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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 speci cally at the AT, injury and rupture result in functional impairment, pain,

1



Chapter 1

and swelling, which signi cantly 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 iBection 2.5, high frequency rates of complications and
re-rupture [275][413] have generated interest in the development of Arti cial 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
bres [417][418][419][420][421], these devices are usually surgically xed into place
through conventional operative techniques such as stitching or multi-strand sutures
[363]. For biological grafts and arti cial reconstructions alike, this bio-synthetic inter-
face remains at a signi cantly 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 bres. 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 signi cant 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 signi cant disconnect between native tissue and arti cial 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 bene ts of biomimetic knitted structures in the
arti cial reconstruction of tendons at the tendon-muscle/bio-synthetic interface; while
setting the foundations for biocompatible F-gelatin bres 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 usednrvivo applications. F-gelatin refers

to a chemically modi ed (or crosslinked) gelatin containing speci ¢ functional groups,
which improve mechanical performance, while allowing the material to be processed
into various states such as hydrogels, bres, or membranes/ Ims. 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 speci ¢ 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 degradatioivo.

Traditional crosslinking methods have exhibited limitations such as restricted mechani-
cal strength and cytotoxicity [272]. Recent advancements in this eld 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 solidi cation through diffusional exchange. Within this research project, f-
gelatin bres 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 speci ¢ 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)

4
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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 bres. 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 bres.

1.3 Aims and Objectives

To date, there is very limited published literature on the WS of functionalised gelatin,
and even less on the speci c 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 bres. 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 lament bres

through WS methodologies at a laboratory-scale.

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

processes with a view to improve bre properties and morphology.

5. Provide recommendations for further work in this eld.
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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 identi ed, each comprised of 46 polypeptide chains [306];
however, 90% of total human collagen content has been found to be Type 1 Collagen

(T21C) 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 gelatinKigure 2.1). This is typically achieved through prolonged heating or

treatment with acids or enzymes [244].
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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
con guration), 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 con guration of AAs; of the 17 AAs found in collagen [327][412].
The most commonly appearing are proline, hydroxyproline, arginine, and |ySigearé

2.2).

During initial synthesis in the endoplasmic reticulumchains self-assemble, forming a
triple helical structure called procollagen. During maturation of the procollagigaire

2.3d), N- and C-terminal propeptides are cleaved in a process referred to as exocytosis,

8



Chapter 2

leading to the formation of tropocollagen (mature monomer) [349]. The hierarchical
structure of collagen is illustrated 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 ve, 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 exibility and elasticity within the bril, enabling stretching

and deformation without fracturing. Collagen brils aggregate to form larger bres, sup-
ported by ECM proteins like glycosaminoglycans, proteoglycans, and lysyl oxidases that

facilitate bril crosslinking.

2.1.2 Extracellular Matrix

The ECM is the non-cellular, hydrous polymer network in a connective tissgarge

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, lI-
ing the interstitial space) [312][355], and interwoven brous proteins (collagen, elastin,
bronectin laminins and other glycoproteins) [243][313][369][355]. It is uniquely tai-

lored to speci c tissue structures throughout the body [173], and dictates tissue-speci ¢

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.



Chapter 2

mechanical properties such as tensile properties and elasticity, cell adhesion and chemo-
taxis. Within the ECM, collagen makes up roughly 30% of the brous 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 bres) within a tissue's ECM [157][322][112].

This double bonding of neighbouring bres 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 micro brils. (ei) and
(eii) depict the “gap” and “overlap” segments; (eiii) smallest repeating unit of a collagen bril;
(f, ) packing of monomers into a micro bril and larger bril-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 bres 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 gdfagunég 2.1). It

is a chemical process which has a signi cant 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 bres, (d) proteoglycan complex
comprised of a long polysaccharide chain with (e) linked carbohydrate and protein branches and

(f) bronectin.

11
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intra-molecular bonds leading to a disarrangement of the helix. During denaturisation,
polypeptide -chains un-coil from each other; the effect of this is diminished mechani-
cal properties, such as strength, exibility, and deformation resistance. Denaturisation
through heating results in the disruption of hydrogen bonds betwesains. 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 bres 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
-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 signi cantly to

12



Chapter 2

the stability of protein structures and the speci city 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 af nity.

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. Speci cally, 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

stablein vivo.

13
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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 signi cantly 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 af nity 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 stabilityivo 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

14
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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, emulsi cation 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 sh) 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 -turn/ -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

vivo medical devices. While there are many advantages, appropriate crosslinking meth-
ods are often limited and can affect the biocompatibility and degradation pro le 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 bres once the raw polymer is processed
into bres (spinning methods to be discussed furtheBettion 2.3). Zeugolis et al.

[443] conducted a review into different crosslinking materials used in the formation of
collagen lament bres; nding that the addition of bridge monomers (crosslinking)

into the polymer can signi cantly 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
monomersigure 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 ofelec-

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 con guration [378][380], bene ting the overall
mechanical strength of resulting WS bres. 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 illustratedkigure 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 bres, which enables the detoxi cation of any

cytotoxic residues acquired during spinning.

