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Abstract 

 

The focus of this thesis was to develop a novel hydrogel wound dressing from 

alginate, a biocompatible naturally occurring polysaccharide found primarily in green 

algae, to be administered through injection, gelling in-situ and removed as one entity 

for the treatment of chronic diabetic foot wounds. This thesis comprises of four 

chapters as described below:  

Chapter one offers an insight into the project through a systematic review from a 

medical and biological, and from a chemical perspective. Diabetes Mellitus, its 

complications and the onset of diabetic foot ulcers and the medical ‘TIME’ protocol of 

wound care and management are discussed which encompasses the precautions 

and challenges in wound healing. Diabetic foot ulcer wound therapeutics are 

reviewed. Dressing format and dressing materials are discussed with a short 

discussion of their advantages and disadvantages. This chapter leads onto general 

fundamentals and basic concepts of alginate polymer chemistry. Literature review of 

polymerisation techniques involving alginates related to this project are presented 

and hydrogels and its inclusion in diabetic wound therapy are also included herein.  

Chapter two describes the methodologies and equipment used as part of this project. 

In this chapter, the fundamentals of analytical techniques used for the presentation 

of data in this thesis will be presented and discussed. In this chapter, the scientific 

background to aid interpretation and comprehension of scientific data are included. 

This chapter concludes with details of full experimental procedures for the synthesis 

of hydrogel precursors, the preparation of alginate hydrogel via multi-modal 

crosslinks, and the characterisation of alginate gelation and post-gelation, including 

the in-situ rheological study of the gelation mechanism. 

Chapter three contains five subsections and focuses on the data obtained as part of 

this work. Discussions and arguments pertaining to the scientific findings are 

presented. An overview of the chapter is presented in section 1, along with the GPC 

profiles of the alginate raw materials.  
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Section 2 details the synthesis of glycidyl acrylate from glycidol and acryloyl chloride, 

where yields upwards to 78 % and product purity of 88 % were obtained. Section 3 

describes the acrylate modification of sodium alginate using glycidyl acrylate to 

synthesise the precursor for hydrogel preparation. The resultant material was 

characterised using 1H NMR to estimate the degree of substitution using anomeric 

proton signals where a maximum of 30 % substitution was recorded for 

mannuronate-rich alginates and the same reaction using guluronate-rich alginates 

afforded a maximum substitution of 33 %. In addition, the effects of time and 

temperature on the reaction step were studied.  

Section 4 describes the thiolate modification of sodium alginate using cysteine 

hydrochloride and cysteamine hydrochloride as the thiolation agent. 1H-NMR 

analyses using anomeric proton signals estimated a peak thiolation substitution of 12 

%, with mass yields upwards to 78 % obtained. The thiol content of prepared 

alginate samples were quantified using Ellman’s Assay and converted to present 

thiol density, where a theoretical maximum of 743 
𝝁𝒈 𝒕𝒉𝒊𝒐𝒍

𝒈 𝒂𝒍𝒈𝒊𝒏𝒂𝒕𝒆
 thiol density was 

calculated. The effects of pH on the thiolation step was investigated, and pH 4.0 was 

found to be the optimum pH during the chemical work-up. 

In section 5, an in-situ one-pot technique of hydrogel preparation via Michael-type 

addition is developed. Herein, alginate moieties underwent multiple techniques to 

form hydrogels, but with an emphasis on covalent crosslinking via Michael-type 

addition reaction. Ionotropic gelation using calcium chloride produced a stiff hydrogel 

instantaneously, and photo-gelation using Irgacure 2959 photoinitiator produced a 

robust hydrogel after 7 minutes of curing under a UV-β lamp. 

Covalent crosslinking was achieved between acrylate and thiol functional groups 

using acrylate modified alginate as the acrylate moiety and pentaerythritol tetrakis(3-

mercaptopropionate) thiol crosslinker or thiol modified alginate as the thiol moiety. 

The observations and results from laboratory testing were compared with in-situ 

rheological experiment data, where the gelation times recorded were 1 hour for 

laboratory gelation and 50 minutes on the rheometer.  

Within this section, the results from materials testing would be included such as 

release studies, gelation studies, including in-situ rheological study of alginate 
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gelation, and microscopy tests on dried alginate fibres and alginate hydrogels. A mini 

conclusion may be found at the end of each chapter sections. 

Chapter four summarises the research presented in this thesis and draws general 

conclusions. Herein, the reader will also see comments made by the author with 

regards to the research direction and future modifications to the project to retain its 

novelty for successive researchers. 
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Chapter 1: Introduction 

 

1.1 Context 

Diabetic foot ulceration (DFU) is a frequent and chronic complication amongst 

diabetic patients, with patients undergoing scalpel debridement or limb amputation. 

There is a demand from physicians for wound dressings to address a multitude of 

clinical issues, in addition to being highly cost-effective. Alginates are generally 

regarded as biocompatible and expresses strong mucoadhesive properties and light-

haemostatic effects as well as high moisture retention. Its attractive mechanical 

properties and high chemical versatility makes it a sought-after material for wound 

therapeutic development. 

 

 

1.2 Diabetes: onset, complications, surgical procedures, and 

wound management 

This section aims to give a brief overview into diabetes with the inclusion of some 

current knowledge and literature. Diabetes research is a broad area and this section 

does not aim to provide a definite and thorough view into the disorder. However, to 

set the scope of this project, it is important to provide to the readers some context 

regarding its causation, diagnosis, and methods of treatment to justify the project 

aims. This section will cover how diabetes is classed as a chronic medical disorder, 

and how genetic and environmental factors play a role in its onset. The diagnosis 

and clinical procedures will be discussed in brief, and options regarding post-

operative wound therapy will be detailed. The clinical challenges faced by clinicians 

along with clinical demands will be presented, which sets the landscape for this 

work.  
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1.2.1 Diabetes Mellitus 

Diabetes Mellitus, commonly known as diabetes, is a well-known medical disorder 

affecting the lives of over 460 million individuals worldwide. The number of diabetic 

patients is estimated to surpass 700 million by 2045.1,2 The way of life for many 

individuals has become convenient due to global urbanisation. This has paved the 

way for, and promoted, a lifestyle more sedentary particularly for those living in more 

developed countries. These transitions have contributed to the prevalence of 

diabetes.3,4  

Diabetes is a metabolic disorder and is described as metabolic change brought on 

by blood glucose levels being in a state of constant elevation, resulting in alterations 

in lipid, protein and carbohydrate metabolism due to changes in insulin production, 

insulin secretion, insulin action or a combination of the three processes.5 Diabetes is 

generally classified as type 1, referred to as congenital diabetes mellitus, or type 2 

which is developed at later stages in life as a result of lifestyle consequences.6 

However, other classifications of diabetes do exist, albeit lesser known, such as type 

3 Alzheimer-onset diabetes and gestational diabetes which affects expectant 

mothers in the third trimester of pregnancy as a result of glucose intolerance.7  

 

 

1.2.1.1 Classifications of Diabetes Mellitus 

Type 1 diabetes, or insulin-dependent diabetes mellitus (IDDM), is the aftermath of 

pancreatic β-cells destruction resulting in insulin insufficiency and consequential total 

dependence on exogenous insulin via intravenous administration.8 Diagnosis for 

IDDM patients is usually made during early stages in life, hence the coining of the 

term neonatal diabetes, or juvenile-onset diabetes.9 Type 2 diabetes, or non-insulin-

dependent diabetes mellitus (NIDDM), is usually diagnosed in later stages in life. 

Type 2 diabetes accounts for over 90 % of all diabetic diagnosis and is defined by a 

consistent high level of blood sugar present.10 Alzheimer onset diabetes is 

understood to be a sub-classification of the Type 2 diabetes and is more common 

amongst patients above age 65.11 Patients usually suffer from high blood pressure 

and high cholesterol which could be the result of dysregulated glucose metabolism, 
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in addition to oxidative stress, reduced insulin signalling efficiency and production of 

advanced glycans which are characteristics common for both diseases.12,13 

Gestational diabetes mellitus (GDM) is caused by an impairment in glucose 

tolerance during gestation and poses as a further risk factor for the onset of type 2 

diabetes in women.14,15 NIDDM and GDM, unlike IDDM, may be reversed through 

balanced dieting or lifestyle changes.  

 

 

1.2.1.2 Onset symptoms 

The symptoms of diabetes are often overlooked or dismissed in confusion with other 

bodily ailments as the chronic progression is slow and may not become noticeable to 

be of attention until long-term damage is being sustained. Onset symptoms may 

include frequent urination, excessive thirst and hunger, inexplicable weight loss, 

increased or constant fatigue, irritability, blurry vision and dry skin as a result of poor 

blood flow.16 If left undiagnosed and untreated, diabetes can inflict long-term 

damage, including life threatening complications, which severely impacts the body’s 

function and compromises the patient’s quality of life.  

 

 

1.2.2 Complications of Diabetes Mellitus 

Diabetic ketoacidosis (DKA) is a grievous diabetes-related complication brought on 

by a lack of insulin in the body which consequently breaks down lipids as a source of 

energy, releasing ketones. The build-up of ketones in the body poisons the blood, 

rendering blood serum more acidic which can pose serious threats. DKA affects 

IDDM patients predominantly but can also manifest in NIDDM patients.17,18 Diabetic 

peripheral neuropathy (DPN) is a common complication amongst diabetic patients 

due to poor blood flow and consistently high glycaemic levels. Peripheral nerve 

fibres are progressively damaged with distal extremities made more susceptible.19,20 

Another common complication is peripheral arterial disease (PAD), caused primarily 

by atherosclerosis, which results in poor blood flow and a more complicated wound 
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recovery process.21,22 The combination of DPN and PAD results in a reduced 

response to pain detection and wounds more susceptible to infections and further 

complications, which makes any trauma difficult to detect and challenging to 

heal.23,24  

 

 

1.2.3 Diabetic foot ulcers 

Diabetic foot ulceration (DFU), linked closely to DPN and PAD, is a frequent and 

serious complication amongst diabetic patients. Ulcerations are classed as 

neuropathic and neuroischaemic depending on factors of causation and patient 

prognoses with different classification systems.25,26 However, two systems that are 

most commonly used for diabetic foot ulcer grading are the University of Texas (UT) 

classification system and the Meggitt-Wagner classification system.27,28 Table 1.1 

shows a modernised DFU classification system based on the information obtained 

from the UT and Meggitt-Wagner classification systems.29,30 

 

 

1.2.3.1 Ulcer classification 

Neuropathic foot ulcers represent the majority of DFU cases, although both 

neuropathic and neuroischaemic foot ulceration can occur simultaneously.31 The 

wound condition varies widely depending on the patient, but wounds are generally 

classed as dry or wet wounds, with wet wounds being further classified as bleeding, 

low-exudate or exudate-heavy wounds. Slough or eschar may also be present which 

are complexes of fibrins, extracellular matrix (ECM) proteins, exudates and 

microorganisms in its wet or dry form. Wound tissues may also experience tissue 

necrosis due to poor blood flow, which leads to gangrenous tissue formation. Some 

wounds may heal unevenly and at different rates at different parts of the wound site, 

which is called a complex wound.29,32,33  
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Table 1.1. Classification of DFU based on its characteristics.29 

Characteristics Neuropathic ulcer Neuroischaemic ulcer 

Patient demographic Any 

Strong history with ailments 

brought on by unhealthy 

lifestyle 

Causation Minor trauma May occur spontaneously 

Mode of occurrence 
Patient may be unaware of 

onset 

Sudden in onset with pain 

and foot discoloration 

Foot temperature Normal or warm Cold 

Ulcer site 
Predominantly at pressure 

areas 

Edges of feet, tips of toes 

or backs of heels. 

Ulcer appearance With border indentation 
Border indent with some 

degree of tissue necrosis 

Pain during debridement 
Very little to none; 

dependent on neuropathy 
Moderate 

 

 

1.2.3.2 Medical procedures 

Acute ulcers typically require sharp debridement to promote wound healing and 

epithelization. However, in more severe cases where necrotic tissue has begun to 

form, limb amputation becomes necessary to prevent further harm to the patient.34,35 

Regardless of the clinical procedure performed, patients are left with an open wound 

whereby the wound site is often rugged and irregular with the potential to be 

cavernous (tunnelling wound) which requires varying degrees of wound care and 

dressing applications.36,37 Given the nature of the wound and factors which 

negatively impact the wound healing process, the wound should be assessed 

regularly as it heals.36,37 DFU wounds are highly susceptible to further infection as a 

result of high glycaemic levels which translates to dysregulated wound healing where 

the four recovery stages may reverse in progression or uneven wound healing 
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(Figure 1.1), resulting in a complex wound whereby the same wound site undergoing 

multiple stages of recovery which requires further debridement to re-initiate the 

healing process.36  

 

 

Figure 1.1. The four successive stages of wound healing.38 

 

 

1.2.3.3. Wound care and management 

The management of ulcer wounds becomes a shared responsibility between 

physicians, nurses, carers and the patients themselves. Generally, medical 

personnel refer and adhere to the T.I.M.E (Tissue debridement, Infection control, 

Moisture maintenance of wound site, Epidermal advancement) concept and Protocol 

of Care (POC) in wound care in order to promote better wound management and 

better wound healing (Figure 1.2).39 The protocols include selecting the optimal 

method of tissue removal based on patient prognosis and wound assessments, 

wound cleansing, timely dressing changes, selecting the most appropriate wound 

dressing material depending on wound environment and the usage of antibiotics or 

Inflammatory 
Damaged or dead matter 

removed by the body. 

Exudating wound is common 

Haemostasis 

 
Blood clotting at wound site 

Proliferation 
Secretion of collagen, 

fibroblasts and other ECM 

materials needed for wound 

healing 

Maturation 
Otherwise known as tissue 

remodelling or re-epithelisation. 

Secreted materials undergo 

binding and the wound closes 
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antimicrobials to hinder the growth of microorganisms at the wound site. Wound care 

and management are often overlooked by carers and patients, and in turn poses a 

challenge on clinicians to source remedies and dressings which are easy to use and 

highly effective even in the hands of a non-professional. 40,41 There is a demand for 

wound dressings which are suitable for application on different types of wounds, 

address clinical needs, are cheap to procure and are cost-effective. 

 

 

Figure 1.2. The T.I.M.E protocol of wound management.39,41,42 

Wound bed preparation 

Address patient 

issues 
Wound diagnosis 

Co-morbidity  

factors 

Psychological 

factors 

 

Social 

circumstances 

 

Environmental 

factors 

T.I.M.E concept 

  

Protocol of Care 

 Organ failure 

 Diabetes 

 Vascular disease 

Pyoderma gangrenosum 

 Malignancy 

 Tissue debridement and removal of sloughy and necrotic tissue 

 Infection and inflammation control and the management of bacterial 

bioburden 

 Moisture balance and maintenance at wound site 

 Epidermal advancement or epithelialisation  
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1.2.3.4 Wound dressings 

Historically, gauze wound dressings served as a protective barrier between the 

wound site and the atmosphere, preventing microorganisms from entering the 

wound.43 Modern day dressings have been innovated to facilitate wound healing by 

providing a number of beneficial properties such as moisture donation and wicking, 

exudate and autolytic debris removal, enabling gas exchange, infection prevention 

and promote wound healing with the inclusion of growth factors.44 Human skin is 

widely considered as a superb dressing due to its cellular compatibility and thus 

modern wound dressings try to mimic its natural properties.45 Numerous commercial 

wound dressings were made available to address different clinical needs, many of 

which were fabricated from different types of materials and in different formats (Table 

1.2).16 It is important to note that there is no single perfect wound dressing as wound 

sites may vary from patient to patient and the wound condition may drastically 

change at different stages of wound healing. The wound site dimensions and its 

environment should be taken into consideration when selecting the most appropriate 

wound dressing.38,44,46,47 

Table 1.2. Advantages and disadvantages of different types of dressings used in DFU treatment37,48–

50 

Type of dressing Advantages Disadvantage 

Film 

Good longevity 

Facilitates autolytic debridement 

Easy to fit around the exterior of the 

wound 

Can be applied and removed without 

great disturbance 

Semi occlusive 

Good visualisation of wound site 

Limited absorption capacity 

May cause wound maceration 

in exudate-heavy wounds 

Hydrocolloid 

Exudate wicking 

Facilitates autolytic debridement 

Occlusive 

Good longevity 

Not optimal for infected 

wounds 

Suspected to cause 

maceration 

Stains wound site 

Wounds become malodorous 
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Table 1.2 continued. Advantages and disadvantages of different types of dressings used in DFU 

treatment37,48–50 

Type of dressing Advantages Disadvantage 

Hydrogel 

Exudate wicking and moisture 

donation 

Non-antigenic 

Very high wound site 

conformity 

Harm free application and 

removal 

Induces cooling effect 

Can incorporate bioactive 

reagents 

Allows gas and metabolite 

exchanges 

Suboptimal for infected 

wounds 

May be unsuitable for 

neuroischaemic ulcers 

May cause wound maceration 

in exudate-heavy wounds 

Fibre 

Highly absorbent 

High wound site conformity 

Can be applied and removed 

without great disturbance 

Can be doped with bioactive 

reagents 

Good longevity 

Residual fibres may remain in 

wound site on removal 

May not fill the entirety of the 

cavity efficiently 

Foam 

Highly absorbent 

Good thermal insulation 

Easy to fit around the exterior 

of the wound 

Allows gas and water vapour 

exchange 

Not suitable for low exudate or 

dry wounds 

Can adhere to wound and 

potentially cause dermatitis 

Malodorous wound 

 

Among the different types of dressings, films, foams and fibre dressings are the most 

used in hospitals generally due to their low costs and high effectiveness.51 Films and 

foam dressings fit around the wound site’s exterior with ease and offers comfort in 

the post-operative stage. The swelling properties of fibre dressings are useful with 

tunnelling or cavernous wound sites where a tight wound packing is required to 

facilitate good healing.46,47 Despite their advantages, all three dressing types require 

dressing adhesive to secure the dressing in place which, upon removal, will induce 

pain and potentially aggravate the wound site.52,53  
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Hydrocolloid dressings are used to facilitate wound debridement and promotes 

granulation. The dressing is paired with a film, foam or fibre layer to suit different 

clinical needs and provide cushioning. However, this type of dressing requires 

frequent changes which increases cost of wound management. The inclusion of 

iodine will stain the wound site which can make wound inspections difficult.47  

Hydrogels are networks of polymeric crosslinks able to absorb and retain the 

majority of its mass as moisture. There is tremendous interest in using hydrogels for 

wound healing applications and are considered novel in chronic ulcer wound 

therapeutics. Its exudate wicking and moisture donation properties promotes healthy 

wound healing and its gas and metabolite permeability increases its non-

antigenicity.54,55 It has structural recovery properties which minimises risks of gel 

particulates becoming dislodged in the wound site. Hydrogels have the added benefit 

of antimicrobial agent and growth factor incorporation to facilitate autolytic 

debridement, combat infections and tissue granulation, making it suitable for most 

wound types. Its high moisture content may cause skin maturation on exudate-heavy 

wounds, so it has been typically favoured beyond the haemostatic stage of wound 

recovery.44,50 The usage of polymeric hydrogels as diabetic wound therapeutics will 

be further discussed in Section 1.3.5. 

