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Abstract 

The work detailed in this thesis details the development of bio-based polymer films 

designed for use in transdermal drug delivery. 

This thesis is comprised of six chapters which all detail different aspects of the 

story of this work over the course of the three years of the project. Chapter one 

introduces the basis for the project and highlights the reasons for using bio-based 

polymers in transdermal films tailored for drug delivery, as well as the challenges faced 

in doing so. This chapter also covers the history of transdermal drug delivery, as well 

as the use of polymers in medicine including hydrogel formulation, the advantages of 

hyperbranching and stimuli-responsive polymers and the techniques used to 

synthesize them, methods for controlled drug delivery, and methods of transdermal 

medication formulation and trans dermal drug delivery. 

Chapter two focusses on developing transdermal films using various methods, 

including the layer by layer technique, in order to determine which materials and 

development methods can be used to make films which exhibit desirable properties. 

This chapter also focusses on attempting to load and release drugs from the films in 

order to determine if they were capable of being used in transdermal drug delivery to 

patients using UV analysis to determine the effectiveness of the drug release from the 

films. 

Chapter three looks at which drugs have been selected for use in the bio-based 

polymer transdermal films, explaining why galantamine has been chosen as a prime 

candidate. Galantamine has been commonly used in the treatment of Alzheimer’s 

disease. Alzheimer’s patients would benefit from the use of bio-based polymer 

transdermal films, as it would improve the ease of use, drug efficiency and patient 

comfortability. This chapter discusses which materials and material concentrations in 

the transdermal films have been used and how they affect the release profile of 

galantamine from the films, as well as exploring the optimal release media conditions. 

Various films were formulated, loaded with galantamine, and released under different 

conditions to determine which was the most favourable for use in transdermal drug 

delivery. Alginate and chitosan bio-based polymer films were of particular interest, with 
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assessing how altering the level of guluronic acid present in alginate effects 

galantamine release. Galantamine is commonly used in its galantamine hydrobromide 

form, but free base galantamine maybe more favourable in the use of transdermal 

drug delivery, prompting a release comparison between the two forms. 

Chapter four shifts in focus to stimuli-responsive polymers and the formulation 

of galantamine prodrugs can be used in enhancing the release of drugs from films in 

transdermal drug delivery. Three reducible and dual responsive (pH and temperature) 

hyperbranched polymers were synthesized via Reversable Addition-Fragmentation 

Chain Transfer (RAFT) copolymerization of 2-(Dimethylamino)ethyl methacrylate 

(DMAEMA) and  disulfanediylbis(ethane-2,1-diyl) diacrylate (DSDA) using varying 

ratios, subsequently polymers chains extended using N-isopropylacrylamide (NIPAM) 

to afford the temperature responsive properties to the polymers. 4-cyano-5-

(((dodecylthio)carbonothioyl)thio)-4-methylpentanoic (CDTMA) was used as a RAFT 

agent. Galantamine hydrobromide was encapsulated within a selected hyperbranched 

polymer, which was loaded into a sodium alginate–chitosan transdermal film and used 

to assess its effect on the release of galantamine hydrobromide against a film where 

the polymer is absent. drug modification of galantamine is explored in an attempt to 

improve drug release and drug efficacy. (4aS,6R,8aS)-3-methoxy-11-methyl-

4a,5,9,10,11,12-hexahydro-6H-benzo[2,3]benzofuro[4,3-cd]azepin-6-yl, commonly 

known as ‘memogain’ is a galantamine derived compound made through esterification 

of galantamine with benzoyl chloride. The resulting compound, memogain, has an 

increased lipophilicity as a result, which is assumed to give it an improved amount of 

release from bio-based polymer films into the skin, and also to improve its 

bioavailability in the brain. Conclusions are made on how using stimuli responsive 

polymers, and galantamine prodrugs, effect the rate of release and overall release of 

drugs from bio-polymer films. 

Finally, chapter five features a conclusion based on the results of the work 

conducted in this thesis, and the future work which could be studied in the event this 

work were to be continued. The project aims and results are scrutinised and evaluated 

to determine the level of success of the project work. Appendices are provided in 

chapter six of the thesis. 
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Chapter 1 – Thesis Introduction 

1.1 Alzheimer’s Disease 

Alzheimer’s disease is a neurological disorder which causes the deterioration 

of a person’s memory, thinking skills, behaviour and cognitive abilities[1]. Clinical 

Alzheimer’s disease has been defined as a disease which causes dementia[2]. 

Dementia itself is not a specific disease, it is a general term which refers to memory 

impairment and the inability to make decisions which affects everyday activities[3]. 

Alzheimer’s is the leading cause of dementia in developed countries[4] with Alzheimer’s 

accounting for 60-70% of dementia cases[5]. There is no cure for Alzheimer’s Disease, 

however there is medicine and techniques available which aid in slowing the 

degradation of a person suffering with Alzheimer’s symptoms[6]. This chapter 

discusses the history and causes of Alzheimer’s disease, the battle to help those 

suffering with the disease, including medicines and therapeutic approaches, and the 

discussion of transdermal drug delivery as a preferable drug delivery method. 

1.1.1 The History of Alzheimer’s Disease 

Dementia itself has been present in the entirety of human history. Even as far 

back as 2000 BC, the ancient Egyptians were aware that memory disorders could 

occur in the elderly, even citing that judgement could be impaired by old age. In the 

2nd century, the Hellenistic Empire wrote about dementia, and similar mental disorders, 

noting that they were irreversible cognitive impairments. References to dementia like 

symptoms are also seen in Greek and Roman literature. The term dementia is believed 

to have first been used in 1797 by physician Philippe Pinel, though it could have been 

earlier. Pinel was one of the earliest to give a detailed assessment of what dementia 

entails, and the symptoms of those who suffer with it[7]. 
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In 1906, Dr Alois Alzheimer identified changes in the brain tissue of a woman, 

Auguste Deter, who had died with the cause being cited as a mental illness. Her 

symptoms included those commonly associated with Alzheimer’s as we know it today: 

memory loss and cognitive difficulties. Upon examination of the deceased woman’s 

brain, Dr Alzheimer was able to determine that her brain contained abnormal clumps 

and bundles of fibres, which are now referred to as amyloid plaques, and neurofibrillary 

tangles[8].Dr Alzheimer would go on to publish descriptions of patients who had 

suffered similar fates to Auguste Deter. In 1910, Emil Kraepelin was the first to use the 

name ‘Alzheimer’s Disease’ when classifying patients who exhibited the pathological 

features first identified by Dr Alzheimer[9]. Due to Auguste Deter being only 51 years 

old at her time of death, Alzheimer’s Disease was branded as a “presenile dementia” 

in order to ensure it was easily distinguished from senile dementias related to ageing. 

However, it was later determined that tangles were also present in elderly patients 

exhibiting symptoms of dementia[10]. In 1976, a neurologist named Robert Katzman 

stated that presenile and senile Alzheimer’s types should no longer be 

distinguished[11].  

By 1984, the National Institute of Neurological and Communicative Disorders 

and Stroke, along with the Alzheimer's Disease and Related Disorders Association, 

detailed the most commonly used diagnosis for Alzheimer’s disease[12] stating that 

neuropsychological testing be used as a clinical technique to confirm its presence in 

a patient. This included a histopathological confirmation with a microscopic 

examination of the patient’s brain tissue[13]. The resulting findings meant that by the 

mid 1980s, Alzheimer’s was known to be the leading cause of dementia in elderly 

sufferers[14]. 

 

1.2 Causes of Alzheimer’s Disease  

 

1.2.1 Amyloid Beta (Aβ) Accumulation - The Amyloid Hypothesis 

 

The formation of neurofibrillary tangles, and amyloid plaques as a result of large 

quantities of amyloid beta (Aβ) accumulation, causes the brain to progressively lose 
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function[15]. Aβ consists of up to 42 toxic amino acids, and is produced by the cleavage 

of a transmembrane protein named the Amyloid Precursor Protein - a protein which 

can penetrate a neuron’s membrane - which is first cleaved by β-secretase, and again 

by γ-secretase, resulting in Aβ formation [Figure 1- 1][16][17]. When Aβ molecules clump 

together the result is oligomers which exhibit flexible and soluble properties[17]. These 

oligomers are both neurotoxic, and toxic to nerve cells[18]. The result of Aβ 

accumulations is a toxic cascade leading to mass cell death, disruption of brain cell 

activity, and then interruption of protein function which causes the degradation of brain 

function and eventually leads to the brain shrinking in size [Figure 1- 2][21][19]. The 

Amyloid hypothesis is believed to be the leading hypothesis for Alzheimer’s 

pathophysiology due to the interpretation of the relation between amyloid plaque 

formation and brain functionality degradation[20].  

 

 

Figure 1- 1: A diagram depicting the appearance of neurons in a normal brain 

(left) against a brain of a person with alzheimer’s (right)[17]. 
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Figure 1- 2: A diagram illustrating the effect of cerebral atrophy resulting from 

Alzheimer’s disease[21]. 

 

1.2.2 The Tau Hypothesis  

 

The Tau hypothesis is a less supported alternative to the Amyloid hypothesis[22]. 

Tau proteins are soluble proteins found in neurons, and are a group of six protein 

isoforms consisting of between 352 to 441 amino acids[23]. Tau proteins are 

microtubule-associated proteins associated with ensuring the functionality of the 

cytoskeletal network in terms of microtubule assembly[24].The basis for the Tau 

hypothesis is that hyperphosphorylated tau proteins pair together with tau threads 

resulting in paired helical filaments[25]. When the amount of paired helical filaments 

increases, it causes the formation of neurofibrillary tangles within nerve cells[26]. This 

leads to microtubules disintegrating, which causes structural degradation of cell 

cytoskeletons, which leads the neurons transport system to fail [Figure 1- 4][27]. 
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Figure 1- 3: Hyperphosphorylation of tau proteins, leading to paired helical 

filaments (PHFs) which clump to form Neurofibrillary Tangles (NFTs)[28]. 

 

1.2.3 Genetic Inheritance 

 

Although most cases are not linked to inheritance, some cases of Alzheimer’s 

disease can be linked to being genetically inherited, typically resulting in early onset 

Alzheimer’s types referred to as early-onset familial Alzheimer's disease[29]. Mutations 

in presenilin proteins PS1 and PS2, along with the amyloid precursor protein are often 

found in cases of early-onset familial Alzheimer's disease [Figure 1- 4][30]. Mutations 

in these genes result in Aβ production, leading to amyloid plaque build-up[31].  
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Figure 1- 4: The amyloid-beta precursor protein. Flexible portions that are not 

included in the structures are shown with dots, and the membrane is shown 

schematically in grey[30]. 

 

1.2.4 Alternative Theories 

 

The inflammation hypothesis works on the understanding that astrocytes and 

reactive microglia will surround amyloid plaques and tau proteins, release pro-

inflammatory cytokines, and promote their spread[32]. The key argument against the 
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inflammation hypothesis is that the use of anti-inflammatory drugs has not shown to 

be beneficial in the fight against Alzheimer’s disease[32]. 

 The cholinergic hypothesis states that Alzheimer’s disease is linked to 

damaged acetylcholine neurotransmitters [Figure 1- 5], resulting in cognitive 

decline[33]. Acetylcholine is an important neurotransmitter which affects memory and 

cognitive function[34]. This hypothesis reasoned that cholinesterase inhibitors would be 

crucial in the treatment of Alzheimer’s disease, and while they do slow down the onset 

effects of Alzheimer’s disease, none have been found which prevent it entirely[32][35]. 

Another hypothesis given consideration is the oxidative stress hypothesis, with 

oxidative stress considered to be an important factor in the pathogenesis of 

Alzheimer’s disease[36]. The reasoning is that the brain exhibits mitochondrial 

respiration[37]. When the mitochondria is exposed to stressful conditions ROS 

formation is increased by the mitochondria’s electron transport system, causing 

mitochondrial dysfunction which results in neurodegeneration[38][39]. Oxidative stress 

also results in the imbalance of oxidants and antioxidants, which in turn affects the 

balance of transition metals within the brain, such as copper, iron and zinc which all 

affect cognitive regions of the brain[39]. Copper and zinc can bind to Aβ and its 

precursor protein, giving it an important role in neurodegeneration[39]. It is reasoned 

that smoking[40], and exposure to air pollution[41], are two common factors which can 

make someone more susceptible to exhibiting oxidative stress, and are therefore 

linked to increasing the risk factor of developing Alzheimer’s disease in the later stages 

of a person’s life.  

 

 

Figure 1- 5: The chemical structure of acetylcholine. 
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1.2.5 Traumatic Brain Injury 

 

There is a link between people who suffer traumatic brain injuries and an 

increased likelihood of developing Alzheimer’s disease in later life. Although not fully 

understood, it is believed that traumatic brain injury induced neurovascular damage 

can result in the acceleration of Aβ production[42]. Athletes who compete in heavy 

contact sports such as Rugby, American Football and Boxing have been found to have 

an increased risk of forming Alzheimer’s disease like dementias in later life, due to 

receiving multiple head injuries and concussions[43]. 

 

1.2.6 Increased Likelihood of Developing Alzheimer’s Disease with Age 

 

It is recognised that Alzheimer’s Disease is more prevalent in the elderly[44]. It 

is believed that the reason for this is that tau proteins are able to spread at a faster 

rate in elderly brains[45]. Researchers have posed that tau protein deposition begins 

within the anterolateral entorhinal cortex, and the presence of Aβ facilitates the spread 

of tau proteins allowing it to reach the neocortex, which some scientists suggest is 

where Alzheimer’s disease begins[46]. The simplest answer as to why the risk of 

developing Alzheimer’s disease increases with age is because Aβ deposition and tau 

aggregation is more prevalent in elderly brains as they accumulate as humans age[47]. 

It should be noted that avoiding the formation of Aβ and tau as age increases is 

unavoidable for most people as they get older, though it does not mean that it will 

result in developing Alzheimer disease, or any form of dementia[47][48]. 

 

 

 

 

 

 



  Chapter 1 
 

1-9 
 

 

1.3 Symptoms of Alzheimer’s 

 

1.3.1 Earliest Symptoms 

 

The earliest symptoms of Alzheimer’s disease include short-term memory loss, 

and an increased amount of apathy. It has been recognised that patients exhibiting 

the earliest symptoms of Alzheimer’s have issues with acquiring and remembering 

recently learned information, whilst also struggling with abstract thinking and 

planning[49]. Apathy is seen as the most common behavioural change in patients 

developing the disease, and is a direct link to cognitive decline, and the lowering of 

daily function[50]. The name given to the preclinical stage of Alzheimer’s disease is Mild 

Cognitive Impairment which is diagnosed in patients suffering memory loss, and has 

over 90% association with Alzheimer’s disease[51]. 

 

1.3.2 Early stages 

 

Patients in the early stages of Alzheimer’s disease will see their ability to retain 

new information decrease, while problems with their memory increase. Some may also 

exhibit new difficulties with movement, language and possibly impaired perception[52]. 

It is recognised that in the early stages, memories formed more recently by patients 

are more likely to deteriorate than memories and facts learned by the patient earlier in 

their life[53]. Issues with language can become more apparent[54]. Patients will exhibit 

a shrunken vocabulary, and find it more difficult to express ideas, or conceptions, 

through vocabulary or in a written form[54]. Patients in the early stages of the disease 

can still complete everyday tasks, and interact with other people, though they may 

require support with more complex activities[55]. 
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1.3.3 Middle stages 

  

Patients in the middle stages of the disease experience further difficulties when 

performing basic tasks, requiring them to have a greater amount of support[56]. 

Vocabulary also deteriorates further, and can result in patients using incorrect 

substitutions of words or phrases, whilst also seeing their ability to read and write 

become more hindered[57]. Motor skills become more difficult, which naturally 

increases the likelihood of an accident when attempting complex movements[58]. It is 

at the middle stages where long-term memory becomes hindered, and results in 

patients potentially failing to recognise faces of those who have been consistently 

present in their lives[59]. As Alzheimer’s disease progresses, behavioural changes in 

patients may become increasingly apparent, with emotional outbursts becoming more 

common, including crying, aggression, frustration and irritability[60]. Another common 

symptom of behavioural change in the middle stages is wandering, where a patient 

will roam, which can result in them becoming lost due to confusion of their location[61]. 

Some patients have been reported to have exhibited delusional symptoms such as 

experiencing hallucinations and illusions[62]. Perhaps the most difficult symptom of all 

during the middle stages is that patients lose their understanding of their diagnosis 

resulting in a loss of realising their limitations and ability to recognise their ongoing 

deterioration[57]. 

 

1.3.4 Later stages 

  

Patients in the later stages of Alzheimer’s disease struggle to perform the 

simplest of tasks, and are completely dependent on carers[63]. A patient's vocabulary 

will have drastically reduced to basic phrases, a limited amount of words, or in some 

cases no speech at all, but still may be able to give emotional prompts and 

responses[64]. Apathy and exhaustion become far more prevalent in the later stages, 

which leads to a loss of muscle mass, often resulting in late stage patients spending 

the majority of their time in bed[57]. Cerebral apathy occurs as a result of damage to 

neurons, which causes brain shrinkage [Figure 1- 6]. Alzheimer’s does not usually 
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cause death directly, but does instead cause patients to become more susceptible to 

infection, including pneumonia, and other illnesses, leading to the death of a patient 

with Alzheimer’s disease[65]. 

Figure 1- 6: The progression of the brain through the stages of Alzheimer’s 

disease[57]. 

1.4 Pharma Company’s Therapies for Alzheimer’s 

1.4.1 The Dementia Consortium 

 In 2013 Alzheimer’s Research UK, the UK’s leading dementia research charity, 

partnered with MRC Technology and pharmaceutical companies, Eisai and Lilly, to 

found the ‘Dementia Consortium’. To date, there are eight members of Dementia 

Consortium: Alzheimer’s Research UK, Evotec, along with pharmaceutical companies 

Johnson & Johnson, Abbvie, MSD, Eisai, Lilly, and Astex Pharmaceuticals. The 

consortium set out to bring together Alzheimer’s disease experts from the private 

sector, charities, and academia in order to identify and develop drug targets and 

therapies for the treatment of the disease. The Dementia Consortium members 

contribute drug discovery resources, project funding, and tools which allow them to 

support small molecule and antibody-based techniques with the goals of identifying 
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drug candidates or therapies to prevent Alzheimer’s, combat the symptoms of the 

disease, and ultimately to cure the disease. The consortium also donates funding to 

research into drug discovery for frontotemporal dementia and neurodegeneration-

associated cognitive defects, dementia with Lewy bodies, plus Parkinson's disease, 

Huntington's disease and amyotrophic lateral sclerosis[66][67]. 

 

1.4.2 The Leading Companies in the Development of Alzheimer’s Drugs 

  

There are many large pharmaceutical companies putting resources into 

Alzheimer’s drug development. As of September 2019, there are six companies with 

drugs in phases 1, 2 and 3 of clinical trials. Lilly has six drugs in Alzheimer’s clinical 

trials, with two in phase 1, two in phase 2, and two in phase 3 trials. Biogen has five 

drugs - two in phase 1, one in phase 2, and two in phase 3 trials. Roche has three 

drugs - two in phase 2, and one in phase 3. Esiai, in collaboration with Biogen, has 

one drug in phase 3 trials[68].  

In May 2022, it was published in a paper that there are currently 143 drugs in 

development for the treatment of Alzheimer’s disease. The pipeline showed 30 drugs 

in phase 1 clinical trials, 82 drugs in phase 2, and 31 drugs in phase 3. Of these drugs,  
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Figure 1- 7: An info graphic of the Alzheimer’s disease drug development 

pipeline as of May 2022[69]. 

83% were designed for use as disease-modifying therapies, 10% as symptomatic 

cognitive enhancing treatments, and 7% as treatment of neuropsychiatric symptoms 

[Figure 1- 7][69].  