2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone (herein referred to as “Ir-
gacure 2959” or "12959”) 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 speci ¢ UV wavelengths), which facilitates the covalent bonding
of adjacent polymer molecules. 12959 is generally used in Three-Dimensional Print-
ing (3DP) [192], WS bres [307], dental materials [251][401], resins [319], hydrogels
[330][240], and other biomaterials [391][387][401].
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2.3.1 4-Vinylbenzyl Chloride-Crosslinking

4VBC is a chemical compound with the molecular formula C8H7ClI, 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 laments; 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 modi ed based on the material application, which permits the tailoring of
properties in gelatin-based materials for speci ¢ biomedical and biotechnological appli-
cations [378][380]. The high compressive strength of the 4VvBC 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-4VvBC Material

Numerous innovations within engineering and medicine have extended the applications
of collagen and gelatin to the eld 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 uid 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-speci ¢ stem cells are cultured onto
the scaffoldn vitro. In TR, the scaffold is directly implanted into the patient, relying

on the recruitment of cells onto the scaffatdvivo. 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

19



Chapter 2

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 brillar structure of the ECM [328], vascular grafts
[405][404] and as biodegradable materialsifovivo 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 speci c tissues or organs. This category of
biomaterial has also been proven bene cial in drug delivery systems, whereby drugs or
bioactive molecules are embedded into the bres [390][75] and (one&/0) 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 uid 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 bres
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 broblast growth
factors [348], glutamine and arginine [372][70] play a crucial role in attracting brob-

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 in ammation 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 sacri cial 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 broblasts, 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 broblast in Itration, encouraging neo-vascularisation, and encouraging na-
tive collagen production [196]. Alongside the biological/mechanical bene ts 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 eld, 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 bene ts, 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, Ims, and coatings tailored to different food products. Suderman et
al. [354] discussed the extensive use of gelatin as a biomaterial within the food industry
(Ims, 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 Ims require signi cant treatment and crosslinking to limit their
sensitivity to moisture [122]. Despite this, some gelatin-based Ims 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 modi cation of formu-
lation and processing conditions [216], enabling the production of Ims with varying
degrees of exibility, strength, and external protection. These tuneable properties of gel-
based Ims 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 ef cient in plasticising
hydrophilic polymers [371][119]. Bene ts of the inclusion of polyols into gelatin-based
materials includes improved mechanical properties, increased extensibility, exibility
and tensile resistance, plasticity, and rigidity [133][132]. Speci cally, gelatin-compatible
polyols that have been explored for use in biodegradable Ims 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 Im 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 elds include nonwoven mesh N95 respiratory Iters [22], as a starch
alternative to stiffening silk-based fabrics [189], and wearable conductive sensors [98].
Recent literature has presented collagen-based exible electronic devices with appli-
cations in electrochemical energy storage, sensing, healthcare monitoring and thermal
management [287][25][447]. Bene ts of collagen-based textiles (aside from their bio-
compatibility) include good anti-static properties [346], ability to absorb UVA and UVB
rays [346], exibility and versatility [5][25][239].

2.5 Collagen and Gelatin Fibre Spinning Methods

WS bres and brous 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 bres permits effective migration of cells during proliferation [5]. The tun-
ability of bre qualities (to be discussed in detail 8ection 2.5 through regulation of
coagulation bath temperature, exterior surface quality [381][333], porosity [175][108],
drawing conditions [426]. WS brous scaffolds offer unique advantages for tissue en-
gineering, with their surface properties, porosity, and post-spinning treatments playing
crucial roles in in uencing cell behaviour and promoting tissue regeneration. Collagen
is already widely utilised within textile manufacture to produce both single bres (incl.
lament, spun staple) and structured fabrics, through methods such as knitted, wovens

and nonwovens.

Collagen-containing materials are attractive within the medical eld 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
acceptedn vivoas 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 bre production technique that has been used to spin a wide vari-
ety of natural protein-based lament bres 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 bre colle€ligaré

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 bre. Finally, resulting bres 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 bre. The speed of this diffusional exchange reaction can signif-

icantly affect bre morphology and properties.

WS is of particular interest as it can transform biopolymers (such as collagen) into solid
bres 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
bre spinning methods, due to; good bre permeability [175][334], and suitability for

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

properties make WS bres suitable for vivo applications, such as wound dressings
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[151][376][385]. Alongside wound care, these bres also have uses in other medical-
related applications, such as: drug delivery [265], blood Itration/haemodialysis [389],
tissue repair [422][5][58]. WS is particularly established as a practical bre 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 bre scaffolds is "poor dimensional stability'

[334], which can negatively affect a bre's overall performance. Key factors that can
negatively impact mechanical performance include disproportionate swelling and water

uptake resulting in expansion and bre 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) bre collection method.

2.5.2 Rotary Wet Spinning

Rotary wet spinning (RWSHigure 2.8) has shown good potential in the WS of poly-
meric bres. 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 ow
to apply tension on the dope/ bre as is exits the needle. In high speed RWS, bres 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 uids owing in parallel [320][88], as ob-
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served in WS. Kelvin— Helmholtz instability is driven by the faster moving uid causing
perturbations or ripples to develop on the interface between the two liquids [320]. These
bres can adopt a more uniform cross-section due to the rotation-induced shear force ap-
plied along the lament body. Through the application of a continuous draw in the early
coagulation stages, resulting bres possess enhanced overall mechanical performance
[121][170]; addressing inconsistencies associated with conventional WS [247]. RWS
bres 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 eld 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 bre 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 modi ed through the
adjustment of variables such as dope ow speed, dope concentration, and holding tem-
perature (in the syringe), molecular weight, spinning parameters (needle dimensions,
ow speed, etc.), ambient conditions (temperature, humidity, etc.). Despite much re-
search into collagen-based electrospun bres and nonwovens, the high voltage required
to facilitate bre 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 bres can also possess low tensile
strength, be sensitive to moisture, and possesses low thermal stability, limiting the use of
these bres in some physiological applications [45]. Despite these drawbacks, electro-
spun collagen has numerous advantages in the production of nonwoven biomimetic bre
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, solidi cation (coagulation), and bre 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 ltered 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 bre. Finally, bres 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 bres with diameters ranging between

50-60 m , that displayed good water resistance and maintained bre morphology when
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