 

 

1.2.3.4.1 Wound dressing materials 

Wound dressings are produced from materials from natural and synthetic origins to 

express different desirable properties to address clinical needs but composite 

material dressings are also common.  

Natural materials such as collagen, chitosan, carboxymethylated cellulose (CMC) 

and alginate are often used as their nature assumes their biocompatibility (Table 

1.3). Whereas poly(ethylene glycol) (PEG), poly(lactic acid) (PLA) and poly(vinyl 

alcohol) (PVA) are popular synthetic materials for wound dressings as their synthetic 

nature ensures higher uniformity and minimises discrepancies in their properties, in 

addition to having great tensile strength and strong resistance against in vivo 
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degradation.56 However, in some rare cases, patients may express symptoms of 

dressing rejection due to its synthetic origin and lower biocompatibility.57 
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Table 1.3. Materials commonly researched for DFU wound dressings, their advantages and their disadvantages. Polysaccharide chemical structures are 

presented in their protonated form.58–64  

Material Chemical structure Advantages Disadvantages 

Collagen 
 

Two amino acid residues with glycine 

being the third in sequence 

Optimal simulant for human 

skin 

Excellent tensile strength 

Moisture retention 

Highly resistant to in vivo 

degradation 

Sourced from animals 

Scarce and high cost 

Risk of transmitting infectious 

disease from the source 

Chitosan 

 

Biocompatible 

Bio-adhesive 

Non-antigenic 

Antimicrobial 

High chemical versatility 

Sourced primarily from animals 

Problems with solubility 

Risk of transmitting infectious 

disease from the source 

CMC 

 

Naturally abundant 

Biocompatible 

Highly resistant to degradation 

High rigidity 

Regulates growth factors in 

wound site 

Lack of flexibility 

Lowly soluble 

Can undergo biodegradation 

Table 1.3 continued. Materials commonly researched for DFU wound dressings, their advantages and their disadvantages. Polysaccharide chemical 

structures are presented in their protonated form.58–64  
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Material Chemical structure Advantages Disadvantages 

Sodium alginate 

(mixture of β-D-mannuronate 

and α-D-guluronate) 

 

 

 

Naturally abundant 

Highly biocompatible 

Low toxicity 

Mucoadhesive 

High chemical versatility 

pH sensitivity can be used for drug 

release models 

Reliant on cationic interactions to 

remain stable and rigid over time 
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Table 1.3 continued. Materials commonly researched for DFU wound dressings, their advantages and their disadvantages. Polysaccharide chemical 

structures are presented in their protonated form.58–64  

Material Chemical structure Advantages Disadvantages 

PEG 

 

Biocompatible 

Non-immunogenic 

Low toxicity 

Lightly lubricative 

Degradable on demand 

Can undergo hydrophilic dissolution 

Reliant on other materials to achieve 
desired stability 

PLA 

 

Biocompatible 

Non-toxic 

High tensile strength 

Degradable on demand 

Hydrophobic nature makes it difficult 

to handle 

Reliant on other materials to 
enhance performance 

PVA 

 

Biocompatible 

Non-toxic 

Non-carcinogenic 

High enzymatic and chemical 

degradation resistance 

Mucoadhesive 

Degradable on demand 

Can undergo hydrophilic dissolution 
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Collagen is the most abundant protein to exist in human extracellular matrices 

(ECMs) and facilitates cell anchorage, migration and proliferation.65 It expresses 

good tensile strength, provides resistance against degradation and is known to be 

the optimal material to simulate skin. However. its scarcity and cytocompatibility 

gives rise to its high price tag.66–69 Chitosan, the thermochemical deacetylated 

product of chitin, was the most researched material in the previous decade.70 Its non-

antigenicity, antimicrobial and bio-adhesive properties attracted the attention of many 

to harness those properties into wound therapeutic development. Its amino groups 

render it insoluble below pH 5.0, which can be circumvented by derivatising the 

amino and hydroxyl functional groups.  

Cellulose is commonly used due to their high natural abundancy and its highly 

porous structure translates to its high absorbency.71,72 A high degree of intra and 

inter-molecular hydrogen bonding lends itself to its high stability, tensile strength 

and, adversely, poor solubility in water. As such, cellulose is functionalised to afford 

its carboxymethylated derivative to express better bioresorbable and biodegradable 

behaviour.73  

Alginates are generally regarded as biocompatible, low in toxicity and expresses 

excellent mucoadhesive properties which excels in managing exudate-heavy 

wounds. Its high abundancy, coupled with its multimodal chemical reactivity makes it 

the novel material in wound therapeutics44.44,55,74 The chemistry of alginates as 

wound therapeutics will be discussed further in Section 1.3.  

PEG expresses low toxicity and is lightly lubricative. Its hydrophilicity can be 

controlled by including a more relatively hydrophobic copolymer such as PLA, which 

possesses high tensile strength and is biodegradable.55 Its biodegradability has 

become an attractive property in recent dressing development as it lends itself to its 

ability to dissolve on demand for easy dressing removal.62,63 PVA suffers from a lack 

of rigidity and thermal stability but is mitigated through crosslinking with another 

polymer to compensate for its lack of mechanical and tensile strength. In recent 

years, the degradability properties of synthetic polymers have been investigated to 

produce materials which degrade on demand through enzymatic or stimuli 

degradation with the aim of in vivo degradation in mind to address the issue of 

dressing residues remaining within the wound site following dressing removal.63,75 
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1.3 Chemistry of alginates and its use in biomedical applications 

This section provides literature and scientific research pertaining to alginates and 

alginate modifications, with an emphasis on alginate hydrogels for wound healing 

applications. Literature relevant to this project and similar research conducted by 

other researchers will also be presented. Lastly, the tests available to be conducted 

on hydrogels are briefly mentioned. Information and background of analytical tests 

conducted as part of this work can be found in the next thesis chapter. 

This work uses alginate for hydrogel dressing development due to its high natural 

abundancy, low-toxicity, high chemical versatility and multi-modal crosslinking 

mechanism (vide infra). 

 

 

1.3.1 Natural occurrence and chemical composition  

Alginates, found primarily within the cell walls and cell membranes of algae, are a 

family of linear polysaccharides which consists of a racemic mixture of (1→4) β-D-

mannuronate and α-L-guluronate (Figure 1.3). The name of its uronic 

monosaccharide give rise to the denotation M- and G-residues.  

 

Figure 1.3. 1C4 and 4C1 configurations of sodium alginate in chair conformation. 

 

Mannuronates can be found concentrated at the sporophylls and guluronates are 

found primarily in the blades and stipes of the macroalgae (Figure 1.4). Alginate 
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contains a mixture of di-equatorial (M-M), di-axial (G-G), equatorial-axial (M-G) and 

axial-equatorial (G-M) glycosidic linkages. The equatorial arrangement of M-block 

alginates allows high degree of flexibility. The enantiomer therefore expresses higher 

malleability compared to its G-counterpart. G-residues have higher structural rigidity 

due to the ‘egg-box effect’, first reported by Grant in 1973.76 The spatial configuration 

of G-residues forms a cavity in which a divalent cation can sit and establish strong 

ionic links which is sterically protected by polymeric strands.  

 

Figure 1.4. Anatomy of brown sea macroalgae. 

 

 

1.3.2 Molecular weight and polydispersity 

Alginate is commercially available with molecular weights averaging between 103 

and 105 kDa. Oligomeric and monomeric alginate is prepared via partial or full 

depolymerisation of the polysaccharide chain.77,78  The length of the polysaccharide 

chain may be estimated using mass spectrometry or size exclusion chromatographic 

data and establishing a mass ratio between a monosaccharide unit and the polymer. 

 

Stipe 

Blade 

Sporaphyll 
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The chain length may also be calculated by dividing the total molecular weight with 

respect to the molecular weight of a singular monomeric unit (Equation 1).77,78 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠 =
 Σ Molecular weight

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑖𝑐 𝑢𝑛𝑖𝑡; 208.06) 
   𝐸𝑞𝑛. 1 

 

The molecular weight of the polymer is deduced using gel permeation 

chromatography (GPC), and three parameters that define their physical properties 

are obtained which are the peak molecular weight (Mp), the number-average 

molecular weight (Mn) and the weight-average molecular weight (Mw). For more 

information on GPC please refer to Section 2.1.3. 

Alginate’s PDI ranges from 0.3 to 3.0 depending on algae species, enantiomeric 

excesses, environmental factors and source location.79 The relationship between the 

block length of alginate enantiomers and the enantiomeric excess was first reported 

by Grasdalen80 using NMR resonance peaks integrations to estimate the ratio of 

mannuronate to guluronate present in alginate (Figure 1.5), coined the M/G ratio 

(Equations 2 and 3).81,82 

 

Figure 1.5. Anomeric region of 1H-NMR spectrum of an alginate polysaccharide indicating 

combinations of oligomeric block sequences. Copyright © 2011 John Wiley & Sons, Ltd.83
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𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐺 =
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝐴

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝐵 +  𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝐶
     𝐸𝑞𝑛 2 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑀 = 1 −  𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐺    𝐸𝑞𝑛 3  

 

The viscosity of alginate solutions is related to the concentration, chain length and 

enantiomer of alginates used.84 M-alginates were found to express higher viscosity 

than its G-counterpart when dissolved at similar concentrations. The reasoning for 

this observation may be attributed to topological chain entanglements of the 

polysaccharide backbone (Figure 1.6).  

 

Figure 1.6. Diagram depicting areas of topological entanglement (left) and cohesion entanglement 

(right) on polymeric strands.85 

 

 

1.3.3 Alginate-based systems in DFU treatment 

Alginate has been presented in the aforementioned dressing formats in ulcer wound 

therapeutics (Section 1.1.3.4). Alginate fibre dressings are commonly used due to its 

high absorbency and rigidity, such as the Aquacel®, Promogran® and MediHoney® 

dressings.47,86,87 Novel research into alginate include alginate hydrogels and the 

incorporation of coagulants, antimicrobial agents and growth factors to improve its 

wound healing efficacy. The addition of calcium is popular with alginate dressings as 

it facilitates haemostasis and bolster alginate’s mechanical strength.88–90 
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1.3.4 Chemical behaviour 

Monovalent alginic salts, namely sodium, dissolve in water to afford alginic acid, with 

the pKa constant of guluronic acid and mannuronic acid at 3.65 and 3.38, 

respectively.91 Overall, there is negligible difference between the two enantiomers of 

alginate, but mannuronate dissolves more readily and undergoes functional group 

substitution more readily than guluronate as it experiences less steric hindrance from 

the polysaccharide backbone.92  

Water-dissolved sodium alginate undergo substitution with divalent cationic atoms 

and crosslink via ionotropic gelation to form a polymer network.93 The resultant 

product is a stiff and brittle gel-like solid where, if sat in the same aqueous media, 

the kinetic equilibrium will shift towards the formation of sodium alginate, thus 

causing gel dissolution.  

 

 

1.3.5 Alginate chemical modifications 

Alginate has free carboxyl and hydroxyl functional groups distributed along the 

saccharide backbone. These can undergo chemical modification and gives rise to 

the potential of crosslinking via photo and covalent gelation to form hydrogels. The 

work published by Javvaji et al.94 reported the photogelation of alginate using photo-

protonation with calcium carbonate to form calcium alginate hydrogels intended for 

wound healing applications. The addition of calcium chelators induces dissolution 

over time, providing a degradation effect. Methacrylated alginate also undergoes 

photogelation through acrylic enolate linkage using photoinitiators such as Irgacure 

2959® to form wound dressings for exudate-heavy wounds or for bone tissue 

engineering.95,96 

 

Scheme 1.1. Photoinitiation of Irgacure 2959® 97 
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1.3.5.1 Methacrylated and acrylated alginate 

Methacrylated alginate was extensively researched as a precursor material for 

photo-crosslinked hydrogels. The research published by Araiza-Verduzco98 used 

photo-crosslinked methacrylated alginates as a material for load-bearing biomedical 

applications, and tailored the elasticity of the hydrogel by derivatising the alginate to 

induce steric effects and elongate chain lengths to tailor the strength of the enolate 

bond. 

Photo-crosslinked methacrylated alginate-dextran composite hydrogels were also 

used as a vehicle for drug delivery, as published by Matricadi et al..99 The gel 

porosity, and consequent drug delivery rate, is controlled by methacrylate 

substitution and polymeric chain length. The viscosity of the polymeric solution 

allows it to be administered via hypodermic needle, allowing it to be used in irregular 

wound sites. 

Research published by Rubio-Elizalde et al.100 saw methacrylated alginate used as a 

wound scaffold to increase wound recovery efficiency. The wound scaffold included 

PEG, increasing its resistance to biodegradation whilst maintaining its high 

biocompatibility, and included natural bioactive reagents to facilitate biofilm material 

and induce anti-inflammatory effects. 

Wang et al.101 reported methacrylated alginate as a potential candidate for cell 

encapsulation in tissue engineering and myocardial repair (Scheme 1.2). Endothelial 

cells were encapsulated within the photo-crosslinked hydrogel which is injected in 

vivo and allowed to release in-situ. 

 

Scheme 1.2. Preparation of methacrylated alginate by alkylation of hydroxyl functional group.101 
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Non-methylated acrylate substituted alginates are less common as the acrylate 

functional group is less stable in air and light compared to its methylated counterpart. 

The absence of the methyl group encourages the material to gelate via covalent 

crosslinking. Alginate acrylation has been conducted previously for the 

bioapplications but as a superabsorbent hydrogel material102 and for keratinocyte 

inflammation alleviation.103 There has been no acrylated alginates in chronic wound 

therapeutic development. 

 

 

1.3.5.2 Thiolated alginates 

Thiolate-functionalised alginate undergo gelation by forming covalent crosslinks with 

other functional groups, such as click thiol-ene/thiol-yne, Michael-type addition and 

thio-epoxy reactions for a wide variety of applications.104  

Xu et al.105 reported an in-situ-formed thiolated alginate hydrogel for rapid 

haemostasis. Gel dissolution is induced with the use of reducing agents, such as 

dithiothreitol (DTT) to cleave the disulphide bond (Scheme 1.3). 

 

Scheme 1.3. i) Thiolation of sodium alginate. ii) Formation of disulphide linkage to form gel and basic 

hydrolysis leading to gel dissolution.105 
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Ooi et al.106 presented thiol-ene alginate hydrogels as a bioink for 3D bioprinting of 

wound therapeutics. The usage of bioinks has increased in popularity for wound 

healing as the low extrusion volume allows rapid initial gelation of the material and 

allows high control over the shape of the construct for a variety of biomedical usages 

such as cardiovascular stents to 3D-printed wound dressings.107,108 

The thiolation of polymeric chitosan and dextran for diabetic wound healing has been 

previously published by Zhang et al..109 The group mentioned the usage of oxidised 

dextran and thiolated chitosan crosslinked via base-catalysed disulphide formation.  

 

 

1.3.6 Toxicological considerations 

Keeping the end-application in mind, all chosen reagents and conducted reactions 

will need to be in compliance with toxicological limits to limit harm and improve 

biocompatibility whilst keeping cytotoxicity to a minimum. Strategies to reduce any 

reagents which exceed toxicological limits need to be employed, or its inclusion 

needs to be reconsidered in its entirety when designing experiments.110 

 

 

1.3.7 Alginate gelation and post-gelation tests 

The success of crosslinked alginates was determined according to an established 

system for hydrogel classification; failed gelation whereby solution remains in liquid 

form, gel particulate formation whereby some gelation has occurred but insufficient 

to form a bulk gel, and successful gelation where bulk hydrogel was obtained.93,111 

To establish hydrogel properties, crosslinked hydrogels undergo various tests 

depending on which information needed to be obtained. Swelling and release tests 

tell the extent of moisture absorption and moisture loss over time. Coupled with a 

model drug, this information can be used to simulate drug release profiles. 

Mechanical and tensile strength tests are typically performed to establish the intrinsic 

strength. Creep, tack and structural recovery tests can be performed to simulate 

pulling, stretching and ripping which are processes where the hydrogel would 
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experience during application, removal and during usage.112 The methodologies and 

tests performed in this thesis will be discussed in length in Chapter 2 under Section 

2.1. 

 

 

1.4 Project aims and rationale 

The aim of this research is to develop an injectable hydrogel from functionalised 

alginates for primarily for diabetic foot ulcer treatment. The hydrogel will gelate in-situ 

and removable without breaking or causing harm to the patient. This product design 

is an upgrade to the sheet-based dressings which require the usage of adhesives 

which may cause harm on dressing removal, and the fibrous-type sheet dressings 

may leave debris or fibre strands on removal which increases the risk of further 

infection. This project is designed to allow the hydrogel’s properties to be made 

tailorable, to suit a variety of wound types, by controlling the concentrations of 

moieties used in gelation to improve control over gelation time, moisture retention 

behaviour and structural integrity. 

Sodium alginate will undergo acrylate modification using glycidyl acrylate via an 

alkylation process, herein referred to as acrylation, and thiol modification via an 

amide formation using L-cysteine and cysteamine hydrochloride, herein referred to 

as thiolation. Acrylated alginate is taken for crosslinking with thiolated alginate and 

pentaerythritol Tetrakis(3-mercaptopropionate) (QT), a tetra-thiolated crosslinker, to 

form a hydrogel in-situ via a Michael-type addition reaction. In this work, emphasis is 

placed on gelation via covalent crosslinking, but other forms of gelation including 

ionotropic and photogelation are also incorporated as a fail-safe measure in the 

event of covalent link cleavages and additionally as a method to form a gel more 

rapidly to reduce dressing application time. The novelty of this research lies with the 

usage of glycidyl acrylate as the acrylate moiety and the end-application. The usage 

of glycidyl methacrylate is common for wound therapeutics but are used almost 

exclusively for photogelation to form gel. The absence of the methyl functional group 

along the vinyl group will, in theory, increase its reactivity and allow it to readily 
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undergo Michael-type addition to form gel. The usage of glycidyl acrylate in wound 

therapeutic development is not yet widely documented.  

Synthesised alginates will be characterised using NMR experiments, and thiol 

content of thiolated alginates will be quantified using Ellman’s Assay. The gelation 

behaviour and its mechanical profile will be established using in-situ rheological 

testing and prepared gels to undergo microscopic imaging to investigate its porosity 

and moisture retention, which is supplemented with model drug release tests with 

aims to include antimicrobial agents or growth factors as post-modification. 

 



 

 

Chapter 2: Analytical techniques, Experimental 

and Characterisation 

 

This chapter contains two sections and it describes the materials, analytical 

techniques and experimental procedures used in this project. Section 1 entails the 

fundamental knowledge pertaining to the scientific methodologies used as part of the 

research work. The scientific background for interpretation and understanding of the 

data presented can be found in this section. Section 2 highlights the experimental 

and characterisation procedures conducted as part of this project. Generic materials 

and solvents used as part of the research work will be listed. Herein, the procedures 

for the synthesis and handling of alginate hydrogel precursors and the in-situ 

preparation and testing of alginate hydrogels are detailed  

 

 

2.1 Fundamentals of analytical methodologies 

This section provides a brief introduction into the analytical methods used to improve 

understanding to aid the interpretation of the data presented in this thesis. This 

section does not provide the full technical background into the analytical methods. 

 

 

2.1.1 Nuclear Magnetic Resonance (NMR) spectroscopy 

The first documentation of NMR spectroscopy was reported by Rabi in 1938.113 This 

analytical method would become integral for structural determination. NMR uses 

changes in chemical shifts in response to different magnetic strengths, which in turn 

gives information on the molecule’s chemical, physical and structural data.114 

Modern day NMR features the analysis of molecules with respect to 1H, 13C, 15N, 19F 

and 31P nuclei.115 For in-depth background about this analytical method, please refer 

to the works published by Harris, Gruyter and Bharti and Roy.115–117  
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For this project, the focus of spectral interpretation lies with the chemical shifts 

pertaining to acrylate, thiolate signals and, in the case where alginate was analysed, 

the anomeric proton signals and, to a lesser degree, the alginic backbone chemical 

shifts. 

The acrylating reagent contains a sp2-hybridised carbon atom in the acrylate 

functional group as found in glycidyl acrylate (Figure 2.1). The arrangement of the 

carbon atoms give rise to a doublet (d), a doublet-of-doublets (dd) and a doublet (d) 

shift pattern in the range of δ 6.1 to 6.7 ppm in the starting material and δ 5.8 to 6.5 

ppm in the synthesised product. The change in chemical shift value is clearly 

resolved and can be used to determine the extent of acrylation, and consequently 

how much unreacted acryloyl chloride exists in the product.  

 

Figure 2.1. The acrylating reagent used in this thesis, glycidyl acrylate. 

 

The intensity of the acrylate signal allows a good visualisation of the chemical shifts 

of the acrylate even after alginate acrylation, as the chemical signals are diluted by 

the polysaccharide signals.118 

The thiolation reagents, L-cysteine hydrochloride and cysteamine hydrochloride 

(Figure 2.2), contain two sp3-hybridised carbon atoms bonded to one another. 

Consequently, two bands of peaks can be seen around δ 3.4 ppm and 3.7 ppm for L-

cysteine with a mixture in multiplicity. For cysteamine these bands of peaks are less 

shifted due to the absence of a neighbouring carboxylic group and can be found 

around δ 3.1 ppm and 3.4 ppm instead. 
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Figure 2.2. The thiolating agents used in this thesis, L-cysteine hydrochloride and Cysteamine 

hydrochloride. 

 

The range of chemical shifts of polysaccharide is large when accounting for the 

anomeric and backbone signals.119 However, the ones of interest in this research are 

the anomeric proton signals as the backbone signals experience heavy interference 

with the deuterium oxide signal which appears at δ 4.8 ppm at 25 oC.  

To mitigate this, water suppression is used in addition to increasing the experiment 

temperature. Increasing the experiment temperature lessens the effect of shielding 

by weakening the hydrogen bond interactions and lessens the effect of water 

molecule aggregation, which displaces the water signal upfield. Suppressing the 

solvent signals at a region where it is displaced from the anomeric signal region 

allows more precise analysation of spectral data and the estimation of M/G ratio and 

degree of substitution.120 Figure 2.3 shows four NMR spectra of the same alginic 

acid sample performed at different temperatures.121 
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Figure 2.3. 1H-NMR spectra of alginic acid performed at 50 oC, 60 oC, 70 oC and 80 oC. Figure used 

with authorisation.122 

 

 

2.1.2 UV-visible (UV-vis) spectroscopy 

UV-vis spectroscopy uses the principles of the Beer-Lambert law to determine the 

concentration of analytes in solution. Please refer to the book published by Skoog, 

Holler and Crouch for the basic principles of UV-vis spectroscopy.123 

The Beer-Lambert equation (Equation 4) is expressed as: 

 

𝐴 =  휀 𝑐 𝑙       𝐸𝑞𝑛. 4 

𝐴 = 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒   휀 = 𝑀𝑜𝑙𝑎𝑟 𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡   

𝑐 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒  𝑙 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑔ℎ𝑡 𝑝𝑎𝑡ℎ𝑤𝑎𝑦 
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The equation of a straight line may be used to form a correlation between the Beer-

Lambert law and the equation of a straight line.124 The Beer-Lambert law assumes 

the line to be centred at the origin, but in practice an adjustment in absorption value 

is necessary to account for human and technical error. This can be represented by 

the subtraction of the background absorption value from the true absorbance value 

to obtain an adjusted absorption value. 

 

 

2.1.2.1 Conversion of UV readings into thiol density 

The conversion from UV absorbance values into thiol density is achieved using a 

series of calculations (Equations 5 to 11). Thiol content is reported as the density of 

thiol per mass unit (pmu) of alginate and is reported as 
𝝁𝒈 𝒕𝒉𝒊𝒐𝒍

𝒈 𝒂𝒍𝒈𝒊𝒏𝒂𝒕𝒆
. This requires the 

calculation of the sample concentration in relation to the sample mass and its thiol 

content, and consequently establish the mass of thiol present in one gram of 

thiolated alginate.  

 

𝐴𝑠 𝑒𝑠𝑡𝑎𝑏𝑙𝑖𝑠ℎ𝑒𝑑 ∶ 𝐴 =  휀 𝑐 𝑙 ≡ 𝑦 = 𝑚𝑥       𝐸𝑞𝑛. 5 

𝑐 (𝑖𝑛 𝑚𝑜𝑙𝑒𝑠) =
𝐴

휀𝑙
 ≡  

𝑦

𝑚
      𝐸𝑞𝑛. 6 

𝑀𝑎𝑠𝑠 𝑢𝑛𝑖𝑡 (𝑖𝑛 𝑚𝑔) = 𝐶𝑜𝑛𝑐. 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑖𝑛
𝑚𝑔

𝑚𝐿
) 𝑥 𝑉𝑜𝑙. 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑖𝑛 𝑚𝐿)    𝐸𝑞𝑛. 7 

𝑀𝑜𝑙𝑒𝑠 (𝑡ℎ𝑖𝑜𝑙) 𝑝. 𝑚. 𝑢 = 𝑐 (𝑖𝑛 𝑚𝑜𝑙𝑒𝑠) 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑖𝑛 𝑚𝑜𝑙𝑑𝑚−3)   𝐸𝑞𝑛. 8 

𝐺𝑟𝑎𝑚𝑠 (𝑡ℎ𝑖𝑜𝑙) 𝑝. 𝑚. 𝑢 = 𝑀𝑜𝑙𝑒𝑠 (𝑡ℎ𝑖𝑜𝑙) 𝑝. 𝑚. 𝑢 𝑥 𝑀𝑟 (𝑡ℎ𝑖𝑜𝑙; 33)  𝐸𝑞𝑛. 9 

𝑀𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑚𝑠 (𝑡ℎ𝑖𝑜𝑙) 𝑝. 𝑚. 𝑢 = (𝐺𝑟𝑎𝑚𝑠 (𝑡ℎ𝑖𝑜𝑙) 𝑝. 𝑚. 𝑢)𝑥 106    𝐸𝑞𝑛. 10 

𝑇ℎ𝑖𝑜𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑖𝑛 
𝜇𝑔 𝑡ℎ𝑖𝑜𝑙

𝑔 𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒
) = (𝑀𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑚𝑠 (𝑡ℎ𝑖𝑜𝑙) 𝑝𝑚𝑢)𝑥 

1000 𝑚𝑔 

𝑀𝑎𝑠𝑠 𝑢𝑛𝑖𝑡 
   𝐸𝑞𝑛. 11 
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2.1.3 Gel Permeation Chromatography (GPC)  

GPC was first reported by JC Moore in 1964 as a revolutionary method for polymer 

analysis.125 GPC is a form of size exclusion chromatography (SEC) and relates to 

the Mark-Houwink-Sakurada equation where the relation between intrinsic viscosity 

of a polymer and its molecular weight is established (Equation 12).126 

 

⌈𝜂⌉ =  𝐾 𝑀𝑎      𝐸𝑞𝑛. 12 

⌈𝜂⌉ = 𝐼𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦   𝑀 = 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 

𝑎 𝑎𝑛𝑑 𝐾 = 𝑀𝑎𝑟𝑘 − 𝐻𝑜𝑢𝑤𝑖𝑛𝑘 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠) 

 

When the Mark-Houwink parameters are known, a plot of log⌈𝜂⌉𝑀 versus volume or 

time can be made, which serves as a universal calibration curve for a particular 

solvent system to determine a material’s molecular weight.127 

GPC is commonly used to characterise macromolecules such as oligomers and 

polymers as a polymer’s physical and chemical properties undergo large changes 

depending on its molecular weight and chain length.128 For example, polystyrene of 

different classifications may be found as a solid, viscous oil or as a liquid at room 

temperature.129  

Due to the magnitude and range of the molecular weight, the peak molecular weight 

(Mp), the number-average molecular weight (Mn) and the weight-average molecular 

weight (Mw) of macromolecules become of interest. The relationship between the two 

molecular weights calculates the polydispersity index (PDI), which provides the 

degree of chain length uniformity of polysaccharide chains (Equations 13 to 15).77,78 

Monodispersed polymer chains by definition have a PDI value of 1.0.74 
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𝑀𝑛 =
Σ 𝑁 𝑀

Σ 𝑁
    𝐸𝑞𝑛. 13 

𝑀𝑤 =
Σ 𝑤 𝑀

Σ 𝑤
   𝐸𝑞𝑛. 14 

𝑃𝐷𝐼 =  
𝑀𝑤

𝑀𝑛
    𝐸𝑞𝑛. 15 

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠     𝑤 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠    

𝑀 = 𝑝𝑟𝑒 − 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑚𝑎𝑠𝑠 

 

This method involves passing the sample through a gel column (stationary phase) 

using a solvent (mobile phase) at a constant flow rate where elution occurs, with 

larger macromolecules first eluded from the column due to its size and inability to 

penetrate gel pores, with smaller macromolecules being eluded last due to it being 

permeating and becoming trapped within the gel pores in the process (Figure 2.4). 

Modern day GPC machines are connected to a variety of detectors including 

refractive index (RI), ultra-violet (UV), viscometer, dynamic light scattering (DLS), 

fluorescence and infra-red detectors. For more in-depth explanation on this analytical 

method, please refer to the book published by Gellerstedt.130 
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Figure 2.4. Illustration of analyte separation and elution in a GPC column and chromatograph 

prediction.130 

 

 

2.1.4 Rheology 

Rheology is the study of flow behaviour and deformation of solid and liquid state 

matters under applications of stress. Its naming dates back to 1920 where the term 

was first coined by Bingham and Reiner.131,132 It assumes the majority of solid and 

liquid matters are classed as ideally solid, ideally liquid, viscoelastic solid or 

viscoelastic liquids (Figure 2.5). For more information about the technical 

background please see the publications by Malvern International and Anton 

Paar.133,134  

 

Direction of flow 

Large particle 

Small particle 
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Figure 2.5. Flow and deformation properties for solid and liquid state materials.134 

 

As force is applied to the viscoelastic materials, shearing of the material occurs. 

Viscoelastic materials are classed as a dilatant fluid if their viscosity increases when 

force is applied or as a pseudoplastic fluid if the opposite behaviour is observed. In 

cases where viscosity is linearly proportional to stress applied, the viscoelastic 

material is said to express a Newtonian behaviour (Figure 2.6).135 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Material shear thickening and thinning with force application.134 
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Over time, the structural integrity of some viscoelastic materials may undergo 

changes and can be further classed as a rheopectic or thixotropic material (Figure 

2.7).135  

 

 

 

 

 

 

 

 

 

Figure 2.7. Time-dependent viscoelastic fluids.134 

 

The focus of the rheology experiments in this thesis is to determine the gelation 

timepoint of alginate solutions to form hydrogels in-situ. Alginate solutions are 

classed as a viscoelastic liquid and, upon gelation, will become a viscoelastic solid. 

As a result, the flow behaviour of the material is monitored for the gelation step, and 

the resultant material undergoes structural deformation tests to ascertain its rigidity. 

Shear flow is measured by the magnitude of sample displacement, or shear stress, 

across an area upon force application. When displacement of the material has 

occurred, the shear strain can be calculated using the displacement distance in 

relation to the sample height. The shear rate can be described as the change in 

shear strain over time. Figure 2.8 and Equations 16 to 18 demonstrate the 

relationship between the different functions. 
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𝜎 =  𝐹 𝐴      𝐸𝑞𝑛. 16⁄  

𝛾 =  𝑥 ℎ⁄      𝐸𝑞𝑛. 17 

�̇� =  𝛿𝛾 𝛿𝑡⁄   𝐸𝑞𝑛. 18 

𝜎 = 𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠         𝐴 = 𝐴𝑟𝑒𝑎         𝐹 = 𝐹𝑜𝑟𝑐𝑒     𝑥 = 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

ℎ = 𝑆𝑎𝑚𝑝𝑙𝑒 ℎ𝑒𝑖𝑔ℎ𝑡    𝛾 = 𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛   �̇� = 𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 

Figure 2.8. Diagram of material shear and mathematical calculations to calculate shear rate.136 

 

The flow behaviour of a sample determines whether a material behaves more like a 

viscous (liquid) or elastic (solid) material. This also establishes the linear viscoelastic 

region (LVE), which indicates the range of frequency in which a test can be 

performed without causing structural destruction to the material. 

To monitor the change in viscoelasticity, oscillatory or rotational frequency sweep 

tests are performed in order to obtain the storage modulus, which represents a 

sample’s elastic behaviour, the loss modulus, which represents a sample’s viscous 

behaviour and the complex modulus, which represents the relationship between a 

sample’s elastic and viscous behaviour, is calculated using the phase angle between 

the geometry and the sample (Figure 2.9 and Equations 19 to 22). 
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𝐺’ =  𝐺∗𝑐𝑜𝑠 𝛿          𝐸𝑞𝑛. 19 

𝐺’’ =  𝐺∗𝑠𝑖𝑛 𝛿         𝐸𝑞𝑛. 20 

𝐺∗  =  √𝐺’2 + 𝐺’’2   𝐸𝑞𝑛. 21 

𝑡𝑎𝑛 𝛿 =  𝐺’’ 𝐺′⁄        𝐸𝑞𝑛. 22  

𝐺′ = 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑚𝑜𝑑𝑢𝑙𝑢𝑠  𝐺′′ = 𝐿𝑜𝑠𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠  𝐺∗ = 𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 

𝛿 = 𝑃ℎ𝑎𝑠𝑒 𝑎𝑛𝑔𝑙𝑒 

Figure 2.9. Mathematical relationship between G’, G’’ and G*.136 

 

In the work presented in this thesis, gelation is said to have occurred when the 

alginate solution, a viscoelastic liquid, has gelled to become a viscoelastic solid. This 

can be determined by observing the storage and loss moduli. When the loss 

modulus is greater than the storage modulus, the sample is said to be a viscoelastic 

liquid. When the storage modulus is greater than the loss modulus, the sample is 

said to be a viscoelastic solid and has successfully crosslinked to form a hydrogel. 

Dehydration of a sample can sometimes occur mid-experiment. Numerous 

environmental factors can contribute towards this phenomenon. In cases when 

sample dehydration has occurred, the sample often shrink in size, causing sample 
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slippage and resulting in a loss of contact between the geometry and sample. Data 

point fluctuations are often a good indicator of a loss of contact. A clear indication for 

sample dehydration is when a “ramping” behaviour is observed, where both storage 

and loss moduli values increase in a linear fashion with occasional plateaus.137 

 

 

2.1.5 Scanning Electron Microscopy (SEM) and confocal microscopy 

Although the technology dates back further in the 20th century, the first high-

resolution scanning electron microscope was invented by von Ardenne in 1937. This 

analytical technique relies on using a beam of primary electrons to excite a sample 

on a small area to produce secondary electrons. These electrons are picked up by a 

secondary electron detector to produce an image. The raster scan generator directs 

the electron beam to different areas of the sample to produce multiple pictures of the 

specimen, which are then stitched together to produce a full image of the specimen 

(Figure 2.10) Specimen are often sputter-coated with nanogold to improve image 

quality by reducing background glare. 

Confocal microscopy uses the same principles as fluorescence microscope, but the 

clever incorporation of pinholes prevents light rays above and below the focal plane 

to reach the detector, thus increasing the image resolution. Images taken of 

numerous focal spots are stitched together to form a sharp image. As one specific 

focal plane of a specimen is inspected at a time, this enables the creation of a 3D 

image by imaging a specimen along the z-axis (Figure 2.11). 

For more information about the technical background of these two analytical 

techniques, please refer to the publications by McMullan, Semwogerere and Weeks, 

and Nwaneshiudu et al..138–140 
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Figure 2.10. Simplified schematic of a scanning electron microscope.138 
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Figure 2.11. Simplified schematic of a confocal microscope.139 

 

 

2.2 Experimental Procedures 

 

2.2.1 Materials 

All solvents (hydrous and anhydrous) were purchased from Fisher Scientific at the 

highest possible grade unless stated otherwise. Deuterated solvents used for NMR 

analyses were procured from VWR and contain 99.6 % deuterium minimum. High-M 

sodium alginate (powder; purchased as alginic acid sodium salt) was purchased 

from Sigma-Aldrich and High-G alginate (powder) was gifted by ConvaTec 

Rhymney. Dialysis tubing (regenerated cellulose, MWCO 2kDA) was purchased from 
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Spectrum Labs and stored in water in the fridge before use. GPC calibration 

standards were purchased as a kit from VWR and stored in the fridge until used. 

All procured reagents were used without further purification unless stated otherwise. 

Glycidol (96 %), triethylamine (TEA, ≥99 %) and cysteamine hydrochloride (98 %; 

purchased as 2-aminoethanethiol hydrochloride) were purchased from ACROS 

Organics. Hydroquinone (≥99.5 %), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDCI) hydrochloride, L-cysteine hydrochloride (anhydrous, ≥99 %), Ellman’s 

reagent (DTNB, ≥98 %; purchased as 5,5’-Dithiobis(2-nitrobenzoic acid)), phosphate 

buffered saline (PBS, powder, pH 7.4 and pH 6.8), carmoisine (analytical standard), 

Irgacure 2959 (98 %; purchased as 2-Hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone) and QT(> 95%; purchased as Pentaerythritol tetrakis(3-

mercaptopropionate)) were procured from Sigma-Aldrich. Acryloyl chloride (96 %, 

stabilised with 400 ppm phenothiazine), hydrochloric acid (HCl, 37 %), sodium 

hydroxide (NaOH, > 98%, pellets), magnesium sulphate (anhydrous, >95 %) and 

calcium chloride (CaCl2, anhydrous, 93 %) were purchased from VWR. Dithiothreitol 

(≥99 %) was purchased from Fisher Scientific. All stock solutions were made up 

using HPLC-grade water unless stated otherwise. All applications and usages of 

PBS was performed using PBS (pH 7.4) unless stated otherwise. 

 

 

2.2.2 Synthesis of hydrogel precursors 

In this thesis, the experimental aim is to functionalise alginate with acrylate and thiol 

moieties. Glycidyl acrylate is synthesised as a precursor material for alginate 

acrylation reactions. All synthesised material were sealed and stored at low 

temperatures in purged brown glass vessels. 

 

 

2.2.2.1. Glycidyl Acrylate 

Glycidyl acrylate was synthesised via the method reported by Zhang et al..141 In a 

small scale experiment, glycidol (7.0 mL, 105 mmol), TEA (20.5 mL, 145 mmol) and 
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hydroquinone (23.4 mg, 0.2 mmol) were suspended in anhydrous diethyl ether (300 

mL) in a N2 purged flask and cooled to 0 oC. Acryloyl chloride (10.1 mL, 125 mmol) 

was added dropwise to the reaction over a period of 30 minutes. The reaction 

mixture was left to stir for 1 hour at 0 oC and then at ambient temperature overnight 

(14 – 16 h). The resultant mixture was filtered and the organic layer was washed 

thrice with water (3 x 75 mL), dried over magnesium sulphate before concentrating in 

vacuo on a IKA RV10 rotary evaporator to afford a pale-yellow oil. The oil was taken 

for 1H-NMR characterisation using CDCl3 at 10 mg/mL concentration and stored in 

the freezer in a purged light-sensitive container. For NMR analysis procedures 

please see Section 2.2.2.1. 

GA1: 7.0 mL glycidol, 20.5 mL TEA, 22.7 mg hydroquinone, 300 mL anh. DE and 

10.0 mL acryloyl chloride was used. No changes were made to the experimental 

procedure. 

GA2: 14.0 mL glycidol, 40.6 mL TEA, 45.4 mg hydroquinone, 600 mL anh. DE and 

20.2 mL acryloyl chloride was used. No changes were made to the experimental 

procedure. 

GA3 and GA4: 35 mL glycidol, 100 mL TEA, 112.5 mg hydroquinone, 1.5 L anh. DE 

and 50.0 mL acryloyl chloride was used. No changes were made to the experimental 

procedure. 

1H NMR (400 MHz, CDCl3) δ 6.44 (dd, J = 17.3, 1.1 Hz, 1H, CH2=CH), 6.14 (dd, J = 

17.3, 10.4 Hz, 1H), 5.86 (d, J = 10.5, 1.1 Hz, 1H, CH2=CH), 4.47 (dd, J = 12.3, 3.0 

Hz, 1H, CH2-CH), 3.99 (dd, J = 12.3, 6.3 Hz, 1H, CH2=CH), 3.23 (ddt, J = 3.6, 2.9 

Hz, 1H, CH-CH2), 2.84 (t, J = 4.5 Hz, 1H, CH2-CH epoxide), 2.65 (dd, J = 4.8, 2.6 

Hz, 1H, CH2-CH epoxide). 

Impurities: 1H NMR (500 MHz, CDCl3, 298 K): δ 3.48 (q, 3H Et2O), 2.50 (q, 2H, 

TEA), 1.21 (t, 2H, Et2O), 3.48 (q, 3H, Et2O), 1.00 (t, 3H, TEA) 
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2.2.2.2. Acrylation of sodium alginate 

The procedure for the acrylation of sodium alginate was taken and further adapted 

from the procedure reported by Wang et al..101 The volumes of glycidyl acrylate used 

was changed to tailor reactions and exert better control over the acrylation degree in 

syntheses.  

Sodium alginate is dissolved in deionised water to 0.02 g/mL concentration (0.5 g, 25 

mL). Glycidyl acrylate (High: 4.0 mL, 34.4 mmol, Med: 2.16 mL, 18.6 mmol, Low: 

1.08 mL, 9.3 mmol) is added to the solution in a purged flask and stirred at room 

temperature. Sodium hydroxide (1 M) is added until pH 10.0 is reached. The reaction 

mixture is left to stir at 60 oC under N2 atmosphere for 5 hours and precipitated in 

excess cold IMS to afford a white wispy polymer. Purification of the crude product is 

achieved by washing thrice with IMS (3 x 75 mL) and freeze-dried using a LTE mini 

lyotrap freeze dryer to afford the final product. The purified product is taken for 1H-

NMR experiments in D2O at 7.5 mg/mL concentration and stored in a sealed, light-

sensitive container in the freezer until used. For NMR analysis procedures please 

see Section 2.2.2.1.  

1H NMR (500 MHz, D2O, 343 K) δ 7.01 (dd, J = 3.6 Hz, 1H, acrylate DB), 6.79 (dd, J 

= 10.7 Hz, 1H, CH-vinyl), 6.58 (d, J = 10.7 Hz, 1H, acrylate DB), 5.60 (s, 4H, alginate 

anomeric proton), 5.21 (m, 4H, alginate anomeric proton), 5.00 (s, 3H, alginate 

anomeric proton). 

Impurities: (500 MHz, D2O, 343 K) δ 4.26 (s, 1H, glycidyl acrylate), 3.65 (q, 3H, 

Et2O), 1.17 (t, 2H, Et2O). 

 

 

2.2.2.3. Thiolation of sodium alginate 

The thiolation of sodium alginate was taken and further adapted from the work 

published by Bernkop-Schnürch, Kast and Richter.142 In addition to the original 

protocol, a different thiol moiety was used. In order to tailor the thiolation degree, 

experiments with different mass ratios of thiol moiety to alginate were performed. 
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In a typical reaction, sodium alginate is dissolved in deionised water to 20 g/L 

concentration. EDCI solution (5 mL, 50 mM; deionised water) is added to the stirring 

alginate solution, adjusted to pH 6.0 and left to incubate for 45 minutes at 37 oC 

under inert atmosphere. The thiol moiety (cysteine hydrochloride or cysteamine 

hydrochloride), dissolved in solution (thiol:polymer mass ratio 1:1, 1:1.5, 1:2, 5 mL; 

deionised water), is added to the reaction vessel. The resultant mixture is left to react 

at room temperature under inert atmosphere for 3 hours whilst stirring. The crude 

product is purified in dialysis tubing against 1 mM HCl and adjusted to pH 4.0, with 

two further dialysis against 1 % w/w NaCl in 1 mM HCl for 24 hours per trial before 

being lyophilised using a LTE mini lyotrap freeze dryer to afford the white polymer. 

Synthesised thiolated alginates were taken for UV testing for thiol-content analysis. 

1H NMR characterisation of synthesised thiolated alginate was performed using D2O 

at 7.5 mg/mL concentration and stored in a sealed, light-sensitive container in the 

freezer until used. Please refer to Section 2.2.2.1. for NMR analysis procedures and 

Section 2.2.2.2 for the procedures for UV determination of thiol-content. To 

investigate the effects of pH on the reaction, the pH during dialysis for some trial 

experiments was adjusted to pH 5.0 and 6.0. 

TA1: High-M alginate used. 50 mL alginate solution (1 g alginate content) and 5 mL 

EDCI solution (47.9 mg EDCI) was used. 1 g cysteamine hydrochloride was added 

without modification. No changes were made to the synthesis procedure. The 

dialysis volume was 150 mL with each dialysis trial. 

TA2: High-M alginate used. 50 mL alginate solution (1 g alginate content) and 5 mL 

EDCI solution (47.9 mg EDCI) was used. 1 g cysteine hydrochloride was added 

without modification. No changes were made to the synthesis procedure. The 

dialysis volume was 150 mL with each dialysis trial. 

TA3: High-M alginate used. 50 mL alginate solution (1 g alginate content) and 5 mL 

EDCI solution (47.9 mg EDCI) was used. 1.5 g cysteamine hydrochloride was added 

without modification. No changes were made to the synthesis procedure. The 

dialysis volume was 150 mL with each dialysis trial. 

TA4: High-M alginate used. 50 mL alginate solution (1 g alginate content) and 5 mL 

EDCI solution (47.9 mg EDCI) was used. 1.5 g cysteine hydrochloride was added 
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without modification. No changes were made to the synthesis procedure. The 

dialysis volume was 150 mL with each dialysis trial. 

TA5: High-M alginate used. 50 mL alginate solution (1 g alginate content) and 5 mL 

EDCI solution (47.9 mg EDCI) was used. 2 g cysteine hydrochloride was added 

without modification. No changes were made to the synthesis procedure. The 

dialysis volume was 150 mL with each dialysis trial. 

TA6: High-G alginate used. 50 mL alginate solution (1 g alginate content) and EDCI 

solution (47.9 mg EDCI) was used. 2 g cysteine hydrochloride was added without 

modification. No changes were made to the synthesis procedure. The dialysis 

volume was 150 mL with each dialysis trial. 

TA7 and TA8: High-G alginate used. 50 mL alginate solution (1 g alginate content) 

and 5 mL EDCI solution (47.9 mg EDCI) was used. 2 g cysteamine hydrochloride 

dissolved in dil. NaOH (5 mL; pH 8.0) was added. No changes were made to the 

synthesis procedure. The dialysis volume was 5 L with each dialysis trial. 

TA9 and TA10: High-G alginate used. 50 mL alginate solution (1 g alginate content) 

and 5 mL EDCI solution (47.9 mg EDCI) was used. 2 g cysteine hydrochloride 

dissolved in dil. NaOH (5 mL; pH 8.0) was added. No changes were made to the 

synthesis procedure. The dialysis volume was 5 L with each dialysis trial. 

1H NMR (500 MHz, D2O, 343 K) δ 5.64 (s, 2H, alginate anomeric proton), 5.50 (s, 

3H, alginate anomeric proton), 5.28 (s, 8H. alginate anomeric proton), 4.46 (m, 25H, 

alginic backbone), 4.0-3.3 (m, 3H, thiol moiety). 

Impurities: (500 MHz, D2O, 343 K) δ 2.75 (s, 1H, EDCI), 1.70 (s, 1H, EDCI). 

 

 

2.2.3 Preparation of alginate hydrogels 

In this research, alginate gelation tests were conducted in the laboratory and at a 

rheological testing facility belonging to the sponsoring company collaborator, 

ConvaTec GDC Deeside.  
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2.2.3.1 Ionotropic gelation 

For ionotropic gelation of derivatised alginates in the laboratory, alginate solution 

(3.5 % w/v) or prepared alginate hydrogel was subjected to a CaCl2 bath (1 % w/v) 

overnight. Depending on the desired gel morphology, alginate solution was either 

extruded out of a hypodermic needle or pipetted into a mould and the mould 

submerged into a calcium bath.  

For ionotropic gelation for use in rheological studies, alginate solution (3.5 % w/v) 

was pipetted into a mould and the mould submerged into a bath containing CaCl2 

(0.1 % w/v and 1 % w/v) and left to sit for 10 seconds before being taken for 

rheological testing. Please refer to Section 2.2.2.4.2 for information on rheological 

testing parameters. 

 

 

2.2.3.2 Covalent gelation via in-situ Michael-type addition 

The procedure of covalent gelation of polymers using QT was inspired by the work of 

Dr Anna Tochwin111 and the Tai research group.143 Alginate hydrogels were 

produced in Eppendorf tubes for ease of inspection, manipulation, and 

transportation. For the work reported in this thesis, QT was dissolved in ethyl acetate 

at 5 % and 10 % w/v (weight/volume) with TEA added (0.1 % w/v). All alginate 

samples were dissolved at 3.5 % w/v using PBS solution. The total volume of 

solution handled amounted to 1.5 mL. 

In a typical trial with QT in the laboratory, acrylated alginate solution was added to an 

Eppendorf tube along with QT solution in volume ratios of: 2.5:1 (1.07 mL:0.43 mL), 

5:1 (1.25 mL: 0.25 mL) and 10:1 (1.36 mL: 0.14mL) and mixed with inversion of the 

tube. The mixed solution is left to incubate in an incubator at 37 oC and inspected at 

T = 5, 10, 20, 30, 60, 120, 360 and 1440 minutes. For some reactions, 20 % of the 

total volume was replaced with different aprotic solvents (dimethyl sulphoxide, 

tetrahydrofuran, ethyl acetate, acetone). 

In a typical trial with thiolated alginate in the laboratory, acrylated alginate solution 

was added to an Eppendorf tube along with thiolated alginate solution in volume ratio 

of 1:1 (0.75 mL:0.75 mL) and mixed with inversion of the tube. The mixed solution is 
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left to incubate in an incubator at 37 oC and inspected at T = 5, 10, 20, 30, 60, 120, 

360 and 1440 minutes. 

The volume ratio and concentrations have been altered to for in-situ rheological 

testing experiments. The experimental work in this thesis uses alginate samples 

dissolved at three different concentration bands which were 5.8 % w/v, 2.8 % w/v 

and 1.39 % w/v, respectively and were referred to as high, medium and low 

concentration, respectively.  

Acrylated alginate solution was mixed with QT solution (1.4 mL acrylate: 0.1 mL QT) 

or thiolated alginate solution (0.75 mL acrylate: 0.75 mL thiolate) and pipetted 

directly onto the Peltier plate after mixing until homogeneous without incubation. 

Please refer to Section 2.2.5 for procedures for loading sample onto the rheometer 

and Section 2.2.2.4.2 for rheological testing parameters. 

 

 

2.2.3.3 Photogelation 

Acrylated alginate was dissolved in PBS at 2.5 % w/v concentration overnight using 

a tube roller and 3.5 % w/v concentration using a Velp Scientifica OV5 Homogeniser 

in centrifugal tubes wrapped in foil to minimise light exposure. Irgacure 2959 was 

dissolved to 1 % w/v concentration (50 mg in 5 mL).  

Acrylated alginate (250 μL) was mixed with a solution of Irgacure 2959 (15 μL) in a 

plastic mould before subjecting to a high intensity UV lamp (270-280 nm) in 12-

minute intervals with 7-minute irradiation and 5-minute rest intervals. The obtained 

gels were stored under low light atmospheres until used.  
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2.2.4 Analytical characterisation procedures 

 

2.2.4.1 Nuclear Magnetic Resonance (NMR) spectroscopy characterisation 

1H-NMR experiments were conducted at 400 MHz frequency (Bruker Ultrashield Plus 

400 NMR spectrometer)) with 16 scans and at r.t. (25 oC).  

1H-NMR with water suppression experiments were carried out at 500 MHz (Bruker 

Avance 500 MHz NMR spectrometer). 1H-NMR analysis of acrylated alginate 

samples was performed using 256 scans at 70 oC in D2O. 1H-NMR analysis of 

thiolated alginate samples was performed with 128 scans at 25 oC in D2O. 

 

2.2.4.2 Thiol content determination using Ellman’s Reagent 

The determination of thiol content by UV-vis was first reported in Ellman in 1959.144 

The procedure was taken and adapted for the experimental work. All thiol content 

determination work was performed using a PerkinElmer Lambda 35 UV-vis 

spectrometer. A 2-mercaptoethanol stock solution (1 x10-3 M) was made up (7.04 µL 

in 100 mL). A DTNB stock solution (1 x10-3 M) was made up (3.9634 mg in 10 mL) in 

PBS. Thiolated alginate was dissolved in HPLC-grade water (50 mg in 10 mL). 

To establish a calibration curve, 2-mercaptoethanol stock solution was diluted to 

afford five solutions of different concentrations (3 x10-4 M, 2 x10-4 M, 1.5 x10-4 M, 1 

x10-4 M and 5 x10-5 M). In a separate vial, DTNB (203.8 µL) was made up to 1 mL 

with PBS (796.2 µL). These two solutions were mixed, transferred into quartz 

cuvettes and taken for UV analysis at 412 nm against a blank of PBS. 

For sample analysis, thiolated alginate solution (0.5 mL) was mixed with DTNB 

solution (0.5 mL), transferred to quartz cuvettes and measured against a PBS blank 

at 412 nm.  
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2.2.4.3 Gel Permeation Chromatography (GPC) analysis 

Alginate is dissolved at 1 mg/mL concentration in PBS buffer (pH 6.8), filtered 

through a 25 µm PTFE syringe filter into sample vials and left to stir overnight on a 

sample roller.  

Experiments were performed on an Agilent PL-GPC 50 GPC/SEC machine fitted 

with a PLgel 20 µm Mixed-A column with an injection flow rate of 0.1 mL/min at 301 

K. The column is flushed between experiments with PBS buffer (pH 6.8). 

 

 

2.2.4.4 Hydrogel gelation characterisation 

 

2.2.4.4.1 Release studies 

Prepared alginate gels were dried in vacuo. The dried gels were loaded with a 

carmoisine solution (750 µL; 0.25 mg in 1 mL deionised H2O) and left for 2 minutes 

to allow the gel to be permeated by the carmoisine prior to release. The release is 

simulated with the injection of HPLC-grade water (1 mL) into the sample well, with 

the release media drawn and replaced at set time intervals (T = 0, 30 60, 90 ,120, 

180 and 240 minutes). The drawn solution was taken for UV-analysis in quartz 

cuvettes against a blank of HPLC-grade water at 515 nm using a PerkinElmer 

Lambda 35 UV-vis spectrometer. 

A release study experiment included 8 trials. Trials 1-4 were the same as trials 5-8. 

Each trial included a control of acrylated alginate, which was the same alginate 

sample used to produce the hydrogels, and a blank gel with made from unmodified 

alginate. 

Trial 1: Hydrogels were crosslinked via covalent and ionotropic crosslinking. 

Trials 2: Hydrogels were crosslinked via photo and ionotropic crosslinking. 

Trials 3 and 4: Hydrogels were crosslinked via covalent, photo and ionotropic 

crosslinking. 
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2.2.4.4.2 Rheological studies 

All rheology-related work in this research was conducted using a Discovery HR-2 

rheometer. For rheological measurements, a 50 mm parallel plate geometry and a 

20 mm parallel plate geometry were used. A humidity cover was incorporated which 

was lubricated with silicone grease to provide a sealing effect. The water reservoir of 

the geometry was filled with deionised water for shorter experiments (>4 h) and 

silicone grease for overnight experiments (Figures 2.12 and 2.13).  

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Annotated photograph of a rheometer. 
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Figure 2.13. Diagram of a rheometer platform. 

 

In this research, four different tests were conducted to establish a gel’s rheological 

profile. These were temperature ramp tests, time sweep, oscillatory frequency sweep 

tests and creep tests. The test parameters and conditions for respective experiments 

were as follows. 

Temperature ramp: Sample was loaded onto the Peltier plate set at 25 oC and 

trimmed. The temperature increase was set to 1 K/min until 37 oC was reached. The 

loading gap was set to 500 µm, trim gap offset 0 µm. 

Time sweep: Sample was loaded onto the Peltier plate set at 37 oC. The experiment 

duration was set to be 10 minutes, 20 minutes, 30 minutes 150 minutes or, for 

overnight experiments, 1080 minutes. A 5.0 e-5 rad displacement was chosen. 

Oscillatory frequency sweep: Sample was loaded onto the Peltier plate set at 25 oC 

or 37 oC and trimmed. The loading gap was set to 500 µm, trim gap offset 0 µm, 

strain at 0.5 % and angular frequency range from 0.1 Hz to 10.0 Hz.  

Creep test: Crosslinked alginate hydrogel was loaded onto the Peltier plate set at 37 

oC. The shear frequency was set to 0.1 Hz to 10.0 Hz for the initial creep. The 

material was allowed to structurally recover for 10 seconds and sheared for two 
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further cycles at 1.0 Hz to 10.0 Hz with 10 seconds recovery period in between each 

cycle. 

In a typical trial, alginate solution was added to a mixing vessel followed by the 

addition of QT or thiolated alginate solution. The resultant solution was gently mixed 

to aid incorporation and to eliminate any trapped air bubbles. The solution was 

pipetted onto the Peltier plate, with the geometry lowered to the trim gap, and any 

excess sample was trimmed using a trimming tool. Please refer to Section 2.2.2.4.2 

for information of rheological experiment conditions and protocols. 

 

 

2.2.4.4.3 Scanning Electron Microscopy (SEM) and confocal microscopy tests 

Scanning Electron Microscopy (SEM) was performed on dried derivatised alginates. 

Alginate samples were mounted onto a sputter and coated with nanogold before 

taken for SEM imaging on a JEOL JSM-7900F scanning electron microscope. 

Imaging of the sample was performed at 100x, 1000x and 10000x magnifications.  

Microscopy tests of prepared alginate gels were conducted using a VHX High-Res 

digital confocal microscope. Samples were locked onto a platform using glass 

microscopic slides and the zoom adjusted to produce a clear image. A 3-D cross-

section image of the sample was also taken. 

 

 



 

 

Chapter 3: Results and Discussion 

 

3.1 Overview 

This chapter is further divided into five sections. Section 1 includes spectroscopic 

data of the alginate samples used and provides a brief insight into different alginic 

polysaccharide configurations and specifications. Section 2 details the synthesis of 

glycidyl acrylate, the precursor material of the alginic acrylate modification step, with 

spectral analyses and scientific explanations. Sections 3 and 4 of this chapter details 

the acrylate-functionalisation of alginate by alkylation, referred in this work as 

acrylation, and the thiol-functionalisation of alginate by amide bond formation, 

referred in this work as thiolation, respectively. Within, the reader should expect to 

see NMR characterisations of the synthesised materials, with factors impacting the 

reaction efficacy and yield being discussed, in addition to data comparison of the 

different specifications of alginates used in this project. Section 5 marks the end of 

this chapter with results and discussions of alginate hydrogel preparations using 

different chemical processes as well as the characterisation of prepared gels using 

analytical techniques including in-situ rheological experiments and SEM tests. Raw 

data of data presented can be found in the appendices. 

 

 

3.1.1 GPC analysis of sodium alginates  

GPC analyses of alginate samples accrued from Sigma-Aldrich (High M) and 

ConvaTec Rhymney (High G) indicated a Mp value of 106 kDa and 418 kDa, 

respectively, as shown by the peak annotated as ‘2’ in Figures 3.1 and 3.2. The 

respective PDI values were 6.60 and 4.56, which suggest High G alginates being 

more uniform in chain lengths compared to High M alginates. Information pertaining 

to chromatograph data can be found under Table 3.1. Alginate solutions for GPC 

testing were left stirring overnight to observe any precipitation behaviour that may 

occur over time, which may block the gel column and cause damage to the machine. 
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Figure 3.1. GPC chromatograph of High M alginate procured from Sigma-Aldrich. The diagonal red 

line corresponds to the calibration curve. 

 

 

Figure 3.2. GPC chromatograph of High G alginate procured from ConvaTec Rhymney. The diagonal 

red line corresponds to the calibration curve. 

 

Table 3.1. Tabulated information of alginate samples obtained from GPC analyses. 

Sample Notation Mp (kDa) Mn (kDa) Mw (kDa) PDI 

Sigma-Aldrich High M 106.9 32.2 215.6 6.60 

ConvaTec 

Rhymney 
High G 418.1 103.8 473.6 4.56 

 



Chapter 3: Results and Discussion 

Page | 55  

The ratio of mannuronates to guluronates present in the sample, M/G ratio, is 

calculated to be 2.0 (High-M alginate) and 0.5 (High-G alginate), hence its name, 

using 1H-NMR analytical data (Equations 2 and 3 in Chapter 1 Section 1.3.2) 

reported by Grasdalen in 1983.80 The appearance of two peaks in the 

chromatograph suggests the existence of two sample mass distribution, and could 

be attributed to the presence of oligomeric alginate in addition to polymeric alginate. 

 

 

3.2 Synthesis of Glycidyl Acrylate  

Despite further purification steps, traces of impurities remain inside the purified 

product, namely unreacted starting materials, and solvents. The impurity content is 

estimated to be between 12 and 28 % of total mass, as determined by the product 

purity equation (Equation 21).145 Table 3.2 offers a tabulated view into the scales of 

syntheses performed as well as resultant yields and relative purities, all confirmed by 

1H-NMR characterisations. 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑢𝑟𝑖𝑡𝑦 = ( 
Σ 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑖𝑔𝑛𝑎𝑙𝑠

Σ 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒
)  𝑥 100 %      𝐸𝑞𝑛. 21  

 

Table 3.2. Simplified table of some acrylate syntheses performed. Refer to thesis Chapter Section 

(2.2.3.1) for quantities used at different reaction scales.  

Experiment 

number 

Reaction 

scale 

Σ reaction 

volume (mL) 
Yield (%) Purity (%) 

GA1 Small 170 49.9 90 

GA2 Medium 675 77.8 91 

GA3 Large 1685 67.0 95 

GA4 Large 1685 71.0 95 
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3.2.1 Factors affecting yields and purity of synthesised acrylate 

The inclusion of hydroquinone was necessary to prevent the autopolymerisation of 

the acrylate product to form poly(glycidyl acrylate) (Scheme 3.1). Although the exact 

mechanism for the free-radical polymerisation process is not yet determined, one 

suggested mechanism mentions the thermal, air and photodegradation of acrylate 

following the addition of free radical initiators such as peroxides or azo 

compounds.146 The radical is formed at the more conjugated carbon atom due to 

induction and hyperconjugation effects, as stated by the Anti-Markovnikov rule.147 

The absence of an electron donating group in the acrylate functional group translates 

to a product highly susceptible to lytic processes. The synthesised material was 

stored under a low light and low temperature atmosphere without delay. 

 

Scheme 3.1. Poly-acrylation of glycidyl acrylate. 

 

The addition of the acrylating agent during the synthesis caused large quantities of 

salt to form. The salt was hypothesised to be triethylammonium chloride (Scheme 

3.2). The salt layer spanned to cover the surface of the reaction vessel and 

preventing the incorporation and reaction of further acryloyl chloride, deterring further 
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reaction and reducing reaction yields. It was discovered that although the chloride 

salt slowly disintegrates over the course of reaction at room temperature, the 

reaction yield saw a reduction from ca. 70 % to between 55 and 65 % afforded thus it 

was beneficial to manually break apart the salt as it forms in order to ensure a higher 

yield. 

 

 

Scheme 3.2. Mechanism of synthesis of glycidyl acrylate from glycidol. 

 

 

3.2.2 NMR Characterisation of glycidyl acrylate 

Spectral analytical data (Figure 3.3) show conclusive proof that the hydroxyl 

functional group on the glycidol has been successfully substituted with the acrylate 

moiety as indicated by the appearance of two sets of dd signals around δ 4.00 ppm 

and 4.5 ppm, as annotated on the spectrum. A fully peak-picked and integrated 

spectrum of glycidyl acrylate can be found under Figure 3.4. The sample purity was 

determined to be upwards to 88 % with impurities determined to be reaction solvent, 

unreacted organic material and triethylammonium chloride salt. The product was 

subsequently taken for further syntheses without additional purification as the 

concentration of impurities present in the synthesised acrylate should not have an 

adverse effect on the acrylation process.
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Figure 3.3. A stacked 1H NMR spectrum of glycidol (top), acryloyl chloride (middle) and synthesised glycidyl acrylate (bottom). 
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Figure 3.4. Annotated 1H NMR spectrum of glycidyl acrylate.  

 

 

3.3 Acrylation of Sodium Alginate  

The tailorable parameters investigated as part of this research included the 

concentration of alginate solution, the alginate specification, the volume ratios of 

alginate solution and glycidyl acrylate, reaction temperature, pH, reaction time and 

alginate drying method and duration. Scheme 3.3 shows the acrylation of sodium 

alginate using glycidyl acrylate. 
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Scheme 3.3. Alkylation of sodium alginate to introduce acrylate functionality. 

 

 

3.3.1 Characterisation of acrylated alginate 

Water suppression NMR experiments were conducted to amplify the anomeric 

signals, found between δ 5.1 and 5.7 ppm, and minimise interference to signal 

integrations to improve the precision of the degree of substitution (DoS%) estimation 

to determine reaction efficiency and monitor the M/G ratio. The elevation of test 

temperature shifts the solvent signal upfield to alleviate interferences.122 

 

 

3.3.1.1 NMR characterisation of acrylated alginate  

1H-NMR spectroscopy was used to estimate the DoS% and the M/G values. Figures 

3.5 and 3.6 show NMR spectra of acrylated alginate samples. 



Chapter 3: Results and Discussion 

Page | 61  

 

Figure 3.5. 1H NMR spectrum of an acrylate-substituted High-M alginate. NMR conducted at 70 oC, 

D2O, 500 MHz with 256 scans. 

 

Figure 3.6. 1H NMR spectrum of an acrylate-substituted High-G alginate. NMR conducted at 70 oC, 

D2O, 500 MHz with 256 scans. 
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The characterisation was performed using five integration values with one belonging 

to acrylate, three pertaining to the anomeric protons and one for the alginic 

backbone. Theoretically there would be six different anomeric proton signals; three 

for a dimeric configuration (MM, GG, MG/GM) and three for a trimeric configuration 

(MMM, GGG, MGM/GMG). Though the trimeric signals were present between 4.6 

and 4.8 ppm, it was decided to exclude the integration values in calculations as the 

NMR experiment temperature (70 oC) was too low to shift the solvent signal upfield, 

as observed at δ 4.8 ppm.83 The scan numbers were insufficient to produce a clear 

signal to eliminate margins of error and for the anomeric peaks to show with 

sufficient clarity. 

Based on the experimental results from acrylation reactions performed, a trend was 

established that the M/G values had the tendency to converge towards 1.0. High-G 

alginate consistently saw an increase in M/G value from 0.5 to between 1.2 and 1.3, 

and that High-M alginate saw a decrease in M/G value from 2.0 to between 1.4 and 

1.5. This suggests the shift and conversion in spatial configuration of the 

mannuronates to the guluronates, and vice versa. It was hypothesised that the 

introduction of the acrylate functional group at the C-6 carbon atom caused 

misalignment and disruption to its uniform configuration due to steric forces, which 

contributed to the change in M/G values in the resultant product. It was discovered 

that the change in M/G value is more significant with increased DoS%, further 

reinforcing the hypothesis. 

GPC and FT-IR experiments of synthesised alginates were not performed due to 

instrument failure and data export problem, respectively thus characteristics 

pertaining to its polymeric behaviour were not available. 

 

 

3.3.2 Factors affecting the degree of substitution (DoS%) and yield 

As part of the project, various reaction parameters were trialled with and altered to 

optimise the synthetic process. Table 3.3 offers a tabulated view of reaction 

conditions altered and trialled as part of this work. Please refer to Chapter 2 Section 

2.2.3.2 for further information pertaining to the experimental procedures performed. 
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Table 3.3. Simplified table of reaction parameters trialled and trialled conditions with the alginate 

acrylation step. 

Parameters Parameter variations 

Alginate 

concentration 
2 % w/v (De-ionised water) 

pH 10.0 

Acr:Alg ratio (eq.) 3.9 “Low” 5.5 “Med” 7.8 “High” 

Temperature R.t. (25 oC) 60 oC 

Reaction time 4 h 24 h 48 h 

Precipitation 

medium 
IMS IMS:Acetone (2:1 v/v) 

Drying method Pump-assisted lyophilisation R.t. (25 oC) drying in vacuo 

 

The reaction was selected to proceed under a moderately alkaline condition (pH 

10.0) to deprotonate the carboxylic functional group to increase substitution along 

the hydroxyl terminal (Scheme 3.4).148  

 

Scheme 3.4. Two potential pathways for acrylate substitution on alginate.148 
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There was no detection of basic hydrolytic processes and was thus concluded to not 

be a deciding factor affecting the reaction outcome. The equivalent between alginate 

and acrylate moiety, unsurprisingly, played a large role in the resultant alginate 

afforded. The degree of substitution, as estimated by NMR analysis, showed that 

High-M alginate saw a conversion ratio of upwards to 30 % whereas its High-G 

counterpart yielded a higher conversion ratio with a peak substitution degree of 33 

%. The similarity of substitution values indicated the spatial configuration of the 

polysaccharide had negligible obstructive effect on the accessibility of carboxyl 

functional groups by the acrylate needed to initiate the electrophilic substitutive 

process. The reaction procedure, adapted from the work of X. Wang et al.101, saw 

the usage of 3.9 equivalents of acrylate. Over the course of this research, 

equivalents of 5.5 and 7.8 were used to synthesise alginates with three different 

ranges of degrees of substitution referred to as “High”, “Med” and “Low” degree of 

substitution. Table 3.4. shows the range of afforded DoS% values from a series of 

acrylation reactions conducted at 60 oC, as calculated by NMR analyses. The 

optimal reaction time was trialled with kinetic study at set time intervals of T = 2 h, 4 

h, 8 h, 24 h and 48 h to investigate its effects on DoS%. Conclusive data showing 

the extent of substitution was not available due to instrument failure. 

Table 3.4. Expected range of degree of substitution in alginate acrylation reactions performed at 60 

oC. 

Equivalents DoS% Denotation  

Actual 

DoS% 

(High-M) 

Actual DoS% 

(High-G) 

4 Low 5 – 10 5 – 15 

8 Med 15 – 20 15 – 25 

15 High 25 – 30 25 – 35 

 

Reaction temperature was found to have played a significant role in the conversion 

ratio of the acrylation process as theorised (Figure 3.7). With the reaction conducted 

at 60 oC, a maximum potential DoS% of 30 % was achieved after 4 hours with 35 % 

obtained following a 24-hour reaction. It was established that it was unfeasible to 
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conduct the reaction for less than 4 hours as the resultant product showed 

insufficient substitution. The decision to not conduct the reaction for 48 hours was to 

prevent the risk of thermodegradation of grafted acrylate functional groups, which 

were used to facilitate the covalent gelation process. 

 

Figure 3.7. Difference in appearance in the colour of alginate solution after a 4 h acrylation reaction. 

Left – an acrylated alginate solution prepared at 60 oC. Right – an acrylated alginate solution prepared 

at r.t. (25 oC). 

 

The same reaction, performed at room temperature, yielded a maximum DoS% of 5 

% after 4 hours, with 12 % after 12 hours and 15 % after 24 hours (data not shown). 

It was concordant for reactions conducted at both temperatures that a reaction 

period of less than 4 hours resulted in poor product conversion and that a large 

proportion of acrylate used would be wasted as unreacted material. Table 3.5 offers 

a tabulated view of different DoS% values obtained for different alginate 

specifications under different trialled reaction conditions.
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Table 3.5. Tabulated view of experimental maximum DoS% values obtained from acrylation reaction kinetic studies. Results for reaction time of 48 h were 

omitted due to lack of data. *Estimated DoS% too low to report with confidence. 

Alginate specification Equivalents Temperature (oC) Reaction time (h) Max DoS% (%) 

High-M 3.9 25 4 * 

High-M 3.9 25  24 * 

High-M 3.9 60 4 5 

High-M 3.9 60 24 12 

High-M 5.5 25 4 6 

High-M 5.5 25 24 11 

High-M 5.5 60 4 15 

High-M 5.5 60 24 20 

High-M 7.8 25 4 10 

High-M 7.8 25 24 18 

High-M 7.8 60 4 30 

High-M 7.8 60 24 35 

High-G 3.9 25 4 * 

High-G 3.9 25 24 * 

High-G 3.9 60 4 * 

High-G 3.9 60 24 10 

High-G 5.5 25 4 6 
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Table 3.5 continued. Tabulated view of experimental maximum DoS% values obtained from acrylation reaction kinetic studies. Results for reaction time of 

48 h were omitted due to lack of data. *Estimated DoS% too low to report with confidence. 

Alginate specification Equivalents Temperature (oC) Reaction time (h) Max DoS% (%) 

High-G 5.5 25 24 12 

High-G 5.5 60 4 15 

High-G 5.5 60 24 25 

High-G 7.8 25 4 5 

High-G 7.8 25 24 12 

High-G 7.8 60 4 18 

High-G 7.8 60 24 22 
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Experimental data shows a trend in increased substitution with prolonged reaction 

time, increased reaction temperature and higher equivalents of acrylate used. 

Other reaction parameters such as precipitation medium and drying method were 

trialled and investigated with the post-acrylation storage and handling in mind. The 

original reaction procedure utilised IMS as the precipitation medium to purify the 

modified alginate from unreacted acrylates.  

A co-solvent system of IMS:Acetone (2:1) was used to increase the solvent volatility 

in order to ease the process of alginate drying. 1H-NMR was used to detect traces of 

solvent, namely acetone and ethanol. All spectral data with the same drying times 

indicate the performance difference between the two precipitation media was 

considered negligible after lyophilisation (data not shown).  

For drying in vacuo vacuum pump-assisted lyophilisation offered a rapid approach to 

dry the sample thoroughly and efficiently, but the resultant material was a sample 

with a compact, brittle and nest-like structure whereas drying at room temperature in 

vacuo on a Büchner funnel afforded a more open structure which is more pliable 

when handling (Figure 3.8). The two samples have no difference in its chemical 

composition but the different morphologies may contribute to its solubilities.  

 

 

Figure 3.8. Acrylated alginate dried via lyophilisation (left) and dried in vacuo at room temperature 

(right). 
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Water solubility tests conducted on the same alginate sample dried using the two 

different drying methods showed that the solubility of the modified alginate has 

decreased after being subjected to extreme low pressures such as pump-assisted 

lyophilisation. This may be attributed to the low pressure environment causing the 

internal structure of the alginate to close in on itself, causing higher degree of 

topological polymeric chain entanglement which translated to increased time taken 

for polymeric chains to untangle in solvent for hydrogen bonds to form.  

 

 

3.3.3 Comparison of High-M vs High-G alginate 

Synthesised High-M alginates appeared more soft and less compact in appearance 

compared to its High-G counterpart, which resembled flakes of alginates and were 

more brittle and harder (Figure 3.9). There were negligible differences between their 

chemical profiles. The High-G modified alginates express lower water solubility as 

the polysaccharide backbone has more uniform arrangement which reduces 

hydrogen bond interactions, and higher viscosity in water due to the alginate having 

a longer chain length which translates to a higher molecular weight. 

 

 

Figure 3.9. Dried High-M (left) and High-G (right) acrylated alginate. 
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3.3.4 Conclusion 

In this work, alginate undergoes acrylation by substitution of the hydroxyl group with 

GA to allow an in-situ Michael-type addition reaction to proceed to form the covalent 

crosslinks necessary to produce hydrogel. The synthesis protocol was adapted from 

the work published by Wang et al..101 GA was chosen over glycidyl methacrylate 

(GMA) as the absence of the electron-donating methyl functional group decreases its 

stability, allowing the Michael-type addition reaction to occur more rapidly at the 

expense of decreased chemical stability. In addition, to retain the novelty of this 

research, the emphasis of the alginate gelation pathway lies heavily with gelation via 

covalent crosslinking as opposed to photogelation, wherein GMA undergoes rapid 

gelation to form a stiff hydrogel.101,149,150 

The acrylation step was performed at pH 10.0 to increase substitution at the 

carboxylic terminals instead of the hydroxylic terminals. The reaction can be 

reproduced with high confidence and for the acrylate substitution degree to be 

controllable to within ± 5 % of expected value. Various reaction parameters were 

altered and trialled to optimise the synthetic procedure, post-synthesis storage, and 

handling processes. Numeral factors contributing to the success of the reaction and 

controllability of substitution ratio were established, as confirmed by analytical 

characterisations. The acrylating reagent was used in large excess so further work is 

necessary to tailor the reaction procedures to minimise waste. IR experiments 

should be performed to establish a full spectrum of the substituted alginate and more 

comprehensive NMR tests such as 13C COSY and DEPTQ experiments are 

necessary to improve the precision of M/G ratio determination.  

 

 

3.4 Thiolation of Sodium Alginate 

 

3.4.1 Thiolated alginate 

Purified thiolated alginate was white in colour with a wispy, open nest-like structure 

(Figure 3.10).  
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Figure 3.10. Dried High-M (left) thiolated alginate and High-G (right) thiolated alginate. 

 

A faint sulphurous smell was detected when handling. The sulphurous smell 

intensified over time if left exposed to light, temperature or air. It was hypothesised 

this might be a product of photodegradation of thiol and the consequent release of 

mercaptans, such as methanethiol. The solute’s aqueous solubility decreases after 

suspected oxidation as indicated by the presence of precipitate formation and 

sulphurous odour. Table 3.6 shows obtained range of DoS% values from a series of 

alginate thiolation reactions conducted at 40 oC.  

Table 3.6. Expected range of degree of substitution in alginate thiolation reactions.  

Alginate: Thiol moiety 

mass ratio  
DoS% Denotation  

Actual 

DoS% 

(High-M) 

Actual DoS% 

(High-G) 

1:1 Low 2 – 5 2 – 5 

1:1.5 Med 5 – 10 5 – 10 

1:2 High 10 – 13 10 – 13 
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3.4.1.1 NMR characterisation of thiolated alginate 

Integration values from trimeric configurations (MMM, GGG, MGM/GMG), found 

between 4.8 and 5.0 ppm for thiolated alginate, were not taken for calculations as 

there was a large interference from the solvent signal observed at δ 4.8 ppm.83 1H-

NMR spectra of High-M and High-G thiolated alginate is presented under figures 

3.11 and 3.12, respectively. 

 

 

 

Figure 3.11. 1H-NMR spectrum of thiolate-substituted High-M alginate. NMR conducted at 25 oC, 

D2O, 500 MHz with 256 scans. 
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Figure 3.12. 1H-NMR spectrum of thiolate-substituted High-G alginate. NMR conducted at 25 oC, 

D2O, 500 MHz with 256 scans. 

 

It was not feasible to conduct the NMR experiments at high temperatures due to the 

thiol moiety’s sensitivity to heat. 2D NMR analyses were performed on synthesised 

alginate samples but yielded inconclusive data as the inability to suppress the water 

signal prevented accurate interpretation of afforded spectra. Table 3.7 shows a 

summary of estimated DoS% calculated through 1H-NMR experiments. 
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Table 3.7. Tabulated information of alginate thiolation experiments performed, with estimated M/G ratio and DoS%. 

Experiment number Mass obtained (g) Yield (%) Est.M/G ratio Est. DoS% (%) 

TA2 0.85 59.8 1.8 9 

TA5 0.99 72.0 1.8 9 

TA6 0.86 73.2 0.7 11 

TA7 0.93 78.9 0.8 12 

TA8 0.88 75.4 0.8 12 

TA9 0.90 76.8 0.7 10 

TA10 0.90 76.4 0.7 10 

 

 

  



Chapter 3: Results and Discussion 

Page | 75  

Thiolation trials conducted using High-M alginate saw its M/G ratio remain close to 

2.0 even after reaction. The M/G ratio of thiolated alginate synthesised using High-G 

alginate suggest that a loss of linearity in the alginic spatial arrangement was 

observed. This was attributed to the steric effect induced by the introduction of 

cysteinium and cysteaminium cation onto the C-6 terminal.  

The extent of substitution was poor (≥12 % DoS%) despite every attempt was made 

to minimise contact with light and air. The crude product was not taken for analyses 

as any unreacted thiol moieties present in the solution would cause the experiment 

results to become skewed from the actual value of degree of substitution.  

 

 

3.4.1.2 UV-vis spectroscopic analysis of thiolated alginate  

The thiol content was determined using UV-vis spectroscopic measurements by 

using Ellman’s reagent reduced by thiol moieties. The concentration of the TNB- 

anion is proportional to the concentration of thiol present in solution (Scheme 3.5). 

 

Scheme 3.5. Reduction of Ellman’s Reagent (DTNB) with 2-mercaptoethanol into TNB-.151 
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Three sets of standard calibrations were established using replicates of 

concentration standards between 5.11 x 10-5 and 2.56 x 10-4 moldm-3 of 2-

mercaptoethanol with Ellman’s reagent in HPLC-grade deionised water. The 

calculated R2 values were 0.9978, 0.9943 and 0.9595, respectively. The calibration 

curve which produced the highest R2 value was reported and used for subsequent 

thiol content calculations (Figure 3.13). Each set of measurements were conducted 

in triplicates to minimise the margin of error.  

The margin of error was suspected to be largely technical from the photodegradation 

of Ellman’s reagent, impurities present in buffer solution, impurities present in 

handled glassware or scratches on the quartz cuvette surfaces.  

 

Figure 3.13. Calibration curve of thiol concentration in HPLC water. 

 

During thiol quantification of thiolated alginate the background absorbance value 

from the TNB- was subtracted from the total absorbance value to obtain the adjusted 

value which was used to determine the thiol density within the sample (Table 3.8). 
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Table 3.8. Tabulated data from UV-vis spectroscopy trials of thiolated alginate samples. 

Experiment 

number 
Total absorbance TNB- background Adjusted value 

TA1 0.171 0.088 0.083 

TA2 0.166 0.088 0.078 

TA3 0.156 0.088 0.068 

TA4 0.135 0.088 0.047 

TA5 0.166 0.088 0.078 

 

The UV-readings were converted to thiol density for ease of reading (Equations 5 to 

11 in Chapter 2 Section 2.1.2.1). The thiol density was further converted to obtain an 

estimated DoS% value (Table 3.9). 

Table 3.9. Tabulated results of thiol density of various synthesised thiolated alginate samples along 

with their respective DoS%. 

 

The estimated DoS% from UV data analyses were not concordant with the estimated 

DoS% values calculated from NMR data. The calculated theoretical value from UV 

results were found to be out by a factor of 10. The reasoning for this phenomenon 

was unknown as the experiments were performed in triplicate and the mathematical 

approach and calculations reviewed multiple times. However, it may be hypothesised 

that due to the reductive process of mercaptans by the Ellman’s reagent not having a 

100 % efficiency, this has a knock-on effect on the quantification of free thiols by UV-

vis spectroscopy which caused the discrepancies in estimated substitution values. 

  

Experiment number Thiol density (
𝝁𝒈 𝒕𝒉𝒊𝒐𝒍

𝒈 𝒂𝒍𝒈𝒊𝒏𝒂𝒕𝒆
) Est. DoS(%) 

Est. DoS from 

1H-NMR (%) 

TA1 743.7 0.9 9 

TA2 698.9 0.9 9 

TA3 609.3 0.7 7 

TA4 421.1 0.5 6 

TA5 698.9 0.9 9 
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3.4.2 Factors affecting the degree of substitution (DoS%) and yield 

Various reaction parameters were trialled and investigated in order to optimise the 

reaction process and yield obtained. Table 3.10 offers a tabulated view of reaction 

conditions altered and trialled as part of this work. Please refer to Chapter 2 Section 

2.2.3.3 for further information pertaining to the experimental procedures performed.  

Table 3.10. Simplified view of reaction parameters trialled and trialled conditions with the alginate 

thiolation step. 

 

NMR results showed that the effects of pH played a role in the outcome of the 

reaction as the estimated thiolation degree increased with lower reaction pH (Figure 

3.14). This was achieved by comparing the integration values between the anomeric 

signals (δ 5.2 to 5.75 ppm) and thiol moiety signals (δ 3.4 to 3.9 ppm).  

Parameters Parameter variations 

Alginate High-M High-G  

Alginate 

concentration 
2 % w/w (De-ionised water) 

Thiolating agent Cysteamine hydrochloride L-Cysteine hydrochoride 

Wt. ratio 

(alginate:thiol 

agent) 

1:1 1:1.5 1:2 

Adjusted pH value 4.0 5.0 6.0 

Temperature 25 oC 40 oC 

Reaction time 
4 h 

16 h (overnight) 

Post-reaction 

adjusted pH value 
4.0 6.0 

Dialysis medium 

change frequency 
0.5 day 1 day 2 days 
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Figure 3.14. Stacked 1H-NMR spectrum of thiol-substituted High-G alginates performed under pH 6.0 

(top), pH 5.0 (middle) and pH 4.0 (bottom). 

 

The reason for the difference in chemical shift values between the spectra was due 

to problems faced with the analytical software where peak referencing of overlay 

document was not possible.  

The reaction pH was made more acidic following the addition of the thiol moiety as 

the initial amide formation was acid catalysed by protonating the amino terminal and 

facilitate the removal of the EDCI activating group (Scheme 3.6). 
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Scheme 3.6. Removal of EDCI activating group by acid-catalysed amide formation. 

 

The adjustment of reaction pH before purification was necessary to promote the re-

formation of the thiol moiety from its thio salt and to convert alginic acid into alginate, 

which facilitated the removal of unreacted materials. The pH adjustment also 

improved the structural integrity of the crude product which eased handling. Although 

it was believed that a higher thiolation degree may be obtained if left reacting for 

longer, it also raised concerns over the stability of the thiol functional groups over 

time as prolonged reaction time under acidic conditions leads to the formation of an 

amide salt which, given the zwitterionic nature of the thiol moiety itself, would be 

difficult to extract back out.  

Figure 3.15 shows the significance of temperature on the thiolation experiments. 

Reactions performed at room temperature was considered unviable for further 

investigation despite the conditions posing less risk for the thiol moiety to degrade.152 
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Figure 3.15. Stacked 1H-NMR spectrum of thiolate-substituted High-G alginates performed under 40 

oC (top) and at 25 oC (bottom). 

 

The intensity of signals was significantly reduced for the reaction conducted at 25 oC 

relative to the reaction conducted at 40 oC. The absence of characteristic polymeric 

signals (δ 4.2 to 5.65 ppm) suggested little-to-no substitution as the reaction 

proceeded too slowly for the thiol to be comparably noticeable in NMR spectra. 

The time taken during the dialysis step was crucial and required heavy monitoring. 

Though every effort was made to minimise contact with light and air, the synthesised 

material would inevitably be exposed to air and light, albeit to a lesser extent, whilst 

undergoing purification by dialysis. This posed a big challenge as alginate having 

undergone higher degree of substitution had more thiol terminals susceptible to 

degrade and self-polymerise by formation of intra-polymeric disulphide linkages. The 

dialysis time was reduced from the original two days and ultimately resulting with a 

16-hour dialysis period with four media changes with a net total of two day-long 

purification process.  
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3.4.3 Setbacks 

Though the original reaction procedures were adapted to suit cysteamine 

hydrochloride, the replicate procedure when cysteine was used resulted in visible 

conglomeration of alginate to produce a soft slime-like consistency (Figure 3.16). It 

was hypothesised that, given the pKa value of cysteine carboxylic proton (1.71) the 

acidity from the cysteine induced a sharp pH change in the alginate, causing 

precipitation of insoluble alginic acid.74 To test this hypothesis, the thiolation agent 

was dissolved in a basic media containing dilute sodium hydroxide and the pH-

adjustment would be forgone to minimise the sharp pH change (Figure 3.17).  

 

Figure 3.16. Thiolated alginate in solution after reacting against cysteine for 3 hrs in r.t. (25 oC). Gel 

aggregation is visible in solution (1 % w/w G-Alg in DI-H2O). 

 

 

Figure 3.17. Left – Cysteine dissolved in aqueous alkaline media (Dil. NaOH; pH 8.0). Middle – pH-

adjusted cysteine solution added to sodium alginate solution (1 % w/w G-alg in DI-H2O). Right – 

Following addition of cysteine in powder form to sodium alginate solution (1 % w/w G-alg in DI-H2O). 
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The gel aggregating effects were minimised but gel precipitates continued to form 

over the course of the reaction and purification step. The majority of alginate bulk 

gels was seen to have formed within the dialysis tubing during the purification step, 

as indicated by the visual appearance of the solution becoming more translucent 

(Figure 3.18).  

This same phenomenon was observed when using both classifications of alginate, 

but the algnate gel differed in integral strength when handled with the high-M bulk 

gels being softer and more swollen, suggesting higher water retention, and the high-

G counterpart being more stiff, fragile and brittle when handled.  

The material was largely insoluble in water and other analytical co-solvent systems 

which prevented its analysis, which further suggested the possibility of thiol 

degradation to form disulphides during purification. 

 

Figure 3.18. Left – High-G Thiolated alginate in solution following reaction and awaiting purification. A 

visible gel lump can be seen in solution. Right – Two samples of thiolated alginate (Left – M, Right- G) 

in solution after purification awaiting drying. Wisps of milky white can be seen in the alginate solution 

on the right.  

 

 

3.4.4 Conclusion 

The thiolation step, when reproduced, did not match the experimental results of that 

reported in the original publication from which this procedure was taken and 

adapted.142 The experimental results of analysed samples were consistent with data 
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from the same series of reactions and a yield upwards to 79 % can be afforded but 

poor degree of substitution was achieved, with a maximum DoS% of 12 % recorded. 

The stability of the thiol functional group in the synthesised material posed a big 

challenge on the purification step and post-synthesis handling. Further work is 

needed to further optimise the synthesis procedure and source an alternative 

method to purify the synthesised materials. 

 

 

3.5 Alginate hydrogels: preparation, characterisation and tests 

 

3.5.1 Preparation of alginate hydrogels  

As part of the scientific investigation, modified alginate was used to form bulk gels by 

forming crosslinks via three different methods: ionotropic crosslink with calcium, 

crosslink with photoinitiator Irgacure 2959 and covalent crosslinks with an in-situ 

Michael-type addition reaction between acrylate and thiol moieties.  

 

 

3.5.1.1 Preparation by ionotropic crosslinking 

The ionotropic crosslinking of alginate strands to calcium ions occurred 

instantaneously in solution to afford the bulk gel. Attempts were made to exert higher 

control over the gelation mechanism by reducing the concentration of calcium 

solution used, but the rate of gelation remains the most difficult factor to monitor as 

the exterior wall of the alginate solution changes morphology instantaneously. Table 

3.11 gives a simplified tabulated view on the conditions used for ionotropic gelation 

trials. 
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Table 3.11. Conditions used for ionotropic gelation trials. 

Alginate specification High-M High-G 

Conc. Alginate solution 

(% w/v) 
3.5 

Conc. CaCl2 solution 

(M) 
1 0.1 

 

Ionotropic gelation trials were performed to investigate the alginate’s ability to form 

gel and the gel stiffness as there was no access to a rheometer at the time of 

conducting the gelation trials. Trials with lower concentrations of calcium chloride 

used produced gels with lower internal mechanical integrity but an instantaneous 

formation of a soft gel exterior was observed. Attempts were made at monitoring the 

gelation process using a rheometer, but the gelation process occurred too rapidly for 

any useful data or knowledge to be obtained. 

 

 

3.5.1.2 Preparation by photogelation crosslinking 

Photogelation trials in the laboratory was conducted using Irgacure 2959 

photoinitiator and resulted in a gelation process that was consistent both in time 

taken and the gel’s mechanical properties (Table 3.12).  

Table 3.12. Information of volumes used for photogelation trials. 

Alginate conc. Alginate vol. Irgacure 2959 conc. Irgacure 2959 vol. 

2.5 % w/v 250 µL 1 % w/v 15 µL 

3.5 % w/v 250 µL 1 % w/v 15 µL 

 

Photogelation using Irgacure 2959 was successful and produced gels with high 

structural integrity, as shown by photographs (Figure 3.19). Gel curing was 

conducted in seven-minute windows with seven minute cooldown between 
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subsequent curing with clinical usages in mind in order to prevent harm to the patient 

and wound site. This method of gelation has shown benefits from a chemical 

perspective as it carried a low risk for thermal degradation. A tabulated view of 

reaction conditions can be found under Table 3.13. 

 

Figure 3.19. Photographs of gels formed from photogelation. Left to right: 2.5 % w/v acrylated 

alginate with photoinitiator, 3.5 % w/v acrylated alginate with photoinitiator, covalent-crosslinked 3.5 % 

w/v alginate gel with photoinitiator, covalent-crosslinked 3.5 % w/v alginate gel with photoinitiator. 

 

Table 3.13. Conditions used for photogelation experiments. 

Alginate:QT volume ratio 5:1 

Irgacure 2959 incubation 

time (mins) 
10 15 

Curing wavelength (nm) 257 – 276  

Curing time (mins) 7 14 21 

Gelation vessels 
Open-end 

syringe 

Eppendorf 

tube 

Centrifugation 

tube 

 

Gelation was performed using High-G substituted alginates with high degrees of 

substitution. The incubation time and curing times were trialled to investigate its 

significance of the gelation process. Three different reaction vessels were used for 

the gelation step which produces gel with different sizes and dimensions to further 

investigate the efficacy of the process should the alginate morphology changes to 

simulate different types of wound and wound sites receiving treatment.  
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Unexpectedly, the 2.5 % alginate solutions produced stiffer gels with higher 

malleability against the 3.5 % gels. The same alginate samples used in covalent 

crosslinking trials produced a similar trend. It was hypothesised that excess 

homogenisation of the alginates imposed adverse effects on the alginate’s gelation 

behaviour. The effects of initial curing period were found to be negligible on the 

resultant gel’s properties. All experiments produced a bulk gel during the first curing. 

Some 3.5 % w/v concentration solutions produced a bulk gel that was more 

malleable but became a robust gel following a second curing. The effects of 

prolonged curing time were studied as the gels undergo further curing to study the 

change in gel properties. The cured gels were more robust but was considered too 

stiff for the intended usage. However, concerns arose regarding the usage of UV-β 

light considering the end application. The usage of UV light for prolonged periods 

may cause adverse health effects such as cancer or skin blistering. It was decided to 

revisit photogelation as part of future work as a supplementary mode of crosslinking 

to strengthen the gel’s properties. It should be noted that an increased initial curing 

period should be considered with actual application to factor in the increase in 

volumes handled. 

 

 

3.5.1.3 Preparation by covalent crosslinking 

 

3.5.1.3.1 Thiol moieties 

The main experimental aim of this project was to create a polymeric network of 

acrylated-derivatised alginate using a variety of crosslinking methods, with an 

emphasis on Michael-type addition crosslinks using thiolated moieties to form 

hydrogel. Three thiol moieties were used in this work: Dithiothreitol (DTT), QT and 

thiol-modified alginates. A simplified schematic representation of covalent crosslink 

mechanism via Michael-type addition can be found under Scheme 3.7. 
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Scheme 3.7. Simplified depiction of crosslink mechanism between acrylated alginate and different 

thiol moieties to form hydrogel. 

 

Initial gelation tests were conducted using QT due to its tetra-thiol functionality which 

possessed greater potential to form hydrogels with high polymeric density. DTT was 

also chosen for testing as its di-thiol functionality produces hydrogels with lower 

degree of crosslink which would be more malleable and would undergo degradation 

over time to allow easy dressing extraction, as reported by Emmakah et al..153 In 

practice, the thiothreitol expressed very low stability above storage temperature and 

underwent a rapid oxidative process to form an intramolecular disulphide linkage 

under basic conditions which offered no capacity to form crosslinks (Figure 3.20).154 

This work used QT and thiolated alginates modified using cysteine and cysteamine 

as the thiol moieties needed for the in-situ Michael-type addition due to their stability 

under testing conditions and biocompatibility.  

 

Figure 3.20. Oxidation of dithiothreitol into disulphide.154 
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3.5.1.3.2 Preparation of alginate hydrogels 

The covalent crosslinking of thiolated alginate posed several challenges which 

needed to be addressed. The primary obstacle was to deter potential further 

degradation of thiolated alginate during crosslinking. Secondarily, a defined endpoint 

to the gelation process needed to be established, especially for gelation trials in the 

laboratory which were prepared without technical equipment to study the gelation 

mechanism. Alginate hydrogels were prepared in the laboratory in Eppendorf tubes 

and prepared in-situ in a rheometer whilst rheological measurements were taken. 

The endpoint of the two gelation methods were defined as: 

• Laboratory gelation studies – The reaction vessel was gently inverted at 

designated time intervals. Once no free-flowing liquid was seen then the 

solution is said to have gelled. During this time, the gel is checked for its 

rigidity and size to establish whether it was a bulk gel or defined as gel 

particulates (Figure 3.21). 

• Rheological gelation experiment – By monitoring the rheological test 

readings, the storage and loss moduli (G’ and G’’) figures were 

established. The point of gelation was defined as when the two moduli 

values crossover, indicating a change in intrinsic gel properties. 

 

Figure 3.21. Photograph depicting no gelation (left), gel particulate formation (middle) and bulk gel 

formation (right).  

 

From the laboratory gelation trials, samples were investigated for their ability to gel, 

the extent of gelation and the stiffness of the formed gel. A simplified view of gelation 

trials performed with different thiol moieties which include information such as 
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alginate specification, alginate DoS% denotation, concentration, volume ratio of 

alginate to crosslinking agent can be found under Tables 3.14 and 3.15. 

Table 3.14. Simplified overview of laboratory gelation study conditions using acrylated alginate and 

thiolated alginate. 

Acr-Alg 

specification 

High-M, 

High-G 

DoS% denotation Low Med High 

Conc. Acr-Alg. 

solution (% w/v) 
3.5 3.5 3.5 

Thio-Alg 

specification 
High-G 

DoS% denotation Low Med High 

Conc. Thio-Alg 

solution (% w/v) 
3.5 3.5 3.5 

Vol. ratio (Acr-

Alg:Thio-Alg) 
1:1 

 

Table 3.15. Simplified overview of laboratory gelation study conditions using acrylated alginate and 

QT crosslinker. 

Acr-Alg 

specification 

High-M, 

High-G 

DoS% denotation Low Med High 

Conc. Acr-Alg. 

solution (% w/v) 
3.5 3.5 3.5 

Conc. QT solution 

(% w/v; EA+TEA) 
5, 10 

Vol. ratio (Acr-

Alg:QT) 
1:2.5 1:5 1:10 

 

Reaction trials were conducted under mild basic conditions (pH 7.4, dil. NaOH) to 

catalyse the reactions. Results have shown that bulk gels were able to form but the 

time taken for gelation was long. Bulk gels formed for all trials using QT crosslinker 
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(columns 1-4) but trials which used thiolated alginate (columns 5-8) saw bulk gels 

form only with higher concentrations of thiol used (Figure 3.22).  

Sets A, B and C contained acrylate-to-thiol concentration ratio of 1:5, 1:10 and 1:2.5, 

respectively. Set C, as expected, produced hydrogels with lower mechanical strength 

and the rate of gelation was slower. Sets A and B saw soft bulk gels form within 1 h 

and gradually strengthening over a period of 18 h whereas set C saw soft gels with 

similar stiffness form after 2 h and gradually strengthening over a period of 24 h. For 

thiolated alginate gelation trials, set A saw bulk gel began to form after 3 h. Sets B 

and C achieved partial gelation after 6 h and saw no difference over a period of 24 h. 

Trials were conducted with both High-M and High-G alginates but similar results 

were obtained. Thiolated alginate-crosslinked gels were found to be significantly less 

robust compared to the QT-crosslinked counterpart even when the concentration 

ratio was kept consistent, suggesting a lower gelation efficacy due to steric effects 

from polymeric chains, potential degradation of the thiol functional group and lack of 

crosslink polymeric density. 

 

Figure 3.22. Photograph of gelation study between acrylated alginate, thiolated alginate and QT 

crosslinker.  

 

The effects of gelation medium were investigated as part of the gelation study, with 

some of the aqueous medium replaced by aprotic organic solvents. The resultant gel 

saw little difference in gel properties and can be assumed negligible for subsequent 

gelation trials. Unexpectedly, bulk gel was not formed when triethylamine, a known 

catalyst for Michael-type addition, was used but instead saw gel dissolution. The 

reasoning for this observation was unknown but can be hypothesised that the media 
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became too alkaline and subsequently caused a nucleophile-catalysed mechanism 

to occur.155 

 

 

3.5.2 Characterisation of prepared hydrogels 

Numerous experiments were conducted on prepared gels to establish the gel 

properties, morphology and mechanical strengths. Tests such as release studies, 

SEM and rheological experiments were performed in order to establish the gelation 

profile, gel morphologies and mechanical properties. Gel tack tests and microbial 

suite experiments were not performed due to time constraints. 

 

 

3.5.2.1 Release studies of alginate gels 

Release studies were performed using a model drug to simulate the drug payload 

after dressing application. The model drug chosen was carmoisine for its solubility 

compatibility with the aqueous media handled as part of this project (Figure 3.23).  

 

Figure 3.23. Prepared alginate gels being loaded with carmoisine solution. 

 

In each set, experiment 1 contains hydrogels crosslinked via ionotropic gelation, 

experiment 2 contains hydrogels crosslinked via photo and ionotropic gelation, and 

1 2 3 4 5 6 

7 8 

Controls 
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experiments 3 and 4 contain hydrogels crosslinked via covalent, photo and 

ionotropic gelation. Experiments 5 through 8 correspond in the same sequence as 

experiments 1 to 4. The standard calibration curve of carmoisine between 4.9 x 10-3 

and 4.9 x 10-1 moldm-3 was established at 412 nm (Figure 3.24). Please refer to 

Chapter 2 Section 2.2.2.4.1 for further information pertaining to experimental 

procedures. 

 

Figure 3.24. Carmoisine calibration curve in HPLC water at 412 nm. 

 

UV-data showed the majority of carmoisine was released within the first 30 minutes 

and the release rate began to plateau after 60 minutes (Figure 3.25). The gels 

continued to retain traces of the drug even after 180 minutes and a full drug payload 

was not observed. The morphology of the gel was hypothesised to have negligible 

effect on the release profile due to its size but a more significant effect may be 

observed with a larger hydrogel. Moreover, the release profiles of the gels would 

differ when other drugs with different aqueous binding affinities and release 

behaviours were to be used.156 The loading efficiency of the carmoisine was not 

determined as the mass of drug-loaded hydrogel was not recorded.  
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Figure 3.25. Graph showing release profiles of different alginate gels. 

 

 

3.5.3 In-situ hydrogel characterisation  

Oscillatory frequency and time tests were performed to establish the intrinsic gel 

properties and map the gelation timepoint. Frequency sweeps were conducted 

between 0.1 and 10.0 Hz frequency to mimic processes to which the hydrogel would 

be subjected whilst being pre, peri and post-usage of the wound dressing. Time tests 

were conducted at 5.0 Hz as a mid-point between the lower and upper values from 

the frequency sweeps. The sample was said to have gelled and the gelation 

timepoint established when G’, crosses over with G’’. Lastly, the complex viscosity, 

G*, offers an insight into the gel’s stiffness.  

 

 

3.5.3.1 Rheological test data 

The usage of the cone geometry was rejected as any axial stress needed to be 

eliminated during testing. Cone geometries were also less desirable for the research 

output as it limited the gap between the Peltier plate and geometry. This work aimed 
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to establish the alginate’s rheological profile through zero-shear velocity testing, 

which needed to be performed on a parallel plate system where only the sample’s 

top layer was displaced with maximum shear at the sample’s edge and zero-shear in 

the centre.  

QT-crosslinked gels have been found to crosslink at T = 2500 s, or the equivalent of 

42 minutes (Figure 3.26). The chemical nature of the Michael-type addition crosslink 

allows for a slow initial gelation but continues to strengthen over time. 

Figure 3.26. Rheological data from time test experiment using acrylated alginate with QT crosslinker.  

 

The same experiments conducted using thiolate-modified alginate in lieu of 

crosslinker took 12000 s, equivalent to 200 minutes, before a crossover in moduli 

values was observed. The recorded gelation times were concordant with results 

obtained from initial gelation trials. (Section 3.5.1.3.2) A combination of thiolated 

alginate’s low aqueous solubility and expressed low degrees of substitution 

contributed to the significant increase in gelation time. Sample dehydration was a 

common observation as a direct result of elevated testing temperatures and long 
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experiment time. To deter the hydration effect, a solvent trap was installed and a 

water reservoir was added. Dehydration effect of the alginate sample was observed 

at T = 25000 s and again at T = 35000 s (Figure 3.27). Photographs of alginate gels 

post-experiment can be found under Figure 3.28 where the alginate shrunk away 

from the edge of the geometry. 

 

Figure 3.27. Rheological data from time test experiment using acrylated alginate with thiolated 

alginate. Sample dehydration is apparent from T = 25000 s. 
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Figure 3.28. Photographs of hydrogels formed during rheological testing. Left – acrylated alginate 

with QT crosslinker. Right – acrylated alginate with thiolated alginate. 

 

Oscillatory frequency sweep data was adjusted to sweep between 0.1 and 10.0 Hz 

frequencies as that alginate solutions was found to exhibit a shear thinning 

behaviour. The crossover of the moduli values and the decreased complex viscosity 

with increased shear frequency indicated this behaviour. (Figure 3.29) 

 

Figure 3.29. Rheological data of oscillatory frequency sweep between 0.1 and 100.0 Hz. A shear 

thinning behaviour was observed. 
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The 50 mm parallel plate produced unexpected results while testing (Figure 3.30). 

This was indicated by the random fluctuation in moduli values as this indicated a loss 

of contact between the Peltier plate and sampling material. This was a direct cause 

of the alginate solution being low in viscosity in addition to the wide geometry 

diameter inducing a larger shear stress on the edge of the sample as the plate 

oscillates which caused the sample to bulge and spill out the sides. The experiment 

protocol was modified to replace the 50 mm geometry parallel with the 20 mm 

parallel plate to lessen sample volume and shear stress to minimise risk of sample 

sagging or spillage. Although a sandblasted geometry was available for use, its 

larger diameter and absence of a water reservoir to prevent sample dehydration 

made it unsuitable for this study.  

Figure 3.30. Data from time test rheological experiments. Left – 50 mm parallel plate. Right – 20 mm 

parallel plate.  

 

The total injection volume was adjusted to 1.5 mL to account for the geometry 

diameter. The concentrations and volumes handled were adjusted accordingly to 

keep the acrylate and thiol content consistent to allow direct comparison across 

experimental data sets with different materials conducted at the same 

concentrations. Tables 3.16 and 3.17 show the respective solid content for the 

experiments conducted.  
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Table 3.16. Tabulated view of volumes handled for rheological experiments using acrylate-modified 

alginate and QT crosslinker.  

DoS% 

denotation 

Acr-Alg 

conc. 

(% w/v) 

Acr-Alg 

volume 

(mL) 

QT conc. 

(% w/v) 

QT volume 

(mL) 

Solid 

content 

(mg) 

High 5.8 1.4 10 0.1 81.2 

Medium 2.8 1.45 10 0.05 40.6 

Low 1.4 1.48 10 0.03 20.5 

 

Table 3.17. Tabulated view of volumes handled for rheological experiments using acrylate-modified 

alginate and thiolate-modified alginate. 

DoS% 

denotation 

Acr-Alg 

conc. 

(% w/v) 

Acr-Alg 

volume 

(mL) 

Thio-Alg 

conc. (% 

w/v) 

Thio-Alg 

volume 

(mL) 

Solid 

content 

(mg) 

High 5.8 0.75 5.03 0.75 81.2 

Medium 2.8 0.75 2.61 0.75 40.6 

Low 1.4 0.75 1.34 0.75 20.5 

 

The alginate solution concentration and its degree of substitution played a significant 

role in the stiffness of the gel, where a combination of high DoS% and high alginate 

solution concentration produced hydrogels with higher storage moduli values 

(Figures 3.31 and 3.32). It was observed that alginates with fewer acrylate or thiolate 

groups were lower in viscosity compared to their highly substituted counterparts 

when dissolved in solution. The same phenomenon was observed for alginates with 

High-G and High-M alginate classifications.  
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Figure 3.31. Overlay of storage modulus values obtained from rheological experiment. Alginate 

samples were High-G and all exhibited DoS% between 25-30 % with varying concentration in 

solution. Loss moduli and phase angle values omitted for simplicity. 

 

 

Figure 3.32. Overlay of storage modulus values obtained from rheological experiment. Alginate 

samples were High-G, dissolved at 5.8 % w/v and exhibited varying DoS%. Loss moduli and phase 

angle values omitted for simplicity. 

 

It was discovered that rheological experiments which used alginate solutions 

dissolved at lower concentrations was too low in viscosity for the geometry used. 
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(Figures 3.33 and 3.34) This hypothesis was strengthened by sampling negative or 

fluctuating data points and absence of data points between T= 1000 and 12000 s, 

indicating a loss of contact between the Peltier plate and sample. The fluctuations of 

recorded phase angle values indicated a loss in traction between the sample and 

geometry with every oscillation. It was hypothesised that the alginate solution was 

displaced by and moved with the geometry, but structurally recovered due to its fluid 

behaviour which then caused the body of solution to displace in position. 

 

Figure 3.33. Rheological data from oscillatory time test on a High-M alginate sample, low DoS%, 

dissolved at low concentration. 



Chapter 3: Results and Discussion 

Page | 102  

 

Figure 3.34. Rheological data from oscillatory time test on a High-G alginate sample, low DoS%, 

dissolved at medium concentration. 

 

Formed alginate hydrogels saw storage moduli values in the region between 102 and 

103 Pa and was classed as a soft viscoelastic solid.157 Despite the low integral 

mechanical strength, this was to be expected for gels formed via Michael-type 

addition  

Preliminary creep tests were performed on formed gels to establish the material’s 

linear viscoelastic region (LVE region), to investigate the maximum shear strain the 

hydrogel can withstand without breaking, and study the hydrogel’s ability to 

structurally recover over time between shear cycles. Creep test data shows the 

material experienced shear thinning, as indicated by the convergence of the loss and 

storage moduli values, as the structure experienced increased shear strain but was 

able to structurally recover consistently with negligible difference in rheological 

behaviour in subsequential creep test cycles. The upper limit at which the creep test 

was conducted takes into account the maximum strain the material would experience 

during use (Figure 3.35).134  
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Figure 3.35. Creep test data of formed alginate gel. 

 

 

3.5.3.2 Microscopy tests 

Scanning electron microscopy (SEM) allows better visualisation of materials, both 

before and after gelation to better understand its surface morphology and porosity. 

Digital confocal microscopy was used with wet samples as Environmental SEM 

(ESEM) was unable to be performed. 

Distinct alginic strand fibres can be seen in SEM images of both the acrylate and 

thiolated alginates before taken for gelation (Figure 3.36). This visualisation suggests 

that these strands function as channels in the polymeric network during water uptake 

and facilitates moisture retention. Thiolated alginate’s more amorphous structure can 

be attributed to its drying process.  
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Figure 3.36. SEM images of acrylated (left) and thiolated (right) alginate. 

 

These alginate strands were no longer visible upon gelation. Confocal microscopy 

images suggest  the alginic strands were hydrated and consumed to form gel but 

poor resolution of the microscopic imaging due to the testing conditions may prevent 

stray alginic strands from being visualised. (Figure 3.37) 

 

Figure 3.37. Confocal image of alginate hydrogel. A: Focal plane image of hydrogel. B: Dimension 

measurement from its highest point. C: Visualisation of the cross section. D: Microscopic image. 
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Microscopic imaging showed that the gel’s surface morphology was porous and 

concave in certain areas, likely to be as a result of handling. It was hypothesised that 

with prolonged gelation the covalently crosslinked hydrogel would stiffen and the risk 

of structural deformation would diminish.  

Dome droplets of QT solution were seen embedded within the gel in images of gels 

crosslinked with QT. This suggested that the gelation proceeds at a slower but 

constant rate with some QT still unspent. (Figure 3.38) 

 

Figure 3.38. Microscopic image of an alginate gel. Droplets of QT crosslinker can be seen embedded 

under the gel surface. 

 

 

3.5.4 Conclusion 

Gelation of synthesised alginates was achieved by ionotropic, covalent and photo-

crosslinking. The rate of gelation for ionotropic processes occurs instantaneously 

despite lower concentrations were used and was very difficult to control. 
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Photogelation saw gels form very consistently both in time taken and stiffness. 

However, prolonged exposure to UV-β light raised concerns for adverse health 

effects. Crosslinking via Michael-type addition reactions produced mixed results. The 

classification, DoS% and solution concentration all had a significant impact on the 

gelation rate and gel properties.  

The gelation times 106etermineed from laboratory and in-situ rheological testing 

were concordant. However, the viscosity and dehydration of materials during testing 

posed a big obstacle to overcome as both induces a sizeable error margin.  

Time test on alginate hydrogels showed good structural recovery and resistance to 

breakage under shear stress but can undergo shear thinning at higher frequencies. 

Scanning electron microscopy showed the alginic network consisting of channels 

made of polymeric fibres, which saw the fibres hydrate to form a gel network. Some 

QT-crosslinked hydrogels saw traces of unspent crosslinker embedded under the 

surface of the gel.  

High-resolution microscopic images of prepared hydrogels using SEM were 

unobtained due to its moisture content, which resulted in the use of confocal 

microscopy as a substitute method. ESEM tests should be performed for future 

microscopic work to improve imaging quality. 

Future work on this work should include refining the covalent crosslinking step to 

produce bulk gels more consistently using thiolated alginate. Considering the end 

application, the gelation model should also be revisited to incorporate more rapid 

gelation mechanisms to reflect the clinical need. Hydrogels with hybrid crosslinks 

may be studied to produce a hard gel exterior rapidly which allows the Michael-type 

addition process to occur over time. Further rheological tests should be conducted 

with a sandblasted plate with smaller geometry diameter to increase grip and contact 

with the gel solution whilst minimising shear stress on the solution surface. Formed 

gels should be taken for tack test and microbial tests to establish its resistance to 

tearing and resistance to biofilm formation. 



 

 

Chapter 4: Conclusions, project direction and 

future work 

 

4.1 Introduction 

Presented in this chapter are general conclusions and a summary of the research 

work conducted as part of this project. Herein, the author’s concluding remarks and 

insights for future research direction for successive researchers of this project area 

are included.  

 

 

4.2 General discussion 

In this project, novel alginate hydrogels were successfully prepared and its gelation 

timepoint monitored using in-situ analytical techniques. The acrylation precursor was 

synthesised with high degrees of purity and good yield. Overall, this material 

possesses great potential as a wound therapeutic given its natural properties. Its 

chemical versatility and the resultant material’s ability to become a drug delivery 

vehicle further boosts its promise in the treatment of chronic wounds.  

The usage of glycidyl acrylate as the acrylation agent and the gelation via Michael-

type addition for diabetic foot healing applications marks the material’s novelty. The 

prepared hydrogels expressed high moisture retention capabilities, low cytotoxicity, 

ability to be loaded with a drug and its biocompatibility makes the hydrogel a good 

potential candidate as a wound therapeutic. However, there were areas in this 

project which require further refinement to improve the gelation efficiency in addition 

to the gel’s mechanical and tensile properties.  

It is with regret to report that full characterisations of the synthesised materials were 

not performed due to technical difficulties faced during the research period. Future 

work should endeavour to fully characterise prepared materials to allow better 

scientific conclusions to be drawn. 
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4.3 Future work 

In this research, two samples of sodium alginate used which are rich in mannuronate 

and guluronate residues, respectively. A large difference in the alginate specimens’ 

molecular weight (Mp 106 kDa and 418kDa, respectively) translated to a drastic 

difference in its chemical and mechanical behaviour. Future research work should 

aim to employ other specifications of sodium alginate with similar molecular weight 

distribution.  

The acrylation and thiolation of sodium alginate produced yields which were 

unexpected and less than desirable for large-scale synthesis given the magnitude of 

unreacted materials remaining at the end of the reaction. It would be possible to 

perform a life cycle analysis on the synthesis steps and gauge whether if it would be 

more cost-effective and energy-efficient to include a step to chemically salvage 

unreacted starting materials. To make the modification processes attractive and 

viable for industrial-scale synthesis there would need to be more work dedicated to 

altering the synthesis procedures to improve the substitutive yield of reactions 

performed. Another aspect that needs further investigation is the method for alginate 

drying used. A potential future project is to investigate the effects different drying 

methods has on alginate morphology and its efficacy when taken for gelation tests.  

A major hurdle faced in the synthesis part of this research period is the stability of 

the thiolate functional group. A large proportion of synthesised material auto 

polymerised in solution during synthesis which contributes to the low degree of 

thiolation yielded. This problem would need to be resolved to further advance the 

project in the direction originally intended. It is extremely difficult to prevent thiol 

degradation during the dialysis step as the crude product is repeatedly exposed to 

air for prolonged periods but yet it is not possible to fully forego this step without a 

heavy compromise in the material’s purity. The author therefore suggests the 

inclusion of a disulphide reduction step prior to gelation to regenerate thiol functional 

groups needed for crosslink. 

The results herein suggest that the acrylation reagent should be substituted for one 

with improved stability and less susceptible to autopolymerisation, such as 

poly(ethylene glycol) diacrylate (PEGDA). The diacrylate-functionality allows better 

chain elongation and PEG offers better stability in storage and especially during 
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gelation, where the material may be exposed to stimuli considering the end-

application. PEGMEMA also expresses lower cytotoxicity compared to glycidyl 

acrylate, further increasing its attractiveness as a potential substitute.  

Analytical characterisation for synthesised materials was performed in partial due to 

technical faults. As a result, many of the result conclusions were drawn based on 

empirical evidence and estimations based on early research work or work presented 

by other researchers. NMR analyses of acrylated alginate should be performed at 

higher temperature to improve visibility of the alginic backbone region, and thiolated 

alginate NMR experiments should be performed with increased scans to increase 

overall resolution. In addition, GPC and IR experiments need to be performed on 

synthesised hydrogel precursors to prove the success of substitution, and to aid the 

determination of degree of substitution.  

The gelation timepoint was successfully mapped via in-situ rheological experiments, 

and the hydrogels’ resistance to shear forces and its ability to structurally recover 

were monitored. Future work should include comprehensive rheological test to 

establish the hydrogels’ full rheological profile. The hydrogels would undergo tack 

testing to simulate dressing stretching and removal, as well as determine the elastic 

tensile strength of the material. Scanning electron microscopy of alginate hydrogels 

could not be performed with good resolution as the model could not support ESEM 

functionality, which resulted in the use of confocal microscopy as a compromise. 

Lastly, microbial suite experimentation of hydrogels may be performed to test for its 

bioavailability and cytotoxicity over the concerns of the toxicological risks of certain 

reagents used in this work. 

Although the Michael-type addition gelation of alginate was achieved, the time taken 

for gelation (ca. 60 minutes) was unrealistic when considering real-world 

applications. Although the material would undergo crosslink over time to form a more 

robust gel there was no scientific data to determine the terminal gel stiffness. 

Attempts at rheological mapping often resulted in sample dehydration. The author 

suggests a revisit to the original project aims to incorporate other crosslink pathways 

to prepare hybrid-crosslinked hydrogels to produce soft capped hydrogels in a 

shorter timeframe which translates to quicker visits at the dressing clinics and 

improving patients’ mobility post dressing application.
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Appendix 

 

A.1 GPC data  

 

 

Figure A.1. GPC trace of High-M alginate. 
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Figure A.2. GPC trace of High-G alginate. 
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A.2 NMR data 

 

Figure A.3. 1H NMR spectrum of GA1. 
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Figure A.4. 1H NMR spectrum of GA2. 
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Figure A.5. 1H NMR spectrum of GA3. 
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Figure A.6. 1H NMR spectrum of GA4. 
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Figure A.7. 1H NMR spectrum of High-M acrylated alginate. 
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Figure A.8. 1H NMR spectrum of High-G acrylated alginate. 
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Figure A.9. 1H NMR spectrum of acrylated alginate reaction conducted at room temperature for 4 hours. 
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Figure A.10. 1H NMR spectrum of acrylated alginate reaction conducted at room temperature for 12 hours. 
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Figure A.11. 1H NMR spectrum of acrylated alginate reaction conducted at room temperature for 24 hours. 
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Figure A.12. 1H NMR spectrum of TA2. 
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Figure A.13. 1H NMR spectrum of TA5. 
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Figure A.14. 1H NMR spectrum of TA6. 
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Figure A.15. 1H NMR spectrum of TA7. 
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Figure A.16. 1H NMR spectrum of TA8. 
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Figure A.17. 1H NMR spectrum of TA9. 
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Figure A.18. 1H NMR spectrum of TA10. 