 

1.4.3 Management of Alzheimer’s Disease 

 

There is currently no effective medication for the prevention of Alzheimer’s 

disease, nor is there any medication which can impede the cognitive can impede the 

cognitive degradation resulting from disease progression[70]. There are medications 

used to help hinder cognitive degradation along with advice to aid in delaying 

Alzheimer’s disease surfacing in people at higher risk. 
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1.4.3.1 Acetylcholine Inhibitors 

  

Currently the most effective medications to hinder cognitive degradation are 

classified as acetylcholine inhibitors or cholinesterase inhibitors. The three most 

effective acetylcholine inhibitors currently on the market are donepezil, rivastigmine, 

and galantamine[71]. Galantamine and donepezil are labelled as short acting or 

reversible agents, whereas rivastigmine is labelled as an intermediate-acting or 

pseudo irreversible agent[71]. Tacrine was the first acetylcholine inhibitor, but due to 

tarcine’s hepatotoxicity, the drug has been withdrawn from use[71]. It is recognised that 

the efficacy of the listed acetylcholine inhibitors are similar, with all of them being 

deemed as having mild benefits as drugs for treatment of the disease[71]. Currently 

pharmaceutical companies are working to improve the pharmacological activity of the 

acetylcholine inhibitors, whilst also attempting to eliminate the gastrointestinal side 

effects[71]. 

 Acetylcholinesterase inhibitors work by inhibiting an enzyme named 

Acetylcholinesterase [Figure 1- 8] [72]. By inhibiting Acetylcholinesterase, the 

breakdown of acetylcholine is prevented[73]. Acetylcholine works as both a 

neurotransmitter and a neuromodulator[74]. By preventing the breakdown of 

acetylcholine in patients with Alzheimer’s disease, it can result in the hindering of 

cognitive degradation as there is more acetylcholine available than there would be 

without the use of acetylcholinesterase inhibitors[75]. 
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Figure 1- 8: An acetylcholinesterase inhibitor (in this example, a nerve agent) 

binds to the serine hydroxyl group on acetylcholinesterase. The result is the 

prevention of acetylcholine from being broken down by acetylcholinesterase[76]. 
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1.4.3.2 Memantine 

  

Memantine [Figure 1- 9] is a non-competitive N-methyl-d-aspartate (NMDA) 

modulator/antagonist used to medicate patients in the moderate to severe stages of 

Alzheimer’s disease[77]. It was originally designed to combat influenza[78]. Memantine 

blocks the glutamatergic system’s NMDA receptors, resulting in the inhibition of 

overstimulation by glutamate[79]. There is evidence that glutamate can affect the 

neurodegenerative process in dementia. Patients with Alzheimer’s disease exhibit 

increases in glutamate, leading to the theory there is a link between NMDA activation 

and the increased production of Aß and tau protein production[80]. Memantine has 

been seen to have small benefits in patients in the later stages of Alzheimer’s disease 

which lends weight to the theory that blocking the production of glutamate does hinder 

neurodegeneration[81]. Memantine has been seen to assist in the elimination of 

damaged mitochondria from neuronal modules, meaning it could further aid in the 

treatment of neurodegeneration[82]. Side-effects of using memantine include fatigue, 

headaches, dizziness, hallucinations and confusion[83]. Acetylcholine inhibitors are 

often prescribed along with memantine in a view that, in combination, they will have a 

greater effect[83][84]. Acetylcholine inhibitors can reduce the production of 

proinflammatory cytokines which can also reduce NMDA receptor expression[83]. 

Though the combination of memantine and acetylcholine inhibitors is seen as clinically 

beneficial, the difference is seen to be marginal in patients[84]. 

 

 

 

 

Figure 1- 9: The chemical structure of memantine. 
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1.4.3.3 EGb 761 

  

EGb 761 is an extract of Ginko Biloba [Figure 1- 10], a species of tree found 

locally in China[85]. The extract has been used to treat Alzheimer’s disease as well as 

other neuropsychiatric disorders[86]. EGb 761 is a free radical scavenger, a serotonin 

modulator, improves mitochondrial function, and is recognised as neuroprotective[87]. 

Though it cannot prevent the progression of dementia, the use EGb 761 has seen 

patients' cognitive function improve, and also can give patients a greater quality of 

daily living[88]. EGb 761 works by blocking the pathological cascade of Aß caused 

events, such as mitochondrial disfunction and reactive oxygen species germination, 

which prevents neurotoxicity. The extract also protects against Aß-induced apoptosis 

and neurotoxicity[89]. EGb 761 is seen to be most beneficial in patients in the mild to 

moderate stages of Alzheimer’s disease[88]. 

 

 

Figure 1- 10: A Ginko Biloba Leaf (Left) and EGb 761 Extract (Right)[85]. 
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1.4.3.4 Suvorexant 

  

Suvorexant, [Figure 1- 11] known more commonly by its commercial name 

‘Belsmora’ is an orexin antagonist prescribed to treat Insomnia[90]. Suvorexant has 

been used as a drug to tackle the non-cognitive symptoms of Alzheimer’s disease, 

focusing on the behavioural and psychological aspects of the disease[91]. Orexins, also 

referred to as hypocretins, are excitatory neurotransmitters which promote 

wakefulness[92]. They are secreted in the lateral hypothalamus by orexin-containing 

neurons[92][93].  

 

 

Figure 1- 11: The Chemical Structure of Suvorexant. 

 

Suvorexant negates orexin from stimulating histaminergic neurons, which 

antagonizes wakefulness[92]. Due to the body clearing amyloid-ß from the brain more 

optimally whilst the body is asleep, there have been suggestions that suvorexant may 

aid in reducing the risk of forming Alzheimer’s disease[92]. Suvorexant has also been 

used in patients suffering with mild to moderate Alzheimer’s disease to aid in reducing 

delirium[94]. It has been theorised that orexinergic output increases with the 

progression of Alzheimer’s disease as neurotransmitter network imbalance affects the 

regulation of a patient's sleep schedule[94]. Studies have shown that Suvorexant does 

improve patients' sleep time and sleep cycles[95]. 
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1.4.3.5 Psychosocial Management and Interventions 

  

The use of psychosocial interventions in patients with Alzheimer’s disease is to 

aid in the reduction of problematic behaviour, cognitive deficits and difficulties with 

emotional control[96]. 

Behavioural modification is an approach used to aid in behavioural change by 

utilising respondent and operant conditioning[97]. The approach has shown little 

success as a technique to improve overall function[98] though it has been shown to 

help in preventing urinary incontinence[99]. Studies have been conducted researching 

how music can reduce problematic behaviour, with results showing that music therapy 

can be effective[100]. 

Cognitive-oriented treatments are used to aid in reducing cognitive defects[101]. 

The two main techniques used are reality orientation and cognitive retraining. Reality 

orientation uses familiarities relevant to a patient such as people, places and 

presentation of time information in order to help the patient better understand their 

surroundings[102]. Cognitive retraining aims to exercise mental abilities in hope it will 

improve impaired capacities. Studies have reported that both techniques have shown 

the cognitive capacities can be moderately improved when used[103]. 

Emotion-oriented interventions have proven to be mostly ineffective in patients 

suffering with Alzheimer’s disease. The two most prevalent techniques of this 

classification are reminiscence therapy and simulated presence therapy. 

Reminiscence therapy attempts to utilise patients’ past experiences by using sound, 

such as music or familiar noises, and objects, such as personal belongings and 

photographs[104]. A study has shown that reminiscence therapy has minimal efficacy 

and is likely to not be of clinical significance[104]. Simulated presence therapy utilises 

patients' pre-disease emotional attachments and consists of playing vocal recordings 

of the patients’ close friends and family. Studies would suggest simulated presence 

therapy could be the most effective emotion-oriented intervention as it could reduce 

some problematic behaviours[105]. 

The final psychosocial intervention is stimulation-oriented, which uses 

recreational activities such as exercise, art, and the use of pets[106]. Stimulation-
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oriented intervention has been linked to modest improvements in patients’ mood, 

behaviour, and potentially even function. The most common reason for the use of 

stimulation-oriented intervention is to change a patients’ routine[107]. 

1.4.4 Reasons for Lack of Treatments and Obstacles Preventing Progress 

Discovering a cure for Alzheimer’s disease is a struggle for researchers for a 

multitude of reasons. Neurodegenerative diseases in general are hard to diagnose[108]. 

There are many diagnostic tests and methods used to exclude other potential causes 

for dementia-linked symptoms[108]. It is difficult for drugs to enter the brain as a result 

of the brain’s blood supply being mostly separate to that of the rest of the human 

body[109]. Ultimately, we still don’t know the true cause of Alzheimer’s disease[110]. A 

large part of the difficulty in determining effective treatments is that dementia-linked 

diseases are not just singular diseases – they are a multitude of complex health issues, 

each with their own causes[111. 

The expense of developing drugs to help treat Alzheimer’s disease is costly, 

which both dissuades companies from attempting to develop a drug, and causes 

companies which are researching treatments to leave the area[112]. Lead time to 

develop a drug is long, and failed attempts are proven to be very costly[113]. A large 

amount of funding for Alzheimer’s research is provided by pharmaceutical 

companies[114] so when a company decides to stop funding the research area, it can 

have a substantial effect on the amount of drug development taking place. 

In order for a drug to be effective in the treatment of Alzheimer’s disease, it 

must efficiently cross the blood-brain barrier [Figure 1- 12] [115][118]. This is difficult as 

one of the functions of the blood-brain barrier is to protect against toxins, and disease-

causing pathogens, which can be found in the blood[116]. Whilst the blood-brain 

barrier’s efficiency for protecting the brain in this capacity is very beneficial to the 

brain's health, the main detriment is that the blood-brain barrier will prevent drugs from 

getting to the brain, which is the objective for every Alzheimer’s targeting drug [117]. 
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Figure 1- 12: A simple diagram of the blood-brain barrier[118]. 

 

1.5 Patient Adherence to Therapies  

 

 One of the most discussed topics in medicine today is how to improve patient 

adherence with medicine that requires a course of administration. This has led to an 

increased focus on researching and developing long-acting therapies, including 

strategies that allow for the therapeutic window of drugs to be maintained for a 

minimum of one month[119]. 

 

1.5.1 Issues with Patient Adherence 

 

 It is important to recognise that a patient’s adherence to a prescribed therapy 

is imperative to the treatment being a success[120]. If a patient fails to adhere to their 

therapy, it can have serious repercussions to themselves, whilst also having a 

detrimental effect on the healthcare system[120]. If a patient does not follow their 

prescribed treatment, the result can lead to their disease worsening, them putting their 

own life at risk, and also health care costs increasing[120]. It is unfortunate that 

nonadherence and noncompliance to therapies is a regular occurrence[121]. There are 

multiple reasons that patients use in order to avoid their prescribed treatments[121]. 
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Disbelief that the treatment is working, adverse side-effects, depression and worry, 

prescription costs, lack of trust, lack of symptoms and religious beliefs are the most 

common reasons for nonadherence[121][122][123]. It is believed that better patient 

adherence will result in increased control and prevention of diseases, whilst also 

saving the health care sector money and lowering the hospitalisation rate[124][125].  

The use of oral medications is the most common method of drug delivery, with 

oral medications being used to treat a multitude of diseases[126]. One of the biggest 

disadvantages to the oral route is that pharmacokinetic properties can often lead to 

short half-lives, with the result being more frequent doses to ensure a patient remains 

in the therapeutic window[127]. The therapeutic window is defined as “the dose range 

of a drug that provides safe and effective therapy with minimal adverse effects,” 

meaning that dropping below the range will result in a drug being ineffective, whereas 

going above the range can result in increased adverse side effects[128]. A common 

reason for patients to become non-adherent with oral medications is because they 

forget to take their prescribed doses[120]. As oral medications often require daily, or 

even multiple daily doses, it can be difficult for patients to remember to take their 

medications resulting in them dropping below the therapeutic window, and putting 

themselves at further risk of their disease worsening[120]. Patients may actively avoid 

taking their oral medications due to the taste, texture, or in the case of tablets, the size 

of the medication[129][130]. 

 

1.5.2 Patient Adherence to Antibiotics and Immunosuppressants 

 

 A strong example for the importance of patient adherence is the patient 

adherence to antibiotics. Patient non-adherence to antibiotics is a large societal issue. 

Bacterial resistance to antibiotics is a significant challenge which is hindered through 

patient non-adherence[131]. A result of patients not taking their prescribed antibiotics is 

an increase in the resistance to antibiotics[132]. Prescribed antibiotics courses for acute 

cases tend to have a course range of 5 to 10 days, yet patients still do not take doses 

on time, miss doses, or do not finish their course of antibiotics[132]. Patients who do 

neglect their prescribed course of antibiotics threaten the treatment's efficacy, risk 

dropping out of the therapeutic window, and contribute to increased bacterial 
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resistance as a result of failing to eliminate the organism the antibiotics were 

prescribed to remove[132]. 

A study was carried out in October 2012 in which 428 patients were invited to 

take part in tracking their antibiotic-taking behaviour. From this study it was recorded 

that 42.7% of patients achieved what the study defined as “acceptable adherence” or 

higher, whilst 57.2% of patients were deemed to be in the levels of “declining to non-

adherence”[133]. Knowing the risks and negative effects of non-adherence to 

antibiotics, we need to ask why patient adherence to antibiotic courses is so low? It is 

known that patient adherence is better with shorter-term courses of antibiotics which 

consist of lower treatment lengths and fewer required doses[132]. Reasons why longer-

term courses of antibiotics result in lower patient adherence can be largely put down 

to forgetfulness, or patients claiming they are too busy to take them[134]. When looking 

more broadly at adherence over any term of prescription, reasons for patients 

consciously non-adhering can include patients believing that their condition is 

improving or that they have fully recovered, and so do not end their prescribed course 

of antibiotics, or in some cases do not even start the course[134]. Some patients' 

motives for refusing to adhere to their prescribed courses of antibiotics include patients 

believing that their symptoms are not severe enough to warrant treatment, despite the 

advice of a physician[135]. Another motive for refusal includes patients being concerned 

about bacterial resistance with patients believing that the antibiotics they are 

prescribed are ineffective and will only result in increased bacterial resistance[135]. 

Other motives include worries over prolonged illness and side-effects, and a lack of 

trust in the prescriber[135].  

It is hard to digest some of the reasons patients give for the refusal of antibiotic 

treatment, as although they believe they are doing the correct thing, they are putting 

themselves at risk of further worsening of disease, to which the end result can be 

sometimes physically crippling, or even fatal[135].  

Patient non-adherence is even seen in the most extreme of cases, such as after 

an organ transplant. Should patients not adhere to immunosuppression, the result can 

be severe. Failure to follow the prescribed treatment after an organ transplant often 

causes graft loss, late acute rejection episodes, organ loss, hospital readmissions, and 

death[136][137]. For something so serious as an organ transplant, it would be assumed 
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that patient adherence would be high, however, even in this case, nonadherence has 

been observed at as high as 20% to 50%[136][138]. When considering that 10% to 20% 

of patients awaiting an organ transplant die while waiting for a donor to become 

available[137] and that 25% of organ transplant related deaths are a result of patient 

poor adherence to immunosuppressive therapies[138] why are patients still struggling 

to follow their prescribed treatments? Studies have shown that there is a link between 

post-transplant therapy non-adherence and psychological vulnerabilities, including 

anxiety, the development of depression and social complications[137]. When all of this 

is considered, it can be determined that patient lifestyle has a huge effect on 

adherence[137] and that patient adherence is a large societal issue which requires the 

modification and determination of new methods to aid in increased adherence.  

 

1.5.3 Dementia Patient Adherence to Therapies 

 

 For patients suffering with dementia, being prescribed treatments with a high 

level of drug exposure is considered to be standard rather than a rarity[139]. As the 

stages of dementia progress, so does the level of impaired memory and other 

cognitive impairments in patients[139], which contributes negatively to patient 

adherence[139]. The results of an American study conducted on dementia patients 

being discharged from hospitals showed that dementia patients had between a 20% 

to 30% chance of taking more medication than that which was prescribed to them by 

a physician, whilst as much as 31% of patients took less medication than that was 

prescribed to them[139][140]. The overall result of the study indicated that just over half 

of the patients were already showing various degrees of non-adherence after only 2 

weeks of their course of treatment[140]. The largest reasons for non-adherence are 

believed to be deteriorating cognition, poor education, and patients having difficulties 

with having to track and take multiple prescribed medications[140]. It is more prevalent 

for older patients suffering with dementia to have larger levels of non-adherence, 

although this is not necessarily directly linked to dementia, as this is also a common 

trend in various types of chronic diseases as a result of geriatric conditions[139].  

One strategy that has been discussed is to prescribe as few medicines and doses as 

possible in order to help patients to remember to take the remaining medicines 
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prescribed to them[139]. However, an issue with reducing prescribed medicines and 

doses will be treatment efficacy[139] [141]. At the point of which a patient's dementia has 

progressed to the stage where they become reliant on a caregiver’s assistance to aid 

in the administration and tracking of medications, adherence levels can then be 

affected as a result of the caregiver’s level of involvement and persistence on aiding 

the patient with their medication[141]. Caregiver assisted adherence can also vary 

depending on a patient's level of contact with the health service, ability to fund a 

caregiver, or the amount of voluntary caregiving accessible to the patient from family 

members and the community[141]. When exploring behavioural issues with patient 

adherence, there is the potential for patients to refuse the help of a caregiver, and 

even become aggressive towards the caregiver when the caregiver attempts to aid the 

patient with their medication[142]. In the event that a patient is admitted to hospice care, 

the likelihood of the patient's relatives choosing to discontinue therapies and 

treatments is largely increased[141]. 

When looking at persistence levels with Alzheimer related drugs, studies have 

shown that patients are more persistent with once-daily doses of donepezil capsules 

and extended release galantamine than with twice-daily doses of rivastigmine 

capsules[141]. It has also been seen that persistence is higher with galantamine when 

compared to donepezil[141]. 

Patients and caregivers are encouraged to adopt a routine to aid with 

adherence[143]. Pill boxes, envelopes and other methods of organising doses are 

adopted in order to help inform the patient or caregiver about whether a dose has been 

taken[139]. Diary entries and log-taking is encouraged to see what medications are 

required to be taken and when they should be consumed[144]. 

 

1.5.4 Technologies Aiming to Address Patient Adherence 

  

Addressing issues with patient adherence has been a constant battle for 

physicians throughout the ages. In the modern age, there have been new 

advancements in technology which have presented the opportunity for new methods 

of technology-aided assistance to help aid in improving patient adherence. 
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1.5.4.1 Text Message Reminders 

  

Although the ability to send text messages to mobile phones can no longer be 

considered to be cutting-edge technology, it is only since the beginning of the previous 

decade that text message reminders have been sent to patients in an effort to help 

them to remember to follow their prescribed treatments[145]. 

A study conducted in 2016 involving 2742 chronically ill patients, where patients 

were sent text message reminders to remind them to follow their prescribed 

medication, showed that patient adherence rose from 50.0% to 67.8%[146]. This shows 

that even technology as old and as simple as text message reminders can improve 

patient adherence, and save resources as a result of patients' recoveries 

improving[146].  

 1.5.4.2 Smartphone Applications 

 A relatively new advancement in technology is the use of smartphones and their 

applications[147]. The first smartphone was the Apple iPhone, which was released in 

2007[147]. As of the end of 2020 it was estimated that 5 billion people own a 

smartphone[148]. Smartphones allow users to download applications, more commonly 

known as ‘apps’, to their smartphones for various applications such as tracking 

medication[149].  

In 2018, a study conducted by a team at Imperial College London was 

attempted to identify useful apps available to the public via the leading app stores[150]. 

The team screened 5881 apps and found 420 free apps which utilised at least one of 

the listed strategies, and 22 free apps that had incorporated all three strategies to aid 

with adherence[150]. As of February 2021 the four leading free apps for aiding with 

patient adherence were Medisafe, MyTherapy, Meds on Time and Médi'rappel[151].  

In 2021 a study was conducted on assessing the effect of using a mobile health 

app on patient adherence to hypertension treatment[152]. 49 participants were given an 

app to track their adherence. Before using the app, 8% were non-adherent, 64% were 

partial adherents and 28% were adherent to the treatment. After 12 weeks of using a 

mobile health app 0% were non-adherent, 8% were partial adherents and 92% were 
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adherent to the treatment[152]. Although this is just one study, it does suggest that using 

mobile phone applications to aid with therapies can improve patient adherence. 

 

1.5.4.3 Smart Pillboxes 

  

Conventional pillboxes use letter or number coded plastic racks to help patients 

organise and track their prescribed medications, but it has been seen that patients still 

struggle with adherence when using a conventional pillbox[153]. A smart pill box [Figure 

1- 13] is able to dispense medicines at required times via micro control, and can give 

signals when it needs to be opened, has been opened too early, or opened too late[154]. 

The latest models of smart pillboxes are able to connect to the internet using Bluetooth 

allowing the patient to receive alerts about the medication via the smart pillbox's 

corresponding mobile phone application[154]. Caregivers and physicians can also 

better track patient adherence through receiving information from their patient's smart 

pillbox, sending data to the caregivers' and physicians' mobile phone tracking apps[154]. 

The use of smart technologies, including the use of a smart pillbox, have been proven 

to help patients better track their medication, and therefore, improve patient 

adherence[155]. 
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Figure 1- 13: A Hero Automatic Smart Pillbox and mobile phone application. 

 

1.5.4.4 Telemedicine 

  

Telemedicine is the remote treatment and diagnosis using telecommunications 

technology[156]. Phone calls, video calls and other types of telecommunication between 

a patient and physician help to improve adherence in patients struggling with chronic 
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diseases[157]. During the Covid-19 pandemic, telemedicine was useful for elderly 

patients who were unable to leave their home[158]. 

 

1.5.4.5 Ingestible Sensors 

  

Ingestible sensors such as smart pills are seen as a breakthrough technology 

for helping to combat patient non-adherence. Ingestible pills are able to monitor the 

exact time a drug has been taken[159]. They are easy to swallow, and upon reaching 

the stomach, a reaction with the stomach fluid takes place, which sends a signal to the 

receiver, often an adhesive patch, which will then send a signal via Bluetooth to a 

mobile device [Figure 1- 14][159].  

Diagnostic smart pills are small, easy-to-swallow ingestible capsules containing an 

edible electronic element which is activated in the stomach [Figure 1- 15][160]. Once 

the element is activated, the smart pill can transmit signals to a receiver which can 

connect and send data to a smartphone informing patients that it is time to adhere to 

their prescribed treatment[160][161]. Therapeutic smart pills can be ingested in the same 

way as diagnostic smart pills, but instead respond to their environment and release 

medication upon responding to stimuli[160]. 

 Ingestible sensors, often combined with an adhesive patch[161], are capable of 

physical sensing, pressure sensing, temperature sensing, pH sensing, chemical and 

biological sensing, and are able to detect haemoglobin[160]. Ingestible sensors should 

leave the body in less than 72 hours[162]. 

Although ingestible sensors are promising and show a large amount of potential, the 

cost factor for manufacturing ingestible sensors is high, and they do occasionally have 

reliability issues[162]. At current, there are a lack of studies regarding how effective 

ingestible sensors are at changing patient adherence[161], though once made more 

cost-effective, ingestible sensors do hold a large amount of promise for improving 

patient adherence[161]. 
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Figure 1- 14: A diagram demonstrating how a smart pill, coupled with an 

adhesive patch, transmits data via bluetooth to a patients mobile phone 

application, and notifies whoever is tracking the medication[159]. 

 

 

 

 

 

Figure 1- 15: A diagram demonstrating the actions of a diagnostic smart pill 

(Left) and a therapeutic smart pill (right) in the small and large intestine[160]. 
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1.5.5 Patient Adherence to Transdermal Patches 

  

Use of a long acting transdermal patch, especially in the case of patients 

suffering with Alzheimer’s disease, has been seen to aid with patient adherence when 

switching from oral drug delivery methods[163][164]. Cognitive impairment will affect a 

patient's ability to read labels, follow a routine, differentiate between tablets and 

manage their own medications[163]. This combined with behavioural issues faced by 

caregivers, who themselves can also suffer from human error when assisting an 

Alzheimer’s patient with their medication, has resulted in non-adherence levels as high 

as 42% in patients with Alzheimer’s disease as of 2013[163][165]. Using a long-acting 

transdermal patch to deliver acetylcholinesterase inhibitors, such as rivastigmine and 

galantamine, could help to reduce the difficulties faced by Alzheimer’s patients and 

their caregivers. Moreover, it could also benefit patients who suffer from other types 

of chronic diseases[165]. 

 

1.6 Transdermal Drug Delivery 

 

Being able to deliver drugs painlessly through the skin has been seen as 

advantageous to that of oral consumptions of drugs. The reasons for this include 

patients being dissuaded from swallowing tablets or forgetting to take their medication. 

Transdermal drug delivery also bypasses the gastrointestinal tract, and avoids 

gastrointestinal irritation and first-pass inactivation and metabolism occurring in the 

liver[166]. Drugs also avoid being broken down by stomach acids. There are a multitude 

of benefits to using transdermal drug delivery over oral drug delivery, which includes 

prolonged and continuous drug delivery, a higher amount of bioavailability, a reduction 

of drug side reactions in the human body, and improved therapy as a result of 

maintenance of drug concentrations in plasma[167]. 

As the skin is a fantastic barrier for molecular transport, it is often a struggle for 

multiple types of drugs to be delivered through the skin. However, the same can 

happen with regards to oral delivery, and alternative methods of delivery must be 

considered. The transdermal delivery method offers a large amount of advantages[168]: 
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1. The surface area of the human skin is a readily large and accessible surface 

for delivery (between 1.5 and 2.0 m2 in adults). 

2. Transdermal patches provide a harmless and comfortable method of drug 

delivery, allowing for prolonged drug release. 

3. A sustained release of drugs that have short biological half-lives, which would 

usually require frequent doses when consumed orally. 

As transdermal drug delivery is designed for prolonged and sustainable drug 

delivery over large time periods, tolerance inducing drugs, and drugs which need 

Chrono pharmacological management are currently unsuitable for delivery via 

transdermal methods. Transdermal drug delivery can be used as an alternative to 

injections, where the main advantage is avoiding the pain of an injection, beneficial to 

those who have a phobia of needles[169].  

The route a drug needs to follow through the topical administration route of using 

a transdermal patch involves transport across the stratum corneum [Figure 1- 

16][169][170]. This involves diffusion through intercellular lipids through a route which 

winds around the corneocytes, where molecules then travel through the lipid head 

group regions if they are hydrophilic and through the lipid tail group regions if they are 

lipophilic. The transport route is restricted by solubility and structural requirements in 

order to allow diffusion within the stratum corneum lipid bilayers. 
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Figure 1- 16: The cross-section of the human skin, the barrier for transdermal 

drug delivery[170]. 

In a sense, the use of transdermal drug delivery methods can be argued to be 

a drug delivery method as old as mankind itself. Topological remedies such as 

bandages, ointments, herbal remedies, salves and balms have been used for 

centuries. Ancient civilisations were renowned for using oils, fats and perfumes to 

make creams and other dermatological remedies for use as medicines[171]. Later, the 

invention of plasters and medical tapes were used to adhere to human skin to aid in 

the reparation of surface wounds. Following that, the introduction of patches offered 

an exciting opportunity for drug delivery, introducing transdermal patches. At the time, 

new transdermal patches proved to be beneficial in reducing side-effects from drugs 

originally developed by alternative delivery methods[172]. It is often that when the use 

of transdermal patches is discussed, thoughts are drawn to perhaps the most famous 

transdermal patch of all, the nicotine patch, used to combat the desire to smoke 

cigarettes[173].  
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Figure 1- 17: The history of transdermal patch development: (A) Ancient era 

products; (B) Galen's cold cream; (C) Mercurial ointment; (D) Mustard and 

belladonna plasters; controlled dosing of topical products. (E) First quantitative 

systemic delivery (Zondek's System). (F) Individualized delivery system: 

nitroglycerin ointment. (G) Topical delivery device (Wurster & Kramer's system). 

Passive non-invasive patches. (H) First patch system – the reservoir – 

introduced for scopolamine, nitroglycerin, clonidine and oestradiol. (I, J, K) 

Other types of patches – matrix and drug-in-adhesive (e.g. Fentanyl and nicotine 

patches). Next-generation patches. (L) Cutaneous solutions (e.g. Patchless 

patch®, Evamist®). (M) Active patches (e.g. Iontophoresis, Zecuity®). (N) 

minimally invasive patches (e.g. Microneedles, Nanopatch®)[174]. 
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There are four types of patches [Figure 1 – 17] which rely on the use of adhesive 

based systems[174]. 

1. Reservoir patches. 

2. A first-generation matrix patch (Matrix patch 1). 

3. A second-generation matrix patch (Matrix patch 2). 

4. Drug in adhesive patches. 

Although the patches share common similarities [Figure 1-18], it should be noted 

that each patch is a successor of the one made prior to it, with the drug in adhesive 

patches being the result of constant research into improving patch efficiency, which 

has taken scientists decades to reach[175]. Transdermal patches are often comprised 

of four key components which include the backing layer, the loaded drug, the patch 

adhesive and the release liner[176]. The reservoir patch consists of a membrane located 

between the adhesive, and the dissolved drug in eluent, as a result of being the first 

transdermal patch commercially available, where initially researchers believed it would 

increase the control over the drug release – this was later found to not be the 

case[174][177].  Matrix 1 and 2 patches consisted of a drug layer of a semisolid matrix 

which incorporated drug solutions in an adhesive polymer layer. In the matrix patch 

types, the adhesive layers in these patches surrounded the drug layer, the matrix is 

applied to the surface of the human skin and the drug is released with the matrix 

controlling the rate of drug delivery[178]. The drug in adhesive patches is the most 

efficient transdermal patch in use in the modern day due to its superb efficacy, and in 

patient compliance, and it removes the need to add eluent for transporting the 

incorporated drugs. The drug in adhesive patch diffuses drugs from the transdermal 

patch at a controlled rate upon contact with the surface of skin[179]. 
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Figure 1- 18: The structures of the four types of transdermal patches showing 

the differences between the reservoir patch, matrix patch, and drug‐in‐adhesive 

patch systems[180]. 

 

1.6.1 Transdermal Microneedles 

 

The main drawbacks of the transdermal patches have been the occurrence of 

rash outbreaks and allergic reactions occurring in patients due to the chemicals 

present in the patch adhesives[181]. To combat the allergic responses, the use of 

microneedles has been devised as a new innovative method for transdermal drug 

delivery. The use of microneedles removes the requirement for an adhesive layer to 

adhere to the surface of the skin, as microneedles are able to adhere to the skin 

through penetrating the surface by a low number of micrometres, into the stratum 

corneum[182]. Although the microneedles penetrate the surface of the skin, patients 

have been found to feel no discomfort, and the microneedles are able to dissolve in 

the body as they are biocompatible, which allows for the transdermal film’s backing 

layer to be safely peeled from the patient's skin without causing any damage[183]. 

The microneedle approach is able to utilise various therapeutic agents which 

included anti-cancer treatments, macromolecules such as proteins and peptides, as 

well as hydrophilic and hydrophobic compounds. It is a route which provides improved 

bioavailability for drugs being delivered through the skin through the 10–15 μm stratum 

corneum, which forms a barrier blocking exogenous substance and limits the 

possibilities of drugs which can be delivered therapeutically through the skin. 

Microneedles, which are completely soluble in the human body, can be used to 

overcome this barrier, and provides a more therapeutic device tailored to delivering 



  Chapter 1 
 

1-37 
 

 

drugs through the human skin layers. Providing routes to overcome limitations found 

in typical transdermal patches, microneedles also offer a reduction in cost and sharp 

waste[184]. 

Microneedles offer distinct advantages in terms of being able to deliver larger 

molecular sized drugs, faster healing at the injection site, improved drug efficacy and 

release, ease of administration [Figure 1- 19], deliver increased drug doses, and cause 

no disruption of nerve endings. The needles themselves are often made of 

polysaccharides, so that upon dissolving into the human body, no harm would come 

to the patient as a result. Microneedles have also been used in the cosmetic industry 

to treat acne and wrinkles, hide scarring, and improve skin-tone[185]. 

 

 

 

 

Figure 1- 19: A comparison of the microneedle deliver system with that of 

topological and needle drug delivery methods[186]. 
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1.6.2 Adhesion in Transdermal Patches 

 

There are various methods of adhesion. Chemical adhesion occurs through 

physical chemical bonds forming between materials, through penetration, or through 

intermolecular interactions involving Van der Waals forces which occurs through the 

attraction and repulsion of weak, non-covalent, intermolecular forces between 

molecules[187]. Although Van der Waals forces are generally weak interactions 

occurring between molecules, when a large amount of Van der Walls interactions 

occur between 2 materials, the large number of interactions promotes the capability 

for adhesion[188].  

 

It is important that when formulating the adhesive layer, the adhesive layer does 

not limit the overall drug delivery from transdermal methods. It is also imperative that 

the selected adhesive be renewable[189]. In order for adhesion to occur between a 

transdermal material and the skin, the transdermal material must contain hydrophobic 

properties which are capable of interacting with the human skin, whilst also reducing 

solubility. Furthermore, they must also contain hydrophilic properties to allow for 

actions as a drug carrier for drugs to pass through the adhesive layer. Common 

adhesives in transdermal patches include silicones, acrylics [Figure 1- 20] and poly 

isobutylene blends. Of these, the acrylic adhesive offers the largest amount of 

versatility as they can easily be manipulated through altering the monomer 

functionality in molecules of varying sizes, depending on the requirements of the 

adhesive[190]. Acrylate monomers contain a carbonyl group, typically an ester 

functional group, and an adjacent carbon-carbon double bond, which is the biggest 

drawback of acrylates as they are UV sensitive[191].  
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Figure 1- 20: The structure of a polyacrylate polymer. 

 

Polyacrylate polymers rely on Van der Walls forces to achieve adhesion. Due 

to its ability to cross-link with other polymers and through Van der Waals forces, the 

strong adhesion of acrylates makes it one of the most desirable and used polymers 

today[192]. Acrylates’ ability to freely crosslink is a huge asset to aid its strong adhesion, 

as is their low glass transition temperatures. Multiple crosslinking methods are 

available for acrylates, with UV crosslinking and Michael addition crosslinking being 

the most common approaches used[193]. Michael addition crosslinking relies on the 

use of an intermediate compound to crosslink different polymers, or even to react 

between polymer chains in the same molecule. Michael addition reactions occur via 

nucleophilic addition of a nucleophile on the β carbon in an α, β – unsaturated carbonyl 

compound [Scheme 1- 1]. The reaction has been accepted as a “click” reaction[194] 

due to the ability to react promptly in mild conditions. Michael addition can result in a 

large amount of crosslinking [Figure 1- 21] which can be used to form hydrogels. As 

previously discussed, hydrogels consist of multiple polymeric chains resulting in 

hydrophilic macromolecules[195]. Hydrogels formed through crosslinking are commonly 

found in most adhesives used for transdermal drug delivery as they are capable of 

tolerating biological conditions, whilst being able to hold large amounts of drug loaded 

solutions which can be delivered through the skin[196]. 
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Scheme 1- 1: The Michael Addition mechanism for the reaction between thiols 

and acrylates[197]. 

 

Figure 1- 21: Polymer chains becoming crosslinked to form a crosslinked 

polymer network[198]. 

 

1.6.3 Bio-based Polymers in Green Chemistry and Medicine 

 

To define what makes a bio-based polymer, a bio-based polymer, or a bio-

based plastic, is a material where the polymer consists of materials obtained from 

renewable sources. The majority of bio-based polymers use materials extracted from 

plants, and very often have low carbon footprints making them preferential due to 

being environmentally friendly. Due to the constant threat of fossil resources being 

depleted throughout the planet, and the increasing fear of the effects of global warming 

caused by fossil fuels, bio-based polymers have been seen as a potential greener 

substitute for fossil materials[199].  
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Bio-based polymers [Figure 1- 22] in chemistry are desirable for their 

functionality and biodegradability. They have a variety of applications, and have been 

used in multiple different aspects including agriculture[200], packaging[201], alternatives 

to fossil-fuels[202], electrochemical[203] applications and use in medicinal chemistry[204]. 

Bio-based polymers, or bio-based plastics can be petroleum based, renewable based, 

or a mixture of both petroleum and material obtained from renewable sources. In the 

1980s, the damaging effects of fossil-based industrial processes on the environment 

had reached a critical level, and resulted in companies turning to biodegradable 

polymers including polylactides (PLA) and poly(hydroxy alkanoates) (PHA) in order to 

reduce the amount of industrial waste being produced[205]. 

From the latter end of the 20th century, the polymer industry has struggled with 

the ever-increasing amount of fossil fuel depletion, and global warming. Bio-based 

polymers were viewed as a promising solution as a suitable replacement to the fossil 

based materials being used at the time. Biomass feedstocks were seen as a possible 

sustainable resource. It is possible for biomass feedstocks to be converted into 

materials for use in polymer production, and the formation of bio-based polymers, and 

is still an emerging prospect in polymer science today[207].  
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Figure 1- 22: Types of bio-based polymers and the sources of the bio-

materials[206]. 

 

Biopolymers are natural polymers made by plants, animals and also from 

microorganisms [Figure 1- 23]. Biopolymers are known for their fantastic 

biodegradability, with some exceptions such as wood. Unlike biopolymers, artificially 

synthesized bio-based polymers cannot be classed as a biopolymer, which is the key 

difference in the classification between the two polymer types[208]. 
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Figure 1- 23: The production of bio-based polymers[209]. 

 

First generation bio-based polymers were derived from agricultural feedstocks 

including potatoes, corn, sugarcane and many more carbohydrate based 

feedstocks[210]. As the interest in bio-based polymers increased, bio-based polymers’ 

focus moved away from agriculture and towards technological advancement in 

biotechnology. Bio-based polymers are formed by bacterial fermentation through the 

synthesis of monomers derived from renewable resources, but can also be found in 

nature in proteins, polysaccharides and nucleic acids. There are 3 principle methods 

for the industrial production of bio-based polymers [Figure 1- 23][211]. 

1. Partially modifying natural bio-based polymers for desired functionality. 

2. Using fermentation followed by polymerisation. 

3. Direct production from bacteria. 

Biopolymers have become prominent materials for the use in a variety of medical 

applications, due to their biodegradability, biofunctionality and biocompatibility. These 

properties make them prime candidates for use as vehicles for drug delivery for skin 

healing, skin grafting and in skin regeneration techniques. Biopolymer materials can 

be synthesized to be hydrolytically sensitive biocellulosics, polyesters and their 

amides, polypeptides, furan-based polymers, polyphosphazenes, polyanhydrides, 

polyurethanes and pseudo-polyamino acids, polysaccharides, and more. These 

polymers are capable of being used to synthesise hydrogels, spun into fibres and 

turned into fibrous scaffolds, for the use in the medical sector[212]. Biopolymers have 

been used to create three-dimensional scaffold structures with suitable 

biocompatibility and porous structures to make them suitable for use in the 

regeneration of human skin tissue. Their properties are optimised to support cells with 
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the ability to invoke tissue regeneration, whilst also being able to degrade post enzyme 

release from the cells in the scaffold, and meeting the requirements of being a suitable 

delivery vehicle with mass transport properties[213]. More recently, biopolymers have 

been researched for their use in transdermal drug delivery due to their biocompatibility, 

where drugs are delivered systemically from the biopolymers onto healthy human 

skin[214]. 

 

1.6.4 Selecting Biopolymer Materials for Transdermal Drug Delivery 

 

Biopolymers have offered plenty of advantages for use in the drug delivery 

devices, such as transdermal drug delivery. Being biodegradable, cost effective, 

patient friendly, and offering enhanced therapeutic efficacy, attention has turned 

towards using them in transdermal drug delivery to reduce waste and to create more 

effective drug carriers. It is important that the materials chosen can grant an effective 

and controlled drug delivery, whilst the materials allow for the formation of gels or films 

consisting of properties making them durable, versatile, flexible, and being of a size 

that is comfortable for patients - preferably thin. Various materials have been explored 

for their potential to be used to create transdermal gels or films. Biopolymer films or 

gels must be able to load drugs and release them once placed in contact with the 

surface of human skin. Solvent evaporation [Figure 1- 24] from the films or gels will 

occur once the drug release has concluded[215]. 

 

Figure 1- 24: Solvent evaporation from a biopolymer film upon contact with skin 

to release drugs[215].  
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1.7 Project Aim and Objectives 

 

 This introduction was written to give an insight into Alzheimer’s disease, the 

treatments available to patients suffering with Alzheimer’s disease, what pharma 

companies are doing in relation to combatting the disease, patient adherence to 

treatments and technologies aimed to improve adherence, the use of transdermal drug 

delivery, the advantages of transdermal drug delivery, and the use of bio-based 

polymers in the formulation of transdermal drug delivery systems. Transdermal drug 

delivery offers a variety of benefits including prolonged and continuous drug delivery, 

a higher level of bioavailability, a reduction of drug side reactions in the human body, 

and improved therapy as a result of maintenance of the drug concentration in the 

plasma. Bio-based polymers have been explored for their use as materials to 

formulate transdermal films which are biodegradable, biocompatible, cost effective, 

patient friendly, and can offer enhanced therapeutic efficacy. Enhancing the properties 

of the bio-based transdermal films and modifying the drugs which have been selected 

to be delivered, are important factors for improving biocompatibility and drug solubility 

for a more effective drug release and absorption.  

Bio-based polymer-formulated transdermal patches can offer a large number of 

benefits to Alzheimer’s patients, and their caregivers, as they can aid with adherence 

whilst being easily administered. They can be long-acting drug delivery systems which 

offer the benefits of not requiring multiple doses, which is highly beneficial to patients 

and caregivers who are prone to forgetting to take their medication, whilst also being 

harmless to the patient if the patch is forgotten to be removed. Using bio-based 

polymer-formulated transdermal patches could improve patient adherence, comfort, 

and improve the therapeutic efficacy of the prescribed medication. This brings us to 

the aims of this project. 

1. To develop a method for formulating a bio-based polymer transdermal drug 

delivery system capable of loading and releasing drugs. This will include testing 

various bio-based polymeric materials which follow the criteria outlined in the 

introduction for use in transdermal drug release. These films must be 

biodegradable, biocompatible, malleable, capable of governing controlled drug 

release, and be a non-irritant to human skin. An efficient technique capable of 
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formulating a bio-based transdermal film must be determined.  

 

2. An acetylcholinesterase inhibitor must be selected as a candidate drug for 

transdermal drug delivery as this will be highly beneficial for use in the treatment 

of patients suffering with Alzheimer’s Disease. One aim will be to load and 

release acetylcholinesterase inhibitor from a bio-based polymer formulate 

transdermal film and analyse the effects of altering the film properties and 

release conditions for the optimal release of galantamine in its release media. 

 

3. To utilise methods of drug modification to improve drug release and drug 

hydrophobicity. Increase drug solubility and lipophilicity resulting in improved 

drug release, a reduction in drug side-effects, a reduction in dosage amount or 

dosage frequency, and increased biocompatibility. 

These objectives outline the direction for the project over its three-year timeline, with 

the results of the project research thoroughly discussed and presented in the chapters 

which make up this thesis. The project aims to build on already existing research in 

the areas of transdermal drug delivery and polymers used in medicine, whilst outlining 

new methodologies for improving transdermal drug delivery for medicines, and 

determining optimal conditions and parameters for improved drug release. 
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Chapter 2 – Formulation, Property Testing and 

Drug Loading of Bio-based Polymer 

Transdermal Films. 

             
 

2.1 Overview 

 

The study of transdermal drug delivery systems has been a topic which has 

been explored for the past 50 years. The use of bio-based polymers for transdermal 

drug delivery would be an ideal solution, due to their non-toxic and safe nature. 

Transdermal films with the ability to load and release drugs, while meeting a criteria of 

being thin, having a consistent and homogenous shape, and being flexible, were 

synthesised. Explored approaches included Michael addition through linking thio and 

acrylate groups, and the Layer by Layer (LbL) technique which utilised electrostatic 

interactions of charged bio-materials. 

 

2.2 Introduction 

 

The concept of transdermal drug delivery systems has been contemplated for 

almost 50 years[1]. Transdermal drug delivery carries the potential to be an alternative 

to oral delivery as it can be more efficient as a result of reducing first-pass metabolism. 

It is also a more comfortable alternative to having an injection[2]. More recently, the 

possibility of creating transdermal gels and films for transdermal drug delivery has 

been explored. It’s hypothesised that bio-based polymer films which are thin, flexible, 

homogenous, non toxic and durable, can be fabricated with the ability to load and 

release drugs. 
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Bio-based polymers have been sought after due to being non-toxic and being 

safer for use on human skin. Bio-based polymers are also good for the enviornment 

as they are made from renewable resources and can be completely biodegradeable. 

By using bio-based polymers, we can reduce the amount of fossil fules being used, 

and help preserve the enviornment[3]. 

Soybean oil has been used in dermatology[4], but has more recently seen use 

as pressure sensitive adhesives due to the fact that it can be easily obtained and 

fucntionalised[5]. Acrylated Soybean oil can be cross-linked with other polymers 

containing thiol groups in order to create lipophilic based hydrogels[6]. As human skin 

is also lipophilic, it allows for the hydrogel to bond easily to the surface of the skin. 

Dextran is a straight chain polysaccharide which is both biodgradeable and 

biocompatable making it a promising prospect for a variety of uses in biomedical 

applications. Modifications can be made to the hydroxyl functionality within dextran, 

which can allow for crosslinking, and therefore gain adhesive properties as a result. 

Thiolating dextran allows for the crosslinking with acrylates to form hydrogels [Scheme 

2- 1][7].  

 

Scheme 2- 1: Synthesising thiolated dextran using dextran and 3-

mercaptopropionic acid. 

 

Crosslinking with polyethylene glycol (PEG) is explored due to its nonadhesive 

properties towards proteins[8]. PEG was acrylated to form PEG diacrylate (PEGDA) in 

order for cross-linking to occur through the process of Micheal addition [Scheme 2- 2]. 

PEGDA also has shown promising results for biospecific tissue resurfacing. 
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Scheme 2- 2: Thiol Michael Addition with an acrylate group, where R and R’ are 

different carbon chains. 

Sodium alginate is another natural polysaccharide which is a derivative from 

algae. Its unbranched chains consists of d-mannuronate (M) and l-guluronate (G) 

residues covalently linked with (1-4) glycoside bonds. It has previously been used for 

encapsulated drug delivery due to its ability to swell up to 300x its own weight and 

release molecules[9]. 

Chitosan has been explored as a material with the ability to extend the corneal 

residence time of drugs. Chitosan–alginate polymeric complex can be formed due to 

ionic interaction between the carboxylate groups of alginate and the ammonium 

groups of chitosan. The formed films are biocompatible, biodegradable, non-toxic, and 

capable to sustain the release of drugs more efficiently than either alginate or chitosan 

can without each other[10]. 

2.3 Experimental 

2.3.1 Materials and Methods 

Soybean oil epoxidized acrylate (100%) (AESO), pentaerythritol tetrakis(3-

mercaptopropionate) (95%) (QT), triethylamine (99%) (TEA), 40kDa dextran, PEG 

Diacrylate (PEGDA), Methanol (99.8%), 3-mercaptopropionic, 4-

(dimethylamino)pyridine, 1,3- dicyclohexylcarbodiimide, dimethyl sulfoxide (DMSO), 

Industrial Methylated Spirits (IMS), sodium alginate (Low viscosity) (100%), chitosan 

(90%), acetic acid glacial (99.5%), hydrochloric acid (37%) (HCl) all purchased from 

Sigma-Aldrich. Fused granular calcium chloride purchased from Fischer Science. 
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Polyethylene terephthalate (PET) were sheets kindly donated by various supplyers, 

and cut to size using a pair of scissors and a 15 cm ruler (subdivision 0.1 cm). 

 

2.3.2 Michael Addition of AESO and QT 

 

Ratios of 4:1, 2:1 and 1:1 AESO:QT were prepared for cross linking. Soybean 

oil epoxidized acrylate (250.0 mg, 0.20 mmol) samples were added to three 

pentaerythritol tetrakis(3-mercaptopropionate) samples and were prepared on glass 

slides of the dimensions 7.5 cm x 2.5 cm. (25.0 mg, 0.05 mmol), (49.0 mg, 0.10 mmol) 

and (98.0 mg, 0.20 mmol) respectively at room temperature. Triethylamine (56 µL, 

0.04 mmol), (84 µL, 0.06) and (102 µL, 0.074) was added to the respective 4:1, 2:1 

and 1:1 AESO:QT samples in order to provide a base for the reaction to occur. The 

reaction was monitored for 7 hours at 38ºC in an oven. The resulting gels were then 

washed with 1:1 methenol:deionised water (5 mL), and dried in ‘Thermo Scientific 

Hereaus vacumm oven’ for 24 hours.  

The experiment was repeated with DMSO (0.35 mL) added at room 

temperature to each sample after the addition of triethylamine, in order to assess how 

the solvent would affect the gel’s properties. 

 

2.3.3 Thiolation of 40kDa Dextran 

 

3-mercaptopropionic acid (638.0 mg, 6.01 mmol), 4-dimethylaminopyridine 

(1100.0 mg, 9.00 mmol), and N,N′-Dicyclohexylcarbodiimide (911.0 mg, 4.41 mmol) 

was dissolved in 50 mL DMSO. The resulting mixture was purged with nitrogen for 20 

minutes and stirred at 300 rpm at room temperature. 40 kDa dextran (3 g, 0.075 mmol) 

was then added to the solution, and the mixture was purged with nitrogen for a further 

10 minutes at room temperature. The mixture was heated to 25ºC and left to stir for 

48 hours. The resulting mixture was stored and cooled to 0ºC in a refrigerator for 16 

hours. An off-white solution was observed. The resulting mixture was precipitated into 
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a stirring solution of cold industrial methylated spirits (400 mL). The precipitate in 

solution was centrifuged at 20ºC for 30 minutes at 3500 rpm using a ‘Heraeus 

Megafuge 16R’ centrifuge. The industrial methylated spirits were decanted from the 

centrifuge tubes, and the remaining white solid was collected for drying. The solid was 

dried in an oven at 20 ºC for 48 hours resulting in a white solid. The product was 

redissolved, vacuum filtered, and precipitated out into a stirring solution of cold 

industrial methylated spirits (1 L). The precipitate in solution was centrifuged again at 

20ºC for 30 minutes at 3500 rpm. The industrial methylated spirits was decanted from 

the centrifuge tubes, and the remaining white solid was collected. The product was 

placed in a ‘Thermo Scientific Hereaus Vacumm Oven’ which was heated to 37.5ºC, 

and reduced to 50 mbar pressure, and left for 48 hours. The product was then dried 

to afford the desired product (2.34 g, 64.21%) [Table 2- 1] as a white solid. The product 

was analysed via NMR analysis, using D2O as the solvent. [Figure 2- 1] 

The above experiment was repeated to observe the effect of leaving the initial 

reaction mixture to stir at 25ºC for only 24 hours instead of 48 hours, after being purged 

with nitrogen. The product was then dried to afford the desired product (2.10 g, 

57.84%) [Table 2- 1] as a white solid. 

 

Figure 2- 1: The 1H NMR spectrum for the 48 hour reaction of thiolated dextran 

in D2O. 
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Table 2- 1: Weights and yields of thiolated dextran after the 24 hour and 48 

hour reactions. 

Time (hours) Weight (g) Yield (wt. %) 

24 2.10 57.84 

48 2.34 64.21 

 

The NMR spectra of both the 48 hour and 24 hour products showed the 

appearance of singlets at ~2.9 ppm and ~3.0 ppm [Figure 2- 1] indicating that the 

thiolation of dextran had occurred. The resonances within the NMR spectra of 48 hour 

reactions are more intense than that of the 24 hour reaction, indicating that a greater 

amount thiolation has occurred[11]. 

 

2.3.4 Michael Addition of Thiolated Dextran with PEGDA 

 

Thiolated 40 kDa dextran was used in attempted Michael addition with PEG 

diacrylate (700 Mn), in 1:1 ratio.  

 To a solution of 40 kDa thiolated dextran (100 mg, 2.5 µmol) and  

PEGDA (Mn=700gmol-1, 120 mg, 0.17 mmol) in water (1 mL) was added triethylamine 

(0.12 mmol). The solution was placed on PET slide, and incubated in a vacuum oven 

for 12 hours at 38ºC. A milky white, translucent, thin crust like film formed on the PET 

slide. 

 

2.3.5 Layer by Layer Film Experiments Using Sodium Alginate with Calcium Chloride 

 

The layer by layer film formulation relies on the ionic interaction of two 

biopolymers consisting of opposingly charged components - in this case sodium 

alginate (positively charged) and calcium chloride (negativley charged). 
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Two solutions were prepared. 3% sodium alginate solution, and 5% calcium 

chloride (CaCl2) solutions were prepared by dissolving 1.5 g of sodium alginate in 50 

ml of deionised water, and 2.5 g of CaCl2 in 50 ml of deionised water. Solutions were 

made up in a 50 ml volumetric flask and stirred at 300 rpm for 3 hours. 

A 7.5 cm x 2.5 cm PET slide was cut. The slide was cleaned using deionised 

water, then submerged in industrial methylated spirit for 1 hour. After drying in air, the 

PET slide was submerged vertically in a centrifuge tube containing a 3% sodium 

alginate solution for 15 minutes. The sodium alginate covered slide was then dried for 

12 hours. The slide was then transferred to the 5% CaCl2 solution for 15 minutes using 

the same method. The process was repeated once, and then the resulting gel was 

dried using a light flow of nitrogen from a hose, resulting in a film thin, flexible, 

translucent, homogenous film. 

The sodium alginate/calcium chloride multi-layer film experiment was repeated 

changing the time parameters for time spent submerged in each solution [Table 2- 2]. 

PET slides were submerged vertically in each 50 mL solutions once each for 2 

minutes, in order to determine the difference in thickness[12]. 

 

2.3.6. Layer by Layer Film Experiments Using Sodium Alginate with Chitosan 

 

 The layer by layer film formulation relies on the ionic interaction of two 

biopolymers consisting of opposingly charged components - In this case sodium 

alginate (positively charged) and chitosan (negativley charged) [Figure 2- 2]. 

A 3% soduim alginate solution was prepared by dissolving sodium alginate (1.5 

g) in deionised water. A pH 4 actic acid solution was prepared by adding concentrated 

acetic acid dropwise to 50 mL of deionised water, using a ‘Thermo Scientific Orion 

Star A111’ pH meter to determine when pH 4, approximate concentration of 1x10-

3mol/d3, had been reached. A 5% chitosan solution was prepared by dissolving 

chitosan (2.5) g in 50 mL of the prepared pH 4 acetic acid solution in a 50 mL chonical 

flask, and stirred for 24 hours. A 7.5 cm x 2.5 cm PET slide was cut, cleaned with 

deionise water, then submerged in industrial methylated spirit for 1 hour, dried in air, 
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and then submerged in the 3% sodium alginate solution for 5 minutes. The sodium 

alginate coated PET slide was then removed, and placed in the 5% chitosan solution 

for 5 minutes. The PET slide was then removed, and left to dry in air for 12 hours. 

A 3% chitosan solution was made up by dissolving chitosan 1.5 g in the pH 4 

acetic acid solution (50 mL) using the same method used to make the 5% solution. 

This was used to determine the effect on thickness of the films when changing the 

conecntration of chitosan[13]. 

 

 

Figure 2- 2: Digram representing the electrostatic interactions between 

alginate and chitosan in the LbL technique. 
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2.3.7 Swelling studies of Sodium Alginate Films 

 

Swelling tests were carried out on sixteen films. These films were created using 

the LbL technique. Both 2% and 3% solutions of sodium alginate in water were 

prepared. 3% and 5% solutions of calcium carbinate in water were prepared. 3% and 

5% solutions of chitosan in pH 4 acetic acid were prepared. Eight of the films were 

made using 3% sodium alginate solutions with either 3% or 5% calcium chloride or 

chitosan, in either a 1 double layer or 2 double layer film system. Eight films of different 

compositions were submerged in each solution once for 5 minutes each to generate 

films consisting of 1 double layer. The other eight films were submerged in each 

solution twice for 2.5 minutes each to generate films consisting of 2 double layers. 

Each LbL process lasted a total of 10 minutes with 12 hour drying breaks between 

each submersion. 

Sixteen 7.5 cm x 2.5 cm PET slides were created, weighed, and then used to 

hold each individual multi-layer film. The resulting films were then left to air dry, and 

then weighed before the swelling test. Each film (on its PET slide) was fully submerged 

in 20 mL deionised water for 1 minute, weighed, submerged for a further 4 minutes, 

and then weighed again. After each withdrawal, the swollen films were dried using 

kimtech science wipes in order to remove any residual water. It was possible to 

determine the percentage increase of the films’ weight, therefore showing how much 

water each film combination could hold. 

 

2.3.8 Determining Film Thickness of Sodium Alginate/Chitosan Films 

 

Eight films formulated using sodium alginate and chitosan were created using 

biopolymer solutions of various concentrations. 2% and 3% sodium alginate solutions, 

and 3% and 5% chitosan solutions were used to create films which were tested to 

determine their film thickness. Eight 7.5 cm x 2.5 cm PET slides were cut and 

submerged vertically in solutions of sodium alginate and chitosan. Four films were 

consisting of a 1 double layer system were created, where the slide sat in each solution 
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for 5 minutes, with 1 hour of drying time between submersions. Four 2-layered films 

were created where the slide sat in each solution for 2.5 minutes, with 1 hour of drying 

time between submersions. Films were left to dry for 12 hours, and then weighed. After 

weighing, film thickness was tested using a micrometer (subdivision 0.01 mm). 

2.4 Results and discussion 

2.4.1 Gelation via Crosslinking AESO with QT 

Gelation was attempted using acrylated groups from AESO[16], and crosslinking 

it with QT’s thiol groups through Michael Addition, using TEA as the base to catalyse 

the reaction. The initial ratio of AESO:QT used was 4:1. Samples both with and without 

DMSO as a solvent were synthesized to to assess the effect of DMSO on the gelation 

and the gel’s properties. The resulting gels were non-homgenous, soft and malliable, 

easily broken and flexible. The gelation with DMSO resulted in increased toughness 

of the gel, but were also more brittle. 

Gelation was attempted again using a 1:1 ratio, where the amount of QT was 

increased. The result was gels with similar properties for both with and without DMSO, 

with the only difference being that the gels had an increase thickness. 

Gelation was attempted once more using a 2:1 ratio, where the equivalents of 

QT were decreased, however there were no changes in the properties. The result was 

a gel thicker than the 4:1 ratio, but thinner than the 1:1 ratio. 

This led to the understanding that increasing the amount of QT increases the 

amount of film thickness due to an increased amount of cross linking resulting in more 

gelation. The use of DMSO only made the films more brittle, as a result of interaction 

with the QT’s thiol groups. At this point, soybean oil crosslinked with QT’s candidacy 

to be used as a transdermal adhesive was put on hold, and the option to explore other 

materials was favoured. 
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2.4.2 Thiolated Dextran with PEGDA 

Gelation was attempted using thiolated 40 kDa dextran, and crosslinking it with 

PEGDA (Mn=700gmol-1) through Michael addition[17], using TEA as the base to 

catalyse the reaction. The ratio used was 1:1. 

The reactants were applied to a 7.5 cm x 2.5 cm PET slide. After the 

experimental was completed, the contents were removed from the oven. What was 

observed was a milky white, translucent, thin crust like film [Image 2- 1]. It was 

apparent that the composition had no adhesion. The product was easily removed from 

the PET slide.  

Instead of trying to improve the gelation of dextran with PEGDA, this biopolymer 

combination was paused due to more promising films being seen using sodium 

alginate with CaCl2 and chitosan, using the LbL technique[18]. 

Figure 2- 3: Thin translucent crust formed from crosslinking thiolised 40 kDa 

dextran with PEGDA(Mn = 700gmol-1). 
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2.4.3 Using the Layer by Layer technique to Create Films Consisting of Sodium 

Alginate and Calcium Chloride. 

Using LbL, films consisting of sodium alginate and calcium chloride were 

created through electrostatic attraction. A solution of 3% sodium alginate, carrying a 

negative charge, was the first coating on the PET slide and comprised the bottom layer 

of the film. A 5% solution of calcium chloride was then coated on top, and the result 

was a thin, flexible, translucent, homogenous film in the shape of a rectangle. 

Experiments to determine how submerge time affected the film thickness were 

carried out. A PET slide was submerged in each solution for 15 minutes, and then a 

second slide was submerged for only 2 minutes in each solution using the same 

procedure. 

The difference in thickness could be determined visibly [Figure 2- 3]. It was 

apparent that a longer submerge time resulted in an increased film thickness. The 15 

minute film also began to lose it’s homgenity, as the film was much thicker in the centre 

than it was on the sides.  

 

Figure 2- 4: Sodium alginate/CaCl2 films after air drying. The 15 minute 

submerged film (top) and the 2 minute submerged film (bottom) showing visible 

differences in film/gel thickness and homogenity. 
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2.4.4 Using the Layer by Layer Technique to Create Films Consisting of Sodium 

Alginate and Chitosan. 

 

LbL was used to create a sodium alginate and chitosan comprised film, again 

using the electrostatic attraction. A solution of negatively charged 3% sodium alginate 

coated the surface of the PET slide, and was then coated with a layer of positively 

charged 5% chitosan solution. 

The result was another homogenous thin film coating on the PET slide. The film 

was partially removed from the slide in order to determine its properties. The film was 

thin, homogenous, flexible, transparent, strong and durable, and exhibited a plastic 

like texture [Figure 2- 4]. 

A solution of 3% chitosan was prepared in pH 4 acetic acid in deionised water 

(50 mL). This was made in order to determine the difference between that and using 

a 5% chitosan solution. A new solution on 3% sodium alginate (low viscosity) was also 

prepared. A 2-layer film was made by submerging a PET slide in the 3% sodium 

alginate solution for 5 minutes, followed by 12 hours of drying in air, then the PET slide 

being submerged in 3% chitosan for 5 minutes, and finally left to dry for 12 hours in 

air. This process was then repeated with the amount of time submerged reduced to 

2.5 minutes in each solution. 

Using 3% chitosan, as opposed to 5%, resulted in a thinner film as the end 

product. The amount of time for the slide to be submerged in each solution is a direct 

factor in the outcome of film thickness. 
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Figure 2- 5: Thin multi-layer film coating of sodium alginate and chitosan on a 

PET slide. 

 

2.4.5 Swelling Studies of Sodium Alginate Films Comprised with Calcium Chloride or 

Chitosan 

 

Swelling tests[19] were carried out on sixteen multi-layer films. Four 2-layered 

films consisting of alternating sodium alginate and CaCl2 layers, four 4-layered films 

consisting of sodium alginate and CaCl2, four 2-layered films consisting of alternating 

sodium alginate and chitosan layers, four 4 layered films consisting of sodium alginate 

and chitosan. See [Table 2- 2] for film composition. 2-layer films were submerged in 

each solution once for 5 minutes -  4-layer films were submerged in each solution twice 

for 2.5 minutes. Films were dried for 12 hours in air between each submersion. All 

films spent a total of 10 minutes submerged, and were fully dry before being subjected 

to swelling tests.  
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Table 2- 2: Bio-based polymer multi-layer film contents, number of layers within 

each film, and time spent submerged in sodium Alginate, and chitosan or 

calcium chloride solutions per layer. 

Film Number Multi-Layer Film 

Contents 

Number of layers 

in the Film 

Time Submerged 

in Each Solution 

Per Layer (Min) 

1 2% sodium 

alginate + 3% 

chitosan 

2 5.0 

2 3% sodium 

alginate + 3% 

chitosan 

2 5.0 

3 2% sodium 

alginate + 5% 

chitosan 

2 5.0 

4 3% sodium 

alginate + 5% 

chitosan 

2 5.0 

5 2% sodium 

alginate + 3% 

CaCl2 

2 5.0 

6 3% sodium 

alginate + 3% 

CaCl2 

2 5.0 

7 2% sodium 

alginate + 5% 

CaCl2 

2 5.0 

8 3% sodium 

alginate + 5% 

CaCl2 

2 5.0 

9 2% sodium 

alginate + 3% 

chitosan 

4 2.5 

10 3% sodium 

alginate + 3% 

chitosan 

4 2.5 

11 2% sodium 

alginate + 5% 

chitosan 

4 2.5 

12 3% sodium 

alginate + 5% 

chitosan 

4 2.5 
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13 2% sodium 

alginate + 3% 

CaCl2 

4 2.5 

14 3% sodium 

alginate + 3% 

CaCl2 

4 2.5 

15 2% sodium 

alginate + 5% 

CaCl2 

4 2.5 

16 3% sodium 

alginate + 5% 

CaCl2 

4 2.5 

 

The swelling test results were tabulated. Contents, number of times transferred 

to a new solution, time submerged in each solution, dry film weight, swollen film weight 

after 1 and 5 minutes percentage increase were all included in [Table 2- 3]. 
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Table 2- 3: The contents, weight dry film, swollen weights at each time and 

percentage weight increase. 

Film 

Number 

Weight of 

Dry Film 

(mg) 

Weight of 

Swollen 

Film After 

1 min 

(mg) 

Weight of 

Swollen 

Film After 5 

Mins (mg) 

% Weight 

Increase 

After 1 min 

of  

Swelling 

% Weight 

Increase 

After 5 

Mins of 

Swelling 

1 37.7 2163.7 2884.8 5639.26 7551.99 

2 26.0 1593.1 2219.7 6027.31 8437.31 

3 63.3 2946.2 5810.2 4554.34 9078.83 

4 20.3 860.4 1239.0 4138.42 6003.45 

5 49.2 106.9 106.0 117.28 115.45 

6 40.4 114.6 182.4 183.66 351.49 

7 69.2 113.3 172.8 63.73 149.71 

8 61.9 116.1 188.0 87.56 203.72 

9 68.2 2851.3 5445.3 4080.79 7884.31 

10 74.1 4480.6 6336.2 5946.69 8450.88 

11 19.2 1048.3 1513.8 5359.90 7784.38 

12 40.4 1956.4 3304.0 4742.57 8078.22 

13 84.6 190.7 195.9 125.41 131.56 

14 59.4 247.3 286.6 316.33 382.49 

15 91.9 149.5 157.9 62.68 71.82 

16 116.8 211.2 261.3 80.82 123.72 

 

All of the films had the capability to absorb water, but some were more 

absorbent than others. The number of layers had a negligible effect on the amount of 

swelling that occurred. This leads to the conclusion that the amount of swelling must 

be time dependent, as the total time for the films being submerged was 10 minutes. 
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Sodium alginate and chitosan comprised films held a much higher volume of 

water than the sodium alginate and calcium chloride comprised films. Increasing the 

percentage of chitosan, in the sodium alginate/chitosan films, reduces how much 

water can be held by the film [Figure 2- 6]. 

Figure 2- 6: Swollen sodium alginate/chitosan film (Left). swollen sodium 

alginate/calcium carbonate film (right) both after drying in air. 

Increasing the percentage of sodium alginate increased the amount of water 

held for most of the films. Increasing the amount of calcium carbonate, in the sodium 

alginate/calcium carbonate films, decreases the amount of water that could be held by 

the films. 

Although holding far less water, the sodium alginate + calcium chloride films 

maintained the shape of the PET slide more than the sodium alginate/chitosan films, 

most likely due to increased swelling. 

The results would suggest that sodium alginate is the most water absorbent 

material, followed by chitosan, and finally calcium chloride. Films comprising of more 

sodium alginate will absorb greater volumes of solution. 
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2.4.6 Analysing Film Thickness of Sodium Alginate/Chitosan Films 

 

Eight films were created using different combinations of 2% and 3% sodium 

alginate solutions with 3% and 5% chitosan solutions, to determine film thickness. 

Four 2-layer films, of alternating sodium alginate and chitosan layers, were created 

where the PET slide was submerged in the sodium alginate and chitosan solutions 

for 5 minutes, with 12 hours of air drying between each submersion. Four 4-layered 

films were created where the slide sat in each solution for 2.5 minutes. The films 

were left to dry for 12 hours, and then weighed. After weighing, film thickness was 

tested. 

The data in [Table 2- 4] shows that the 2 double layer films appeared to weigh 

more and resulted in thicker films. All films were measured using a micrometre 

(subdivision 0.01 mm) and were 0.07 mm (70 micrometres) or thinner. Film weight 

does not appear to have an overall effect, which indicates that the film thickness is 

primarily linked to the number of layers comprised in the film. Increasing the 

percentage concentration of sodium alginate appears to increase film thickness. 

Increasing the concentration of chitosan appears to have no effect on the 

thickness[20]. 
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Table 2- 4: Film contents, weight of films and film thickness.  

Film 

Contents 

Number 

of 

Layers 

Time 

Submerged 

in Each 

Solution 

Weight of 

PET Slide 

(mg) 

Weight of 

Dry Film 

(mg) 

Film 

Thickness 

(mm) 

2% Sodium 

Alginate 

3% 

Chitosan 

2 5 minutes 264.3 24.8 0.04 

3% Sodium 

Alginate 

3% 

Chitosan 

2 5 minutes 309.1 26.1 0.04 

2% Sodium 

Alginate 

5% 

Chitosan 

2 5 minutes 585.5 22.4 0.03 

3% Sodium 

Alginate 

5% 

Chitosan 

2 5 minutes 274.4 25.5 0.05 

2% Sodium 

Alginate 

3% 

Chitosan 

4 2.5 minutes 584.0 31.5 0.06 

3% Sodium 

Alginate 

3% 

Chitosan 

4 2.5 minutes 551.3 53.3 0.07 

2% Sodium 

Alginate 

5% 

Chitosan 

4 2.5 minutes 287.1 36.1 0.06 

3% Sodium 

Alginate 

5% 

Chitosan 

4 2.5 minutes 630.9 64.4 0.06 

 

 

 



  Chapter 2 
 

2-21 
 

 

2.5 Conclusion 

 

Bio-based polymers were used to create gels and films as candidates to be 

used as transdermal drug delivery systems. 

Gels made from crosslinking AESO with QT yielded gels that were soft, 

malleable and flexible, but did not meet the full criteria desired as the gels were not 

homogenous, too thick and easily broken. This led to putting the use of these materials 

as a candidate for a transdermal delivery system on hold, and bio-polymers with more 

desirable properties being sought. 

The creation of films made through cross-linking thiolated dextran with PEGDA 

was explored as a possible candidate. Cross-linking via Michael addition of the 

materials was successful, resulting in the formulation of a film. However, the resulting 

properties of the film also didn’t meet the desired criteria either as the film was too 

hard and brittle to be considered for use as a transdermal delivery system. This led to 

these materials also being put on hold in favour of sodium alginate films as they yielded 

more promising results. 

The use of sodium alginate with either calcium chloride or chitosan, using the 

LbL technique, resulted in films that met the desired criteria for films to be used as a 

candidate for a transdermal delivery system. These films were soft, flexible, 

homogenous, thin, and were not easily broken. When soaked in water, these films 

were able to swell, with the sodium alginate/chitosan films swelling and absorbing 

water to 7000-9000% of their original weights.  

As sodium alginate and chitosan consisting films swelled by a substantial 

amount more than the sodium alginate and calcium chloride consisting films, these 

materials were deemed to be the best candidate for creating a film capable of loading 

and releasing a drug.  

Sodium alginate and chitosan layered films are a promising candidate for use 

as a bio-based transdermal delivery system and will be explored for their ability to load 

and release selected drugs in future chapters.  
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Chapter 3 – Determination of Galantamine as a 

Contender for Drug Release from Bio-Based 

Polymer Films and the Alteration of Film 

Composition for Optimal Drug Release 

             

 

3.1 Overview 

 

Alkaloids have been used for their multiple medicinal properties for centuries. 

The alkaloids galantamine and haemanthamine can be extracted from plants such as 

Galanthus Nivalis, and Narcissus (commonly known as daffodils). Galantamine has 

been commonly used in the treatment of Alzheimer’s disease, and haemanthamine is 

used as an anti-cancer agent. In this chapter, it is explored if galantamine can be 

extracted from daffodil bulb liquid extract and used as a candidate for drug loading 

and transdermal drug release from bio-based polymer films comprised of sodium 

alginate and chitosan. Extracted galantamine and haemanthamine was characterised 

by nuclear magnetic resonance (NMR). Purified galantamine HBr was loaded into 

sodium alginate and chitosan solutions, and films were created using the layer-by-

layer technique (LbL). Drug loading was confirmed using scanning electron 

microscopy (SEM) as a means to visually confirm the presence of galantamine within 

the bio-based polymer films and assess the porosity of the bio polymers. Resulting 

films were released in various of phosphate buffer solution’s, with samples being 

withdrawn at set time intervals, to monitor the rate of release, and the overall release. 

Galantamine release from films was characterised using ultraviolet-visible 

spectroscopy (UV-VIS) as a means of determining the concentration of galantamine 

HBr present in the withdrawn samples. Film properties, including bio-based polymer 

concentration were altered to attempt to obtain an optimal bio-based polymer film 

candidate for drug release. Higher ratios of the guluronic acid sugar (G), as opposed 

to the mannuronic acid (M), found in alginate, was used to assess guluronic acids’ 
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vertical orientation on the overall drug release, reducing the amount of horizontal 

orientation which is exhibited in mannuronic acid. The effect of the HBr salt in 

galantamine HBr on the drug release from bio-based polymer films was analysed by 

removing the HBr salt and formulation free base galantamine. Free base galantamine 

was characterized using NMR and Fourier-transform infrared spectroscopy (FTIR) 

techniques, and its effect on drug release was determined via further release studies. 

 

3.2 Introduction 

 

Alkaloids are basic organic compounds containing a minimum of one nitrogen 

atom [1-2], which are naturally occurring in nature[3-4]. The first uses of alkaloids as 

medicine dates back as far as 2000 BC[5] where people from continents across the 

globe would use alkaloid-containing plants as empirical medicines, and even as 

poisons in hunting[6]. By the early 19th century, the first alkaloids had been isolated and 

characterized[7]. The study of alkaloids had become increasingly popular, and began 

to advance at a rapid rate[8]. The first bioactive isoquinoline alkaloid was morphine, 

which was isolated from the opium plant[9], used as a pain suppressant[10]. Through 

scientific advancement, and the arrival of chromatographic and spectroscopic 

characterization methods, over 12000 alkaloids have been identified in plants up to 

the modern day[11]. 

Galantamine is a naturally occurring alkaloid from the Amaryllidaceae family[12]. 

Galantamine is commonly used in the treatment of Alzheimer’s Disease[13] to help 

ease the rate of cognitive decline in patients[14]. Galantamine is an 

acetylcholinesterase inhibitor[15], and can promote the reduction of insoluble amyloid-

β-peptide deposits present in brain parenchyma and in blood vessel walls[16]. It is a 

type 1 positive modulator of alpha-7-nicotinic acetylcholine which has been proven to 

inhibit enzymes from degrading acetylcholine in-turn preventing the breakdown of 

acetylcholine neurotransmitters[17-19]. This is achieved through galantamine’s amine 

functional group allowing it to bind to the allosteric site of the nicotinic acetylcholine 

receptors[20]. By use of galantamine preventing acetylcholinesterase enzyme 

degradation of acetylcholine, it is possible for acetylcholine neuro transmitters to 
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remain active for longer[21]. Acetylcholine is a neurotransmitter present at multiple 

synapses and nerves[22]. The acetylcholine neurotransmitter supports the learning and 

memory process in the hippocampus[23]. Alzheimer’s Disease causes the 

acetylcholine levels in the brain to decrease[24] causing the memory of those with 

Alzheimer’s Disease to decline[25]. Through galantamine acting as an 

acetylcholinesterase inhibitor, it can slow down the effects of acetylcholine 

degradation caused by Alzheimer’s Disease[26], when used on patients inflicted with 

mild to moderate levels of the disease.  

Alzheimer’s patients have been identified as target candidates for the use of 

transdermal drug delivery[27]. This is due to benefits including higher efficiency, and 

also prolonged drug release, when comparing transdermal drug delivery to 

alternatives such as oral drug consumption[28]. Transdermal drug delivery is also 

preferable as a matter of convenience for patients struggling with the effects of 

Alzheimer’s Disease. It can be considered more of a convenience for patients to use 

prolonged drug delivery methods, as opposed to those which may require multiple 

daily oral doses[29]. This is convenient for those who have Alzheimer’s Disease as they 

are less likely to forget to use prescribed medication if the amount of times per day 

they need to medicate is reduced[30]. The use of bio-based polymer transdermal 

methods could be even more desirable as they will biodegrade over time[31]. This can 

be beneficial for Alzheimer’s patients as bio-based transdermal medication will 

eventually biodegrade if accidentally left on, without harming the patient[32]. 

Galantamine can be extracted from daffodil bulbs along with fellow alkaloid 

haemanthamine[33-34]. Haemanthamine has been explored for its use as an anti-cancer 

drug, due to its cytotoxic potential against cancer cell lines[35]. Both galantamine and 

haemanthamine are considered to be members of the amaryllidaceae alkaloid 

family[36]. Amaryllidaceae being plants consisting of perennial herbs. The stems are 

bulbs, enveloped by membranous leaf bases, known as the tunica[37]. Galantamine 

and haemanthamine are members of the amaryllidaceae as the daffodil meets the 

amaryllidaceae criteria[38]. Due to galantamine being found naturally in the daffodil 

plant [Figure 3- 1], it has the potential to be readily loaded into bio-based polymer 

materials and released in a suitable release media[39]. 
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Figure 3- 1: Galantamine can be found in nature and extracted from daffodil 

bulbs[33]. 

Bio-based polymer transdermal films can be loaded with drugs via the layer by 

layer technique (LbL)[40]. Drug loading into the resulting bio-based polymer films can 

be confirmed visually by use of high magnification photography obtained through 

scanning electron microscopy (SEM)[41]. SEM uses an electron beam, on a material’s 

surface, to produce images of high magnifications which can be clearly analysed[42]. 

Electrons interact with the materials’ surface to generate signals which can give 

information about the topography, morphology, and sample composition[43]. Multiple 

signals can be generated, through the SEM electron beam, including secondary 

electrons, back-scattered electrons, transmitted electrons, absorbed current, X-rays 

and light[44].  

It is possible to produce images with resolutions even below 1 nm[45].  This 

means it will be possible to use SEM to locate galantamine deposits, and analyse the 

pore size of the bio-polymers used to create the transdermal films[46]. Drug release 

can be quantified via ultraviolet visible spectroscopy (UV) analysis, where the 

absorption value from the peak correlating to galantamine can be used to determine 

the concentration in a sample[47]. Multiple films of varying properties were created 

using LbL, loaded with galantamine, and analysed for their ability to release the 

galantamine drug.  
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3.3 Experimental 

 

3.3.1 Materials and Methods 

 

Low viscosity sodium alginate (100%), chitosan (90%), sodium phosphate 

dibasic heptahydrate, sodium phosphate monobasic monohydrate, deuterated 

chloroform (CDCl3) (99.8%) and deuterated water (D2O) (99.9%) was purchased from 

Sigma Aldrich. Chloroform (98%), hydrochloric acid (HCl) (35.6%), industrial 

methylated spirits (95.0%), acetic acid (glacial) (99.5%) ethyl acetate (99%), 

magnesium sulphate (MgSO4), sodium chloride (NaCl), and sodium hydroxide (NaOH) 

were purchased from Fisher Scientific. Higher guluronic acid (G) was purchased from 

Convatec. Daffodil bulb liquid extract in 2 M ammonium hydroxide (NH4OH), and 

galantamine hydrobromide (HBr) (95%) were kindly donated Bioextraction Wales Ltd. 

The pH levels of solutions were determined via use of an ‘Orion Star A111 pH 

Meter’. Products were analysed by NMR, using CDCl3 containing 1% (v/v) TMS as 

reference (0.00 ppm) and a Bruker Top Spin 400 MHz NMR machine [Figure 3- 2]. 

SEM was conducted using a Hitachi TM4000+ Tabletop SEM [Figure 3- 2]. 

 

 

Figure 3- 2: ‘Hitachi TM4000+ Tabletop SEM’ (left) and the ‘Shimadzu UV-3600 

UV-Vis Spectrometer’ (right). 
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3.3.2 Extraction of Galantamine Hydrobromide from Daffodil Bulb Liquid Extract 

 

Galantamine and haemanthamine were extracted from a 2 L solution of post 

ion exchange daffodil bulb liquid extract using a 2 M ammonium hydroxide (NH4OH) 

solution. The extraction was attempted using three methods. The daffodil bulb liquid 

extract was kindly donated by Bioextraction Wales. 

 

3.3.2.1 Extraction Method A 

 

Sodium chloride (30.00 g, 0.51 mol) was added to post ion exchange daffodil 

bulb liquid extract in NH4OH (100 mL), to salt out the galantamine HBr. Laboratory 

reagent grade chloroform (100 mL) was added to the daffodil bulb liquid extract, in 

order to extract alkaloids from the daffodil extract solution. Extractions with chloroform 

(100 mL x 2) on the solution were conducted. A 1 M sodium hydroxide solution was 

prepared by adding 40 g of NaOH to 1 L of deionised water and stirred for 1 hour. The 

resulting 1 M NaOH was added dropwise to the now combined organic layer extracts 

until pH 13.0 was reached, in order to prevent the alkaloids from forming salts and 

remain soluble in the solution. The resulting solution was concentrated in vacuo to 

remove the chloroform. The resulting solid residue was dried under high vacuum for 

16 hours to afford the desired products (0.81 g) as a crude white solid.  

This experimental procedure was repeated with the use of analytical reagent 

grade ethyl acetate, instead of chloroform, to assess which solvent used in the 

extraction process produced a greater resulting yield. The resulting solid residue was 

dried under high vacuum for 16 hours to afford the desired products (0.22 g) as a 

crude white solid. 

 The ratio of galantamine and haemanthamine were compared using the 

integrations of the resonances in NMR spectra at 6.00 ppm and 5.87 ppm, 

corresponding to galantamine and haemanthamine respectively. 
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3.3.2.2 Extraction Method B 

 

‘Method B’ included the same steps as ‘Method A’ with the absence of the 

salting out step. This was conducted in order to make a comparison on the effect on 

the extraction yield.  

Laboratory reagent grade chloroform (100 mL) was added to the daffodil bulb 

liquid extract solution, in order to extract alkaloids from the solution. Extractions with 

chloroform (100 mL x 2) on the daffodil solution were conducted. A 1 M sodium 

hydroxide solution was prepared by adding 40 g of NaOH to 1 L of deionised water 

and stirred for 1 hour. The resulting 1 M NaOH was added dropwise to the now 

combined organic layer extracts until pH 13.0 was reached, in order to prevent the 

alkaloids from forming salts and remain soluble in the solution. The resulting solution 

was concentrated in vacuo to remove the chloroform. The resulting solid residue was 

dried under high vacuum for 16 hours to afford the desired products (0.28 g) as a 

crude white solid.  

This experimental procedure was repeated with the use of analytical reagent 

grade ethyl acetate, instead of chloroform, to assess which solvent used in the 

extraction process produced a greater resulting yield. The resulting solid residue was 

dried under high vacuum for 16 hours to afford the desired products (0.02 g) as a 

crude white solid. 

 The ratio of galantamine and haemanthamine were compared using the 

integrations of the resonances in the NMR spectra at 6.00 ppm and 5.87 ppm, 

corresponding to galantamine and haemanthamine respectively. 

 

3.3.2.3 Extraction Method C 

 

A sample of the post ion exchange daffodil bulb liquid extract in NH4OH (100 

mL) was concentrated in vacuo at 60ºC. 0.85 g of a brown solid residue was 

recovered. Chloroform (50 mL) was added to the residue and the resulting stirred for 

48 hours in order to triturate the material. The chloroform was decanted. Ethyl acetate 
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(50 mL) was added to the flask to further triturate the remaining brown solid residue, 

again being stirred for 48 hours. The chloroform and ethyl acetate solutions were 

placed into separate round bottom flasks and concentrated in vacuo at 40ºC to afford 

a white solid. The white solids were left under a high vacuum for 24 hours to afford the 

desired products as a crude white solid. The mass of the material obtained from the 

initial trituration with chloroform was 0.35 g, and the mass obtained from the second 

trituration with ethyl acetate was 0.06 g, resulting in a total of 0.41 g of crude desired 

products. 

 

This experimental procedure was repeated with the use of analytical reagent 

grade diethyl ether, instead of chloroform and ethyl acetate, to assess if using this 

solvent in the extraction process produced a greater resulting yield. No desired 

products were afforded using this method. 

 

3.3.3 Loading of Pure Galantamine Hydrobromide into Bio-Based Polymer Films 

Consisting of Sodium Alginate and Chitosan 

 

Bio-based polymer films, consisting of sodium alginate and chitosan, were 

loaded with galantamine HBr (95%), which was donated by Bioextraction Wales Ltd, 

and release studies were conducted in phosphate buffer solutions. A calibration curve 

for galantamine was created for quantitative analysis. A stock solution was prepared 

by dissolving galantamine HBr (140.0 mg, 0.38 mmol) in deionised water (50 mL). The 

resulting solution was stirred at 300 rpm for one hour. 0.1 mM, 0.2 mM, 0.3 mM, 0.4 

mM, 0.5 mM, 0.6 mM and 0.7 mM samples were prepared and characterised using a 

‘Shimadzu UV-3600’ UV spectrometer. The max absorbance peak recorded for the 

samples was at 288 nm. The data obtained [Table 3- 1] was used to create the 

calibration curve [Figure 3- 3] allowing for the determination of the molar absorptivity 

from the gradient of the graph. Using the Beer-Lambert Law[48], knowing the 

absorbance (A), molar absorptivity (ε) and length of the light path (b = 1 cm), it is 

possible to determine the concentration (C) [eq 3- 1]. 
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Table 3- 1: UV absorbance at concentrations of 0.1 mM-0.7 mM galantamine HBr. 

Concentration 

(mM) 

Absorption 

0.1 mM 0.6405 

0.2 mM 0.8920 

0.3 mM 1.1446 

0.4 mM 1.4002 

0.5 mM 1.6594 

0.6 mM 1.9192 

0.7 mM 2.2545 

 

 

Figure 3- 3: The calibration curve for galantamine hydrobromide. 
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R2 = 0.99  Max peak= 288 nm 

Beer Lambert Law for absorbance at 0.1 mM: 

A = ε.b.c  (eq 3- 1) 

A = 0.6405 mm ε = 0.2647 mM-1cm-1 b = 1 cm c = 2.42 mM 

A sample of galantamine HBr (140.0 mg, 0.38 mmol) was dissolved in 

deionised water (50 mL), and then a second sample of galantamine HBr (140.0 mg, 

0.38 mmol) was dissolved in pH 4 dilute glacial acetic acid (50 mL, 0.5 mM), which 

was prepared by adding concentrated 1 M glacial acetic acid dropwise to deionised 

water (1 L). Sodium alginate (1.5 g) was added to the solution containing only 

deionised water, and chitosan (1.5 g) was added to the acetic acid solution. The 

solutions were made up in a 50 mL volumetric flask and stirred at 300 rpm for 3 hours. 

This method was used to make galantamine HBr loaded 3% biopolymer solutions 

[Figure 3- 4]. The same method was used in biopolymer solutions of varying 

concentrations, where the amount of sodium alginate or chitosan was altered in 

accordance with the desired percentage concentration required, for example 2.5 g of 

the desired biopolymer for a solution of 5% biopolymer concentration.  

 

 

Figure 3- 4: Procedure for loading galantamine HBr into sodium alginate and 

chitosan solutions. 
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The layer by layer technique was used to create a galantamine loaded film 

consisting of sodium alginate and chitosan. A 7.5 cm x 2.5 cm PET slide was cut. The 

PET slide was cleaned using deionised water, then submerged in industrial methylated 

spirit for 1 hour to ensure the slide was clean. After drying, the PET slide was 

submerged vertically in a centrifuge tube containing galantamine HBr loaded 3% 

sodium alginate solution for 5 minutes. The galantamine HBr loaded sodium alginate 

covered slide was then dried for 12 hours. The slide was then transferred to the 

galantamine HBr loaded 3% chitosan solution for 5 minutes using the same method. 

The process was repeated once, and then dried in air for 12 hours. The result of this 

process was a galantamine HBr loaded biopolymer film [Figure 3- 5]. The film was 

thin, homogenous, flexible, transparent, strong and durable, and exhibited a plastic 

like texture, similar to that of previous films made without loading a drug into them. 

 

Figure 3- 5: Formation of galantamine HBr loaded sodium alginate and chitosan 

bio-based polymer films. 

 

A pH 7.8 phosphate buffer solution (50 mL, 10 mg/mL) was prepared by dissolving 

sodium phosphate dibasic heptahydrate (417 mg, 1.56 mmol) and sodium phosphate 

monobasic monohydrate (83 mg, 0.6 mmol), in deionised water (50 mL). The resulting 

solution was made to the appropriate pH level via addition of either dilute sodium 

hydroxide solution (1.0 M), or a dilute hydrochloric acid solution (0.1 M), depending on 

what was required to reach the pH 7.8. The galantamine loaded sodium alginate and 

chitosan comprised films were submerged in the phosphate buffer solution for 3 hours. 

2 mL samples were withdrawn from the solution after 10, 20, 30, 50, 70, 90, 120 and 
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180 minutes in which the solution had 2 mL of fresh phosphate buffer solution added 

after each sample withdrawal. Each withdrawn sample was characterised using 

through the ‘Shimadzu UV-3600’ UV-Vis spectrometer using 1 mL quartz cuvettes, 

cleaned using IMS followed by water, then dried between each sample being run. 

Phosphate buffer (10 mg/mL) of the appropriate pH was used as the blank. Each 

release study was completed in duplicate. The percentage release of galantamine was 

calculated using [eq 3- 2]. 

 

Cw = C0 . Cr 

Wr = Ws - Wo 

                                                            V = Wr . ρ                                    (eq 3- 2) 

n = V . Cw 

M = n . Mr 

%M = 100(Mt / M) 

 

Where Cw refers to the concentration of the drug in the film. Co is the prepared 

concentration of the drug. Cr refers to the concentration of the drug in the initial sample 

withdrawn. Wo is the original film weight. Ws refers to the swollen film weight. Wr refers 

to the difference between the original film weight and the swollen film weight, i.e the 

amount of weight increase of the film post swelling. V refers to the swollen volume. ρ 

refers to the density. n refers to the number of moles of the drug. M refers to the mass 

of the drug. Mr refers to the drug's molar mass. %M refers to the overall percentage 

release of the drug. Mt refers to the weight of the drug released at a set time in the 

release. 
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3.3.4 SEM Analysis of Bio-Based Polymer Films 

 

Samples of bio-based polymer films consisting of 3% sodium alginate and 3% 

chitosan, were mounted onto a circular metal stud which used an adhesive carbon 

disk which enhanced conductivity. The samples were cut using a razor in order to 

encompass the entire surface area of the stub[49]. The sample coated stubs were then 

placed inside a “Hitachi TM4000+ Tabletop SEM” [Figure 3- 2] and analysed. Three 

images were photographed of both sides of the bio-based polymer films. Images were 

acquired using a BSE detector, a 15 kV voltage, and the sample chamber under full 

vacuum. The three Images taken consisted of magnifications of x150, x1000 and 

x10000. SEM internal measurement scale used to measure points of interest, such as 

pore sizes. 

The SEM images were photographed from the perspective of the surface of the 

sodium alginate layer. Four films were submitted for SEM analysis: 

 

1. GLT 1 Blank – 3% sodium alginate/3% chitosan. No Galantamine HBr loaded. 

2. GLT 1 Loaded - 3% sodium alginate/3% chitosan. Galantamine HBr loaded. 

3. GLTG 1 Blank - 3% higher guluronic acid (G) sodium alginate/3% chitosan. No 

galantamine HBr loaded. 

4. GLTG 1 - 3% higher guluronic acid (G) sodium alginate/3% chitosan. 

Galantamine HBr loaded. 

 

3.3.5 Removal of the Hydrobromide Salt to Form Free Base Galantamine 

 

A 4 M solution of sodium hydroxide was prepared by adding sodium hydroxide 

(56.0 g, 1.4 mol) to deionised water (200 mL) at room temperature. The resulting 

solution was stirred in a 500 mL volumetric flask at room temperature for 15 minutes, 

which was the time it took for the NaOH to fully dissolve. Further deionised water (150 

mL) was added to the volumetric flask to bring the total volume to 350 mL, and the 

mixture was stirred for a further 1 hour. 
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Galantamine HBr (0.50 g) was dissolved in 4 M NaOH solution (10 mL). 

Chloroform (25 mL) was added to the solution and stirred at room temperature for 16 

hours. The solution was separated. The aqueous layer was extracted with further 

chloroform (2 x 25 mL). The combined chloroform extracts were dried over magnesium 

sulphate, filtered and concentrated in vacuo to afford free based galantamine (0.35 g, 

90%) as a pale white solid. NMR analysis confirmed the substance was free base 

galantamine [Figure 3- 6]. 
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Figure 3- 6: 1H NMR of free base galantamine in D2O, and the compounds 

structure, showing which NMR peak correlates to its corresponding functional 

group. 
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The key difference in the NMR spectrum is the peak for the CH3 attached to the 

tertiary amine, seen at 2.35 ppm in [Figure 3- 6] in the free base galantamine NMR, is 

shifted to 2.95 ppm in [Figure 3- 7] and the peak is broadened in the galantamine HBr 

NMR due to the presence of the HBr salt. This indicates that upon the removal of the 

HBr, there is no longer an N+ charge present in the compound. 

 

 

Figure 3- 7: 1H NMR of galantamine HBr in D2O, for comparison with the 1H NMR 

of free base galantamine, emphasizing the lack of peak at 2.35 ppm. This 

reinforces the successful removal of the hydrobromide salt. 

FTIR was conducted by placing a 5 mg sample onto a ‘Bruker Alpha Platinum 

ATR FTIR machine’. The galantamine HBr samples were scanned 16 times per 

sample [Figure 3- 8, spectra A]. The scanning surface of the FTIR machine was then 

cleaned using IMS, and a sample of free base galantamine was studied using the 

same procedure [Figure 3- 8, spectra B].  
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Figure 3- 8: FTIR spectra for galantamine HBr (spectrum A) and free base 

galantamine (spectrum B). 
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The key things to note when looking at the FTIR spectra of both the galantamine 

HBr, and the free base galantamine, is the fact that the peak that represents H-Br 

stretching at approximately 2500cm-1 in the galantamine HBr spectrum has massively 

regressed in the free base galantamine spectrum. The sharp O-H stretching at 

approximately 3550 cm-1 on the galantamine HBr spectra broadens in the free base 

galantamine FTIR spectrum. This indicates that a change from free bonding to 

intermolecular bonding at approximately 3250 cm-1 has occurred in the free base 

galantamine, which indicates a much-reduced interaction with the HBr salt. The rest 

of the spectra remains unchanged, indicating that none of the rest of the structure has 

been altered.  

After NMR and FTIR analysis showed enough evidence that the HBr salt had 

been removed from galantamine, it was important to carry out a release study, using 

the free base galantamine to assess if removing the HBr salt has an effect on the 

release of galantamine from a bio-based polymer film. 

A sample of free base galantamine (140 mg, 0.49 mmol) was dissolved in 

deionised water (50 mL). Another sample of free base galantamine (140 mg, 0.49 

mmol) was dissolved in pH 4 dilute acetic acid solution (50 mL, 0.5 mM). Sodium 

alginate (1.5 g) was added to the solution containing only deionised water, and 

chitosan (1.5 g) was added to the solution containing acetic acid. The solutions were 

stirred for 5 hours until the samples had completely dissolved. 

Using the layer by layer technique, a 7.5 cm x 2.5 cm cut and washed PET slide 

was submerged in the 3% sodium alginate solution for 5 minutes, removed and dried 

in air for 12 hours, and was then submerged in the 3% chitosan solution for 5 minutes. 

The resulting film was removed and left to dry in air for 12 hours.  

A pH 7.8 phosphate buffer solution (50 mL, 10 mg/mL) was prepared by 

dissolving sodium phosphate dibasic heptahydrate (417 mg, 1.56 mmol) and sodium 

phosphate monobasic monohydrate (83 mg, 0.6 mmol), in deionised water (50 mL). 

The resulting solution was made to the appropriate pH level via addition of either dilute 

sodium hydroxide solution (1.0 M), or a dilute hydrochloric acid solution (0.1 M), 

depending on what was required to reach the pH 7.8. After the phosphate buffer solid 

had completely dissolved after 1 hour of stirring, the galantamine loaded 3% sodium 

alginate/3% chitosan film was submerged in the pH 7.8 phosphate buffer solution for 
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24 hours. 2 mL samples were removed after 10, 20, 30, 50, 70, 90, 120, 180, 240, 

300, 360 and 1440 minutes in which the solution was topped up with 2 mL of fresh 

phosphate buffer solution. Each withdrawn sample solution was characterised through 

the ‘Shimadzu UV-3600’ UV spectrometer using 1 mL quartz cuvettes, cleaned using 

IMS followed by water, then dried between each sample being studied. 

 

3.4 Results and Discussion 

 

3.4.1 Analysis of Galantamine and Haemanthamine Extracted from Daffodil Bulb 

Liquid Extract 

 

The results of extraction methods A, B and C were tabulated [Table 3- 2].  

 

Table 3- 2: A comparison of results from post ion exchange daffodil bulb liquid 

extract in 2 M ammonium hydroxide extraction methods A, B and C. The total 

mass, and masses of the chloroform and ethyl acetate extracts, were recorded. 

The weight of the left-over insoluble residue, post extraction, was recorded. The 

ratios of haemanthemine to galantamine were recorded via NMR analysis. 

 

Sample 

Number 

Method Total 

mass 

(g) 

Mass of 

CHCl3 

Extraction 

(g) 

Mass of 

EtOAc 

Extraction 

(g) 

Mass of 

Insoluble 

Residue (g) 

NMR 

Ratio 

H:G 

2 A 1.78 0.81 0.22 0.75 2:1 

3 B 1.15 0.28 0.02 0.85 2:1 

1 C 1.31 0.35 0.06 0.90 2:1 
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Comparisons were made of the total masses obtained post extraction, and the 

ratios of galantamine and haemanthamine usage were compared via NMR analysis. 

The ratio of galantamine and haemanthamine were compared using the integrations 

of the resonances in the NMR spectra at 6.00 ppm and 5.87 ppm, corresponding to 

galantamine and haemanthamine respectively. The peak at 6.00 ppm corresponds to 

the CH proton at point ‘b’ on the structure of galantamine [Figure 3- 9]. This can be 

seen in the galantamine NMR ‘[Figure 3- 6]. The peak at 6.00 ppm corresponds to the 

CH proton at point ‘a’ on the structure of haemanthamine [Figure 3- 9]. 

 

Figure 3- 9: The structures of haemanthamine (left) and galantamine (right), 

where a and b indicate the protons which correlate with the 5.87 ppm signal in 

the proton NMR for haemanthamine, and the 6.00 ppm signal in the proton NMR 

for galantamine respectively. 

Extraction of galantamine and haemanthamine was possible using all methods. 

Using NMR, it was possible to identify peaks correlating to both galantamine and 

haemanthamine. However, the NMR showed that they were acquired along with other 

undefined insoluble plant materials. The trituration method used in ‘Method C’ resulted 

in much lower yields than that of the basification and extraction method used in 

‘Method A’ and ‘Method B’. The results [Table 3- 2] show that ‘Method A’ is the most 

optimal for extracting galantamine and haemantamine. 

In all three methods, it was possible to obtain larger extract masses when 

chloroform was used as the extraction solvent, which indicates alkaloids are more 
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easily extracted when using chloroform, with its slightly lower polarity than ethyl 

acetate. 

Through NMR analysis, it was possible via integration of the peaks correlating 

to haemanthamine and galantamine, to determine the ratio of the two compounds that 

are present in the daffodil bulb liquid extract. In all 3 methods, the ratio of the 

integrations yielded a 2:1 ratio of haemanthamine to galantamine, leading to the 

overall conclusion that there is twice as much haemanthamine present than there is 

that of galantamine.  

There were large amounts of brown insoluble residue in flasks post extraction 

with chloroform and ethyl acetate. It was not possible to extract any compounds from 

these solid residues.  

 

3.4.2 Loading and Release of Galantamine from Bio-Based Polymer Films via UV and 

SEM Analysis 

 

3.4.2.1 SEM Analysis 

 

Galantamine HBr (95%), which was donated by Bioextraction Wales Ltd, was 

loaded into sodium alginate and chitosan solutions by dissolving galantamine HBr in 

water and pH 4 acetic acid (0.5 M). The appropriate amounts of chitosan and sodium 

alginate were added, and the mixture stirred until the bio-based polymers had 

dissolved in the solution. Using these solutions, galantamine HBr loaded sodium 

alginate and chitosan formulated bio-based polymer films were successfully made 

using the layer by layer technique. SEM analysis was used to determine if galantamine 

HBr loading was successful via visual confirmation of galantamine deposits within the 

bio-based polymer films. SEM was also used to determine the pore sizes of the sodium 

alginate and chitosan layers. As seen in [Image 3- 3] it was observed that the 

morphology of the film had changed with the formation of circular sites of varying sizes 

appearing on the surface of the film. These sites could be an indication of galantamine 
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deposits within the films; whether they are or not was not determined, however the 

morphology change is a direct result of galantamine loading. 

 

 

 

Figure 3- 10: SEM images of 3% sodium alginate/3% chitosan biopolymer films 

from the sodium alginate face. The images of the film on the left (A-C) are absent 

of the galantamine HBr. The galantamine HBr is present in the images of the film 

on the right (D-F). Image magnifications increase from x150 (A and D) to x1000 

(B and E) to x10000 (C and F). Large galantamine HBr deposits are highlighted 

in red in the x1000 magnification image (E). 
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Comparing the SEM images at x1000 magnification, it was possible to 

determine that the morphology of the film had changed, thus visually indicating the 

changes in morphology post loading of galantamine into the sodium alginate and 

chitosan comprised bio-based polymer films. The size of the newly formed circular 

sites are between 5 µm and 200 µm in diameter which, if they are galantamine 

deposits, could result in different rates of release in different segments of the film. 

However, deposits were universally distributed across the surface of the film, meaning 

the overall impact on the galantamine release from films should be consistent in films 

formulated with the same properties and bio-polymer concentrations. 

 

It was possible to determine the size of the pore diameters in both the sodium 

alginate and chitosan layers of the film with the sodium alginate layer exhibiting pore 

diameter size range of 1 µm - 10 µm, and the chitosan layer exhibiting 300 nm – 2 µm. 

The pore size of both the sodium alginate and chitosan layers meant that the loaded 

drugs will be able to release from the drug without a large amount of difficulty in pH 

7.4 phosphate buffer solution. 

 

3.4.2.2 Loading and Release of Galantamine HBr from Sodium Alginate and Chitosan 

Films 

 

Several bio-based polymers consisting of varying polymer concentrations and 

numbers of layers were made [Figure 3- 11].  

 

 

Figure 3- 11: A 3% sodium alginate/ 3% chitosan film, after removal from a 7.5 

cm x 2.5 cm PET slide, loaded with galantamine hydrobromide. 
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In some instances, galantamine HBr was loaded into both the sodium alginate 

and chitosan layers, whereas in others, galantamine HBr was loaded into either the 

sodium alginate or chitosan layers. The films were submerged in phosphate buffer 

solution for 24 hours with 2 mL of the solution removed after 10, 20, 30, 50, 70, 90, 

120, 180, 240, 300, 360, and 1440 minutes. A sample of 2 mL of phosphate buffer 

was added back to the solution after each withdrawal. The overall release of 

galantamine from each sample was determined via UV analysis and calculated using 

[eq 3- 1] and [eq 3- 2]. 

 

The first film to be selected as a candidate for drug release was ‘GLT1’, where 

the film's properties can be found in [Table 3- 3]. This film composition was selected 

as the first candidate due to the results of the swelling study, thickness study, and 

insulin release study conducted in Chapter 2 of this thesis, concluding that this was 

the likely optimal film composition. Five more films, whose properties can also be 

found in [Table 3- 3], were then compared with GLT1 to assess how the change in 

properties affected both the rate of galantamine HBr released in pH 7.8 phosphate 

buffer solution (10 mg/mL), and the overall final release of galantamine HBr after 24 

hours. 

Table 3- 3: A list of alternating alginate and chitosan layered bio-based polymer 

films, their composition, number of layers, pH of the alternating layers, the 

presence of galantamine HBr, and the percentage (%) release of galantamine 

HBr from each film. 

 

Sample 

Name 

Alginate 

Percentage 

Chitosan 

Percentage 

Number 

of 

Layers 

in Film 

pH of 

Alginate 

Layer(s) 

pH of 

Chitosan 

Layer(s) 

Galantamine 

HBr in 

Alginate 

Layer(s)? 

Galantamine 

HBr in 

Chitosan 

Layer(s)? 

GLT1 3 3 2 7 4 ✔ ✔ 

GLT2 5 3 2 7 4 ✔ ✔ 

GLT3 3 5 2 7 4 ✔ ✔ 

GLT4 3 3 2 7 4 ✔ x 

GLT5 3 3 2 7 4 x ✔ 

GLT6 3 3 4 7 4 ✔ ✔ 
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What we can see in [Figure 3- 12] and [Table 3- 4] is that over 50% of the 

galantamine is released in the first 10 minutes of submersion, with a total average 

release of approximately 75% released after 24 hours. The amount released between 

14 hours and 24 hours is between 0.1% and 0.9% on average, which means that the 

GLT1 films are not optimal for 24 hours due to the rate of release being too slow. 

 

 

 

 

 

 

Table 3- 4: The percentage release of galantamine HBr from GLT1 films, in pH 

7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 53.8 51.0 51.3 2.4 

20.00 54.2 52.4 53.0 1.0 

30.00 55.5 53.5 54.4 1.0 

50.00 57.2 55.7 56.6 0.8 

70.00 57.8 57.4 58.3 1.1 

90.00 59.8 59.3 60.1 1.0 

120.00 61.7 60.8 61.8 1.1 

180.00 63.5 61.8 63.3 1.4 

240.00 64.9 64.2 65.0 0.8 

300.00 65.7 65.7 66.3 0.9 

360.00 67.4 67.8 67.9 0.6 

1440.00 75.5 74.2 75.0 0.8 
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Figure 3- 12: The 24-hour average release profile of galantamine HBr from GLT1 

films in pH 7.8 phosphate buffer solution. 

The release profile tells us that over half of the galantamine HBr is released in 

the first 10 minutes. The film continues to release galantamine HBr over 15 hours 

before slowing down, and then slowing down further until the graph begins to plateau 

after 16 hours. 75% of the galantamine HBr had been released after 24 hours on 

average, though it is possible for higher amounts of release to occur. It also appears 

that not much more galantamine HBr would be able to be released past 16 hours from 

the GLT1 film. It can be determined that patients which have been recommended to 

use galantamine HBr could receive transdermal drug delivery from this film, and it can 

be used for 16 hours before needing to be discarded or replaced.  

The benefit of the patch not needing to be replaced for 16 hours is that forgetting 

to regularly replace the patch, by either the patient or the carer, should not be an issue 

due to it only being required once or twice a day. One issue could be that patches may 

be discarded before all of the drug is released as a result of the patient having to sleep 

during the time the film stops releasing the drug. This means the patient will have to 

replace a patch before they sleep in order to ensure they are receiving their full dose 

whilst asleep, and the previous patch is partially wasted. 

Films were made with different concentrations of sodium alginate and chitosan, 

and also an increased number of layers, to determine the effect on the release profile 
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and overall release. The first modification, when making ‘GLT2’, was to increase the 

concentration of sodium alginate to 5%, whilst keeping all the other film properties 

found in ‘GLT1’ the same. In the ‘GLT3’ film, the concentration of chitosan was 

increased to 5%, whilst returning the concentration of sodium alginate back to 3%. No 

further modifications were made to either ‘GLT2’ or ‘GLT3’. The data for the release 

of galantamine from the GLT2 film can be seen in [Table 3- 5] and [Figure 3- 13]. The 

data for the release of galantamine from the GLT2 film can be seen in [Table 3- 6] and 

[Figure 3- 14]. 

 

Table 3- 5: The percentage release of galantamine HBr from GLT2 films, in pH 

7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 49.0 52.9 51.0 2.8 

20.00 51.1 55.0 53.0 2.8 

30.00 52.8 57.0 54.9 3.0 

50.00 54.9 58.5 56.7 2.6 

70.00 56.9 60.3 58.6 2.34 

90.00 58.9 62.6 60.8 2.6 

120.00 60.6 64.4 62.5 2.6 

180.00 62.2 65.4 63.8 2.3 

240.00 63.7 66.1 64.9 1.7 

300.00 65.3 67.0 66.1 1.2 

360.00 66.7 68.7 67.7 1.4 

1440.00 67.5 69.2 68.3 1.2 
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Figure 3- 13: The 24-hour average release profile of galantamine HBr from GLT2 

films in pH 7.8 phosphate buffer solution. 

Table 3- 6: The percentage release of galantamine HBr from GLT3 films, in pH 

7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 53.8 54.9 55.8 1.4 

20.00 57.0 56.4 58.7 3.3 

30.00 60.2 58.6 60.9 3.2 

50.00 62.8 60.8 63.3 3.5 

70.00 65.4 62.7 65.6 4.0 

90.00 69.3 64.3 67.8 5.0 

120.00 70.5 66.0 69.3 4.6 

180.00 71.1 67.2 70.6 4.9 

240.00 71.9 68.5 72.7 5.9 

300.00 72.8 69.4 73.6 6.0 

360.00 73.2 70.2 74.2 5.7 

1440.00 73.3 71.12 74.7 5.1 
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Figure 3- 14: The 24-hour average release profile of galantamine HBr from GLT3 

films in pH 7.8 phosphate buffer solution. 

 

Figure 3- 15: The 24-hour release profile of galantamine HBr from GLT1, GLT2 

and GLT3 films in pH 7.8 phosphate buffer solution. 
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It can be concluded from the data tabulated in [Table 3- 4], [Table 3- 5] and 

[Table 3- 6], which is plotted in [Figure 3- 15], that increasing the concentration of 

either biopolymer in a film will result in no change to the rate of release but decreases 

the amount of galantamine HBr released. This was far more apparent when increasing 

the concentration of sodium alginate than increasing the concentration of chitosan. 

The leading cause for the decrease in the amount of galantamine HBr being released 

can be attributed to the increased film thickness as a result of increasing the 

concentration. An increase in the film thickness, whilst not altering the galantamine 

concentration to compensate, will result in it being more difficult for galantamine to be 

released into solution as the size of the barrier the compound needs to pass through 

has become larger. As a result, the galantamine HBr loaded further from the film's 

surface is less likely to be released. 

Comparing the data for GLT2 and GLT3 films' galantamine HBr release over 

24 hours, it is apparent that increasing the concentration of alginate causes even less 

galantamine to be released than when you increase the concentration of chitosan. 

This can be attributed to two factors; the first of which being charge interaction. As 

chitosan and galantamine have complimentary charges, whereas alginate and 

galantamine are oppositely charged, which would suggest that galantamine is 

released slower and in smaller amounts from the sodium alginate layer than it would 

be from the chitosan layer. The second factor is the pores within the sodium alginate 

and chitosan layers. Using SEM analysis, it was possible to determine the size of the 

pore’s diameters in both the sodium alginate and chitosan layers of the film with the 

sodium alginate layer exhibiting a pore diameter size range of 1 µm - 10 µm, and the 

chitosan layer exhibiting 300 nm – 2 µm. The pore size of both the sodium alginate 

and chitosan layers meant that the galantamine HBr was able to be released from the 

drug without a large amount of difficulty in pH 7.4 phosphate buffer solution. Although 

the pore size in the sodium alginate is larger, it would appear in SEM image of a GLT1 

film chitosan layer’s surface [Figure 3- 16] that there is a greater number of pores in 

the chitosan layer, meaning more pores for the galantamine HBr to be diffused 

through. 
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Figure 3- 16: SEM image of the 3% chitosan layer’s surface in a GLT1 film at 

10000x magnification. 

 

 

These hypotheses were tested further by loading galantamine into the sodium 

alginate layer only, and then into the chitosan layer only in a separate film. These films 

were named ‘GLT4’ and ‘GLT5’, whose properties can be seen in [Table 3- 3]. All 

experimental parameters were kept the same as the previous release studies. The 

data for the release of galantamine from the GLT4 film can be seen in [Table 3- 7] and 

[Figure 3- 17]. The data for the release of galantamine from the GLT5 film can be seen 

in [Table 3- 8] and [Figure 3- 18]. 
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Table 3- 7: The percentage release of galantamine HBr from GLT4 films, in pH 

7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 28.8 38.1 33.5 6.6 

20.00 29.4 39.4 34.4 7.1 

30.00 30.0 40.6 35.3 7.5 

50.00 32.1 42.2 37.2 7.1 

70.00 33.0 43.2 38.1 7.2 

90.00 35.1 43.5 39.3 5.9 

120.00 36.7 45.0 40.9 5.8 

180.00 38.7 45.2 42.0 4.6 

240.00 40.4 45.3 42.9 3.5 

300.00 41.9 46.3 44.1 3.2 

360.00 42.7 47.2 44.9 3.2 

1440.00 46.4 49.0 47.7 1.8 

 

 

Figure 3 -17: The 24-hour release profile of galantamine HBr from GLT4 films in 

pH 7.8 phosphate buffer solution. 

25

30

35

40

45

50

0 200 400 600 800 1000 1200 1400

%
 R

el
ea

se
 o

f 
G

al
an

ta
m

in
e 

H
B

r

Time (Mins)

Perentage release average of galantamine HBr from GLT3 films over 24 
hours



  Chapter 3 
 

3-33 
 

 

Table 3- 8: The percentage release of galantamine HBr from GLT5 films, in pH 

7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 49.6 43.1 46.3 4.5 

20.00 50.5 46.7 48.6 2.7 

30.00 52.8 47.7 50.3 3.6 

50.00 53.3 51.1 52.2 1.6 

70.00 53.8 51.4 52.6 1.7 

90.00 54.5 52.2 53.3 1.6 

120.00 56.1 55.1 55.6 0.7 

180.00 60.2 55.4 57.8 3.4 

240.00 61.3 55.6 58.5 4.0 

300.00 61.8 55.8 58.8 4.2 

360.00 62.3 56.7 59.5 3.9 

1440.00 63.0 59.3 61.2 2.6 

 

 

Figure 3- 18: The 24-hour release profile of galantamine HBr from GLT5 films in 

pH 7.8 phosphate buffer solution. 
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The release studies conducted on the GLT4 and GLT5 films, plotted in [Figure 

3- 19] confirm that a larger amount of galantamine is released from the chitosan layer 

than the alginate layer, but less overall galantamine HBr is released than when 

galantamine HBr is present in both of the bio-based polymer layers. The release profile 

also plateaus faster in the GLT4 films due to the opposing charge between sodium 

alginate and galantamine, causing galantamine loaded deeper in the alginate layer to 

be withheld in the film via ionic interaction. 

 

Figure 3- 19: The 24-hour release profile of galantamine HBr from GLT4 and 

GLT5 films in pH 7.8 phosphate buffer solution. 

The increased release when galantamine is in both layers has to be attributed 

to there being more galantamine HBr closer to the film’s surfaces, and the interaction 

between galantamine HBr and sodium alginate causing the galantamine HBr loaded 

deeper in the alginate portion of a film to release more slowly than that of the 

galantamine HBr in the chitosan portion of a film. 

‘GLT6’ is a film consisting of 3% sodium alginate and 3% chitosan, as noted in 

[Table 3- 3]. This film has 4 layers as opposed to the 2 layers in ‘GLT1’. In order to 

ensure a similar level of thickness, half of the time was spent in submersion when 

making the layers in GTL6 than those of GTL1. No other modifications were made to 

the experimental procedure for making the film, or to the procedure of the release 
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study. The data for the release of galantamine from the GLT6 film can be seen in 

[Table 3- 9] and [Figure 3- 20]. The percentage release of galantamine HBr from a 

GLT6 film was compared to that of a GLT1 film [Figure 3- 21]. 

 

 

 

 

Table 3-9: The percentage release of galantamine HBr from GLT6 films, in pH 7.8 

phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 42.6 34.8 38.7 5.5 

20.00 43.3 36.2 39.8 5.0 

30.00 45.8 37.8 41.8 5.7 

50.00 47.7 39.2 43.4 6.0 

70.00 49.2 40.3 44.8 6.3 

90.00 50.7 41.6 46.1 6.4 

120.00 52.2 42.9 47.6 6.5 

180.00 53.3 44.3 48.8 6.4 

240.00 54.6 45.4 50.0 6.5 

300.00 55.3 45.9 50.6 6.6 

360.00 56.0 46.2 51.1 7.0 

1440.00 57.3 46.8 52.0 7.4 
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Figure 3- 20: The 24-hour release profile of galantamine HBr from GLT6 films in 

pH 7.8 phosphate buffer solution. 

 

Figure 3- 21: The 24-hour release profile of galantamine HBr from GLT1, and 

GLT6 films in pH 7.8 phosphate buffer solution. 

The conclusion we can take from the data plotted in [Figure 3- 20] and [Figure 

3- 21] is that increasing the number of layers appears to increase the rate of release, 

but the overall release is less than that of a film of fewer layers. This must mean that 

the charge distribution, which changes in each layer of the film, creates larger barriers 

for galantamine HBr to pass through. The increased rate of release must be attributed 
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to the galantamine in the chitosan layers being released faster, until max release has 

been reached. As a result, using single layers of alginate and chitosan would be 

preferable due to fewer limiting factors on the overall release of galantamine HBr.  

 

3.4.2.3 The Effect of Changing the pH of the Phosphate Buffer Solution on the Release 

of Galantamine from GLT1 Films 

 

Release studies were conducted on GLT1 films in phosphate buffer solutions 

of different pH levels, to assess the effect of changing the pH of the release media on 

the release profile of galantamine HBr from sodium alginate and chitosan comprised 

bio-based polymer films. These studies were conducted in pH 4.0 [Table 3- 10] [Figure 

3- 22], pH 9.2 [Table 3- 11] [Figure 3- 23] and compared to that of the pH 7.8 study 

data [Figure 3- 24]. 

Table 3- 10: The percentage release of galantamine HBr from GLT1 films, in pH 

4.0 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 57.7 66.4 62.1 6.1 

20.00 62.0 72.0 67.0 7.1 

30.00 64.6 73.0 68.8 6.0 

50.00 66.7 74.5 70.6 5.5 

70.00 68.9 76.1 72.5 5.1 

90.00 70.7 78.7 74.7 5.6 

120.00 73.1 81.1 77.1 5.7 

180.00 74.4 81.4 77.9 5.0 

240.00 75.3 82.4 78.8 5.1 

300.00 76.1 84.6 80.3 6.0 

360.00 77.9 84.7 81.3 4.8 

1440.00 78.8 86.2 82.5 5.2 
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Figure 3- 22: The 24-hour release profile of galantamine HBr from GLT1 films in 

pH 4.0 phosphate buffer solution. 

Table 3- 11: The percentage release of galantamine HBr from GLT1 films, in pH 

9.2 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 42.2 38.0 40.1 3.0 

20.00 43.7 39.6 41.7 2.9 

30.00 45.3 40.1 42.7 3.7 

50.00 47.1 40.6 43.8 4.6 

70.00 48.6 40.7 44.7 5.6 

90.00 50.3 43.2 46.8 5.0 

120.00 51.8 44.3 48.1 5.3 

180.00 53.5 44.5 49.0 6.3 

240.00 54.7 44.6 49.7 7.1 

300.00 55.8 44.7 50.3 7.9 

360.00 57.1 45.5 51.3 8.9 

1440.00 58.1 51.4 54.8 4.7 
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Figure 3- 23: The 24-hour release profile of galantamine HBr from GLT1 films in 

pH 9.2 phosphate buffer solution. 

 

Figure 3- 24: The 24-hour release profile of galantamine HBr from GLT1 films in 

different pH 4.0, pH 7.8 and pH 9.2 phosphate buffer solutions. 

From the data obtained and plotted in [Figure 3- 24], it can be concluded that 

decreasing the pH of the release media can result in a greater amount of release of 
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galantamine HBr from GLT1 films, and most likely all of the GLT films as a result. This 

is most likely a result of the bio-based sodium alginate and chitosan comprised films 

degrading at increased rates in lower pH environments. Of course, it would not be 

recommended to reduce the pH too much when applying this to patients’ skin. 

 

3.4.2.4 Analysing the Effect of Galantamine Release from Films Consisting of Alginate 

Comprised of Higher Amounts of Guluronic Acid 

In order to determine the effect of formulating films which had an increased 

amount of guluronic alginate (High G) on the release of galantamine, the release 

studies for GLT1, GLT4 and GLT6 using ‘high G’, as opposed to ‘low G’ seen in the 

previous release studies.  

The reason for exploring this is due to pore size. In low G sodium alginate, 

layers exhibited pore diameter sizes ranging between 1 µm - 10 µm. In high G sodium 

alginate, layers exhibited pore diameter sizes ranging between 1 µm - 30 µm. The 

overall increase in pore size will allow for more galantamine HBr to be released, though 

it will have no effect on the overall rate of release of galantamine from the GLT Films. 

The data for the release of galantamine from the high G GLT1 film can be seen 

in [Table 3- 12] and [Figure 3- 25]. A release medium of pH 7.8 phosphate buffer 

solution was used in all of the repeated release studies. The data for the release of 

galantamine from the high G GLT4 film can be seen in [Table 3- 13] and [Figure 3- 

26]. The data for the release of galantamine from the high G GLT6 film can be seen in 

[Table 3- 14] and [Figure 3- 27]. The data for the high G films is then compared with 

their low G film counterparts in [Figure 3- 28] 

 

 

 

 

 



  Chapter 3 
 

3-41 
 

 

Table 3- 12: The percentage release of galantamine HBr from high G GLT1 films, 

in pH 7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 56.3 51.2 53.7 3.6 

20.00 60.2 53.1 56.6 5.0 

30.00 62.7 54.9 58.8 5.5 

50.00 65.7 57.0 61.3 6.2 

70.00 66.9 58.9 62.9 5.6 

90.00 67.6 60.7 64.2 4.9 

120.00 69.5 62.5 66.0 5.0 

180.00 69.7 64.0 66.9 4.0 

240.00 73.3 65.4 69.3 5.6 

300.00 74.0 66.8 70.4 5.0 

360.00 74.5 68.0 71.3 4.6 

1440.00 77.7 73.1 75.4 3.2 

 

Figure 3- 25: The 24-hour release profile of galantamine HBr from high G GLT1 

films in pH 7.8 phosphate buffer solution. 
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Table 3- 13: The percentage release of galantamine HBr from high G GLT4 films, 

in pH 7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 57.4 57.4 57.4 0.0 

20.00 57.8 58.8 58.3 0.8 

30.00 60.5 60.0 60.2 0.4 

50.00 62.4 62.1 62.3 0.2 

70.00 65.3 62.9 64.1 1.7 

90.00 68.0 63.3 65.6 3.3 

120.00 70.0 66.3 68.2 2.6 

180.00 71.8 68.5 70.1 2.4 

240.00 74.3 71.2 72.7 2.2 

300.00 75.3 73.0 74.2 1.6 

360.00 76.1 74.0 75.0 1.4 

1440.00 77.6 75.6 76.6 1.4 

 

 

Figure 3- 26: The 24-hour release profile of galantamine HBr from high G GLT4 

films in pH 7.8 phosphate buffer solution. 

50

55

60

65

70

75

80

0 200 400 600 800 1000 1200 1400

%
re

le
as

e 
o

f 
ga

la
n

ta
m

in
e

Time (mins)

Perentage release average of galantamine HBr from high G GLT4 films over 24 
hours



  Chapter 3 
 

3-43 
 

 

Table 3- 14: The percentage release of galantamine HBr from high G GLT6 films, 

in pH 7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 34.7 35.3 35.0 0.4 

20.00 36.3 35.9 36.1 0.3 

30.00 37.7 36.8 37.3 0.7 

50.00 38.6 37.6 38.1 0.7 

70.00 39.3 39.4 39.4 0.1 

90.00 40.5 40.3 40.4 0.2 

120.00 42.8 40.9 41.8 1.4 

180.00 43.7 42.2 43.0 1.0 

240.00 44.6 43.3 43.9 1.0 

300.00 45.7 44.5 45.1 0.9 

360.00 46.3 45.1 45.7 0.8 

1440.00 46.4 45.5 46.0 0.6 

 

 

Figure 3- 27: The 24-hour release profile of galantamine HBr from high G GLT6 

films in pH 7.8 phosphate buffer solution. 
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Figure 3- 28: The 24-hour release profile of galantamine HBr, comparing the 

release of low G and high G GLT films, in pH 7.8 phosphate buffer solution. 

 

It is apparent, from the data plotted in [Figure 3- 28], that when high G alginate 

is used, there is a larger amount of release of galantamine than when low G is used – 

this is the case for all of the high G films compared to their low G counterparts. 

Interestingly, when using high G alginate, the release of galantamine in films where 

alginate is only in the alginate layer is substantially higher than when low G alginate is 

used. Increasing the number of layers still reduces overall release.  

These results could be attributed to an increase in pore size when using high 

G alginate in the alginate layers of the alginate/chitosan films. SEM analysis was used 

to confirm this [Figure 3- 29] and to assess the ability for the high G films to load 

galantamine HBr [Figure 3- 31]. Higher pore size is expected due to the steric effects 

that guluronic acid has on the alginate polymer, as it adopts a vertical orientation unlike 

mannuronic acid (M) which has a horizontal orientation[50] [Figure 3- 30]. 
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Figure 3- 29. SEM images of low G (A) and high G (B) unloaded GLT 1 films at 

10000x to emphasize difference in pore size between the two types of alginates. 

 

Figure 3- 30: β-(1->4)-Linked D-Mannuronic Acid (M) and α-(1->4)-Linked L 

Guluronic Acid (G) Orientations Represented in a Linear Alginate Polymer 

Chain[50]. 
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Figure 3- 31: SEM images of 3% High G sodium alginate/3% chitosan biopolymer 

films from the sodium alginate face. The images of the film on the left are absent 

of the galantamine HBr (A-C). The galantamine HBr is present in the images of 

the film on the right (D-F). Image magnifications increase from x150 (A and D) to 

x1000 (B and E) to x10000 (C and F). Large galantamine HBr deposits are 

highlighted in red in the x1000 magnification image (E). 
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3.4.2.5 Comparison of Galantamine Hydrobromide and Free Base Galantamine on 

Drug Release 

 

Concerns were raised by “P&S Nano Limited” that the HBr salt in galantamine 

HBr may cause problems when trying to release galantamine through the epidermis 

and dermis layers of human skin[51]. Through the method described in the experimental 

section of this chapter, the HBr salt was removed from galantamine HBr to leave free 

base galantamine behind [Figure 3- 8 (Spectrum B)]. It was important to repeat a GLT1 

film release study to analyse the effect of using free base galantamine, as opposed to 

galantamine HBr. A free base galantamine loaded GLT1 film was successfully made, 

and free base galantamine was released in pH 7.8 phosphate buffer solution. No 

further modifications were made to the release study. 

When comparing the release study data for free base galantamine from GLT1 

films, with galantamine HBr from GLT1 films, it was noted that free base galantamine 

had an increased burst release, but the average overall release difference was less 

than 2% [Table 3- 15] [Figure 3- 32] [Figure 3- 33].  
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Table 3- 15: The percentage release of free base galantamine from GLT1 films, 

in pH 7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 53.9 54.3 54.1 0.3 

20.00 56.2 55.2 55.7 0.7 

30.00 58.5 57.4 57.9 0.8 

50.00 60.8 59.4 60.1 1.0 

70.00 63.3 61.8 62.5 1.1 

90.00 64.9 63.6 64.3 0.9 

120.00 67.1 65.4 66.2 1.2 

180.00 68.7 67.0 67.9 1.2 

240.00 70.3 67.9 69.1 1.7 

300.00 71.2 69.4 70.3 1.2 

360.00 71.8 70.8 71.3 0.6 

1440.00 73.3 72.0 72.6 0.9 

 

 

Figure 3- 32: The 24-hour average release profile of free base galantamine from 

GLT1 films in pH 7.8 phosphate buffer solution. 
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Figure 3- 33: The release of free base galantamine HBr compared with the 

release of galantamine HBr from GLT1 films in pH 7.8 phosphate buffer solution, 

over 24 hours. 

The data in [Figure 3- 33] leads to the conclusion that the reduced size of free 

base galantamine allows for it to be released faster, but the deeper loaded 

galantamine still remains in the film after 24 hours. The free base galantamine films 

are still effective over a 16 hour period. There are no major issues noticed when using 

free base galantamine instead of galantamine HBr in GLT1 films, though no tests were 

carried out on human skin to see the effects of using either compound on a patient. 

 

3.5 Conclusion 

 

Alkaloid materials, galantamine and haemanthamine, were successfully 

extracted from post ion exchange daffodil bulb liquid extract. The extraction method 

yielding in the highest amount of alkaloid materials extracted was the method involving 

salting out the alkaloids[52], before extraction in chloroform via separation, in basic 
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conditions. Galantamine and haemanthamine were extracted, and the ratio of the two 

alkaloids was determined, via NMR analysis, to be 2:1 haemanthamine to 

galantamine.  

Galantamine HBr was successfully loaded into sodium alginate and chitosan 

films using the Layer by Layer technique[53]. UV analysis confirmed that galantamine 

HBr could be loaded and released from the sodium alginate and chitosan bio-based 

polymer films. SEM analysis was used to determine the morphology of the biopolymer 

films - both pre and post drug loading. Films using as low a concentration of sodium 

alginate and chitosan, whilst not compromising the films structural integrity, make for 

better candidates for the use in drug release. It was determined that increasing the 

concentration of chitosan results in a negligibly lower release of galantamine HBr. 

However, increasing the concentration of sodium alginate greatly reduces the amount 

of release, due to iconic interaction between the bio-based polymer and galantamine. 

When loading galantamine into one bio-based polymer layer, the overall release is 

lower as a result of there being no galantamine on one of the film's surfaces. More 

galantamine was released from the chitosan layer, as a result of alginate and 

galantamine being oppositely charged, which results in galantamine being released 

slower and in smaller amounts from the sodium alginate layer than it is from the 

chitosan layer. An increased amount of galantamine release from the chitosan portion 

of the film can be attributed to what appears to be a larger number of pores in the 

chitosan layer. Increasing the acidity of the release media caused more galantamine 

to be released from the bio-based polymer films as a result of increased film 

degradation in acidic conditions. 

Films were tested using sodium alginate with an increased amount of guluronic 

acid (G) to assess using a higher guluronic acid (G) to mannuronic acid (M) ratio’s 

effect on the release of galantamine HBr. A larger amount of galantamine HBr release 

was observed from films with a higher G ratio. SEM analysis confirmed that the pore 

sizes of the alginate layer was larger when using a higher G ratio and could be 

attributed to the steric effects that guluronic acid exhibits. Using sodium alginate with 

a higher ratio of guluronic acid, allows for a greater amount of drug release due to its 

vertical orientation resulting in larger pores. 
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Free base galantamine was loaded into a sodium alginate and chitosan 

comprised bio-based polymer film, and successfully released in pH 7.8 phosphate 

buffer solution. UV analysis showed that using free base galantamine, as opposed to 

galantamine HBr, has a negligible effect on the overall release of galantamine, though 

it does have a faster burst release, due to a smaller size and a reduced amount of 

ionic interaction. It can be concluded that both galantamine HBr and free base 

galantamine can be released from bio-based polymer films with similar overall 

amounts of release whilst releasing effectively for approximately 16 hours. Free base 

galantamine allowing for a faster initial release but had no overall effect on the final 

amount of the drug release. Further studies on skin samples would be required to 

determine if removing the HBr salt does have an effect on galantamine permeating the 

skin. The similar levels of release for free base galantamine and galantamine HBr is 

likely due to the free base galantamine being protonated during either the loading or 

release process. 

Drug release from sodium alginate and chitosan comprised bio-based polymer 

films is larger in lower pH’s due to increased film degradation. Use of free base 

galantamine as opposed to galantamine HBr allowed for faster initial release but had 

no overall effect on the final amount of the drug release. The most effective release of 

galantamine HBr was obtained from films comprised of a single 3% sodium alginate 

layer, with a larger amount of guluronic acid content, and a single 3% chitosan layer. 

These statements should be considered if trials for the release of galantamine from 

bio polymer films onto skin were to take place.  
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Chapter 4 – Synthesis of Reducible 

Hyperbranched Polymers with Stimuli 

Responsive Properties and Drug Modifications 

to Enhance and Control Drug Delivery 

             

 

4.1 Overview 

 

This chapter focuses on the synthesis of polymers and drug modifications to 

aid, enhance and control drug delivery of galantamine from bio-based polymer films. 

Stimuli responsive hyperbranched polymers have demonstrated promising 

advantages for use as nanosized drug carriers in Targeted Drug Delivery (TDD) 

applications because of their unique 3D structure and ability to respond to external 

stimuli, such as fluctuations in pH and temperature. In this chapter, three reducible 

and dual responsive (pH and temperature) hyperbranched polymers were synthesized 

via Reversable Addition-Fragmentation Chain Transfer (RAFT) copolymerization of 2-

(dimethylamino)ethyl methacrylate (DMAEMA) and  disulfanediylbis(ethane-2,1-diyl) 

diacrylate (DSDA) using varying ratios; subsequently polymer chain extension using 

N-isopropylacrylamide (NIPAM) was conducted to afford the temperature responsive 

properties to the polymers. These polymers were characterised via Nuclear Magnetic 

Resonance (NMR), Gel Permeation Chromatography (GPC), and Ultraviolet-Visible 

Spectroscopy (UV-VIS). Responsive and reducible properties of the hyperbranched 

polymers were demonstrated by studying their solubility in acidic and basic solutions 

at different temperatures. The results demonstrated that the synthesis of reducible 

dual-stimuli responsive hyperbranched polymers that have the potential to load drug 

molecules and act as nanocarriers for drug delivery. These dual-stimuli responsive 

polymers can respond to changes in pH and temperature. Galantamine hydrobromide 

was encapsulated within a selected hyperbranched polymer, which was loaded into a 

sodium alginate – chitosan transdermal film and used to assess its effect on the 

release of galantamine hydrobromide against a film where the polymer is absent. 
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 Drug modification of galantamine is explored in an attempt to improve drug 

release and drug efficacy. (4aS,6R,8aS)-3-methoxy-11-methyl-4a,5,9,10,11,12-

hexahydro-6H-benzo[2,3]benzofuro[4,3-cd]azepin-6-yl, commonly known as 

‘memogain’ is a galantamine derived compound made through esterification of 

galantamine with benzoyl chloride. The resulting compound, memogain, has an 

increased lipophilicity as a result, which is assumed to give it an improved release 

from bio-based polymer films into the skin, and also to improve its bioavailability in the 

brain. Memogain was loaded into sodium alginate and chitosan bio-based polymer 

films via the Layer by Layer technique (LbL), which relies on the ionic interaction 

between alginate and chitosan to form films. Resulting films were released in pH 7.8 

phosphate buffer solutions, with samples being withdrawn at set time intervals, to 

monitor the rate of release, and the overall release. Memogain release from films was 

characterised using UV-VIS as a means of determining the concentration of 

galantamine HBr present in the withdrawn samples. These studies were conducted in 

order to better understand which of using stimuli responsive polymers, or using 

galantamine pro drugs, can better improve drug release and rate of release from bio-

polymer films. 

 

4.2 Introduction 

 

The use of stimuli responsive polymers in drug delivery is still seen as a recent 

scientific development. A common technique for synthesising stimuli responsive 

polymers is via the use of the RAFT polymerisation technique which allows for the 

tailoring of the functionality of stimuli responsive polymers depending on the 

functionality of the monomers, and the RAFT agent used[1]. Their unique functionalities 

have attracted attention as they can be used in what is commonly referred to as 

targeted drug delivery[2]. The functionality of the polymers allows them to respond to 

changes in microenvironments in the body which can be caused by various ailments[3]. 

These compounds have been seen to respond to small changes in the 

microenvironment caused by the unique physiology[4]. Diseases which cause 

environmental changes within the human body have resulted in research focused on 

the possibility of using pH and thermo-responsive polymers for use in targeted drug 
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delivery, with the advantage of avoiding adverse side-effects[5]. As a result of 

promising research, it may be possible to use stimuli responsive polymers to aid and 

enhance drug delivery from transdermal films to patients. 

Whilst polymers have been revolutionary in drug delivery, improved methods of 

drug delivery are constantly being reviewed. One such method of improvement is the 

introduction of hyperbranched polymers. Hyperbranched polymers are also three-

dimensional macromolecules, though they are highly branched structures capable of 

incorporating a vast number of functional groups[6]. Hyperbranched polymers have a 

wide variety of applications including use in light-emitting materials, biomaterials, 

coatings, adhesion and supramolecular chemistry[7]. Their increased solubility is 

advantageous in improving the rate of drug delivery. The first use of hyperbranched 

polymers was noted to be in 1990 in a description of the synthesis of 

poly(phenylene)[8]. Hyperbranched polymers have been exploited for their unique 

characteristics which have made them preferable to linear and dendritic polymers[9]. 

Hyperbranched polymers exhibit a three-dimensional structure and are mostly 

polydisperse with a globular shape, as opposed to a two-dimensional linear 

polymers[10]. The persistent level of synthesis required to formulate hyperbranched 

polymers is no more time consuming than that of its linear counterparts. As the name 

would indicate, hyperbranched polymers consist of a large degree of branching 

throughout the polymer structure. Branching can be quantified via the ratio of the 

branched units and terminal units consisting in the polymer structure in comparison to 

the linear segments, and can be calculated using their molar fractions[10]. There are 

various different topologies which can be exhibited in different types of hyperbranched 

polymers including star, brush, dendritic, cyclic and more. These are classed as non-

linear topologies [Figure 4- 1], where linear indicates continuous backbone structure 

with no significant side chains or branch points[11]. 
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Figure 4- 1: Six examples of non-linear hyperbranched topologies which can be 

exhibited[11]. 

 

Hyperbranched polymers are three-dimensional macromolecules which consist 

of monomers that are able to exhibit a large amount of branching, which can be seen 

in Multi Vinyl Monomers (MVMs)[12]. Hyperbranched polymers also have a desirably 

high solubility whilst possessing a low viscosity[13]; all properties which have been seen 

as beneficial in the aspect of drug delivery. Hyperbranched polymers tailored to have 

pH and thermo-responsive functionality could have increased efficacy and a larger 

drug payload than their linear counterparts, for use as drug delivery nanocarriers. It is 

also advantageous that whilst exhibiting properties that make hyperbranched 

polymers highly soluble, they have a number of terminal groups capable of being 

easily modified[14]. Hyperbranched polymers have been seen to be more stable in vivo 

than in classic self-assembled micelle drug delivery systems[15].  

When formulating hyperbranched polymers it is imperative that the molecular 

weight of the polymer is considered, along with its dispersity (Đ). Synthetic polymers 

have a distribution of chain lengths, each chain is denoted by a degree of 

polymerisation, which indicates how many monomers there are within a chain. If the 

degree of polymerisation is high, and the molecular weight of the monomers is high, 
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then the chain will have a high molecular weight. Low molecular weight monomers 

require a longer chain length to achieve a higher molecular weight. Polymer 

distribution makes it so the absolute molecular weight cannot be determined, but using 

analytical techniques, like GPC, the weight average molecular weight (Mw) and the 

number average molecular number (Mn) can be determined. Dispersity is the ratio of 

Mw to Mn where a dispersity value of close to 1 suggests the chains have a narrow 

distribution, and values greater than 1.5 indicate the chain distribution is broad. A high 

Đ can be expected in hyperbranched reactions[16]. The synthesis of a hyperbranched 

polymer can utilise controlled methods by slow monomer addition to the reaction, 

copolymerisation with core molecules, and purification methods where it is possible to 

limit the point of polymer precipitation to obtain a more desirable molecular weight[17].  

When designing a stimuli responsive hyperbranched polymer for targeted drug 

delivery, there are many factors to consider. When synthesizing the designed polymer 

structure, it is important to factor in the purification and safety, while trying to make the 

polymer as cost effective as possible[18]. Polymers which contain disulfide bonds can 

provide an effective method for the design of biodegradable polymeric delivery 

systems. An example of this can be how disulfide linkages have been used to resist 

accumulation in serum, and to reduce cytotoxicity levels in polyethylene glycol (PEG) 

- poly(aspartamide) hyperbranched polymers[19]. 

Hyperbranching allows for a multitude of chemical modifications which in turn 

allows for a multitude of varying properties depending on the chosen modifications. 

For example, in the case of the N-isopropylacrylamide (NIPAM) monomer, the ability 

to respond to temperature due to its thermo-responsive capability makes NIPAM an 

attractive monomer for the use in chain extension of a pre-synthesised hyperbranched 

polymer, in order for these properties to be added to the polymer functionality. NIPAM 

has a lower critical solution temperature (LCST) of 32ºC[20] which is the temperature 

in which it is no longer fully soluble in aqueