ficient force transition through a joint, this structure further complicates the reconstruc-

tion process: both on a cellular and surgical level, making successful repairs challenging

to achieve. Tendons exhibit a slow healing process attributed to their hypocellular and

hypo-vascular nature, resulting in limited cell presence and blood supply, which reduces

both the rate and quality of healing. Moreover, the absence of a universally accepted

standard for suture materials, techniques, and rehabilitation protocols adds complexity to

tendon repair procedures.

5.3.2 Tendon Healing

Despite significant advancements in commercial benchmarks for flexor tendon surgery,

the bio-imitation of natural tendon or muscle tissue is often overlooked in favor of rigid

woven or braided textiles [395][29][136][296][28]. While these materials provide good

mechanical strength to the joint system, the vast dissimilarity between tendon implants

and native tissue often restricts natural movement and flexibility, and limits effective cell

proliferation [416], impacting overall functionality post-reconstruction and hindering the

healing process, potentially leading to suboptimal outcomes [177][386]. Considering the

current challenges in reconstructing ruptured muscle-tendon junctions (MTJ), it could be

inferred that the production of a biocompatible and bio-receptive scaffold material that

enables fibre reintegration and supports fibre anchorage at the tendon-muscle interface

could be beneficial in the repair of ruptured tendons, rather than conventional tendon

reconstructive methods.
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5.3.3 Warp Knitted Structures

To address the challenges associated with tendon repair procedures, the author to hy-

pothesise the development of these fibres into warp knitted structures (Figure 5.1a), that

exhibit a gradient quality along the length of the material; imitating a similar gradient to

that observed along the length of the aformantioned MTJ. Differing from conventional

weft knit structures (Figure 5.1b) Warp knits offer the advantage of creating fabrics

with a vertical pattern, where each loop is formed from separate lengthwise yarns, al-

lowing for precise control over the alignment and orientation of fibres. This capability

enables the replication of the longitudinally aligned structure found in tendons and mus-

cles, mimicking their natural arrangement for enhanced biomimicry. Additionally, warp

knitted fabrics exhibit excellent dimensional stability and strength, making them ideal

for applications requiring structural integrity and load-bearing capacity, similar to the re-

quirements of tendon and muscle tissues. The controlled variation in density and align-

ment achievable through warp knitting allows for tailored characteristics that closely

resemble the hierarchical organisation of natural tendon and muscle fibres, making warp

knitted structures a preferred choice for biomimetic applications in tissue engineering

and regenerative medicine. Warp knitting has proven attractive due to its ability to offer

a versatile platform for producing complex medical textiles with tailored properties. It

has been successfully implemented in a variety of in vivo biomedical applications, such

as hernia repair meshes, artificial arteries, and as reinforcement scaffolds for organs,

hearts, and bladders. The dynamic structure and adaptability of warp knitted textiles

make them ideal for these complex medical textile applications, benefiting from con-

trolled stretch, design versatility, and the ability to customise mechanical performance.

The dynamic structure and adaptability of warp knitted textiles make them well-suited

for complex medical textile applications, such as artificial arteries, hernia repair meshes,

hollow organ support and reinforcement, heart valves, tissue scaffolds, and cardiac sup-

port devices [446]. These applications benefit from the controlled stretch, design ver-

satility, and the ability to customise the mechanical performance of the output fabric,

which can be precisely managed through the warp knitting process. Warp knitted tex-

tiles have the ability to exhibit density gradients along their length, a quality that can be

advantageous for certain applications. Creating a density gradient in warp knitted mate-
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Figure 5.1: Illustrations of (a) warp knit and (b) weft knit structures

rials involves manipulating the fabric density across its structure by varying the number

of yarns per unit area in specific sections. This can result in a gradient from low to high

density, or vice versa. By adjusting the density of the warp knitted material, different

mechanical and structural properties can be imparted to the fabric, influencing factors

such as fabric thickness, tensile strength, bending properties, and overall performance.

This controlled variation in density allows for tailored characteristics in the fabric, en-

hancing its functionality and suitability for specific applications.

The versatility of warp knitting technology allows for the design of textiles that mimic

the longitudinal alignment and mechanical properties of tendons, offering a promis-

ing solution for enhancing tendon reconstruction outcomes. The unique suitability of

biomimetic warp knits for tendon reconstruction lies in their ability to closely mimic the

hierarchical structure and mechanical properties of natural tendons. By replicating the

longitudinal alignment and controlled density gradients found in tendons, these warp

knitted fabrics can provide tailored support for tendon repair. These biomimetic warp

knitted materials offer a combination of structural mimicry and customised functional-

ity, promoting cellular regrowth and tissue integration, which are crucial for effective

tendon reconstruction. The ability to replicate the hierarchical organisation and mechan-

ical properties of native tendons through controlled density gradients and longitudinal

fibre alignment makes biomimetic warp knits a promising solution for enhancing tendon

reconstruction outcomes and facilitating successful tissue repair.
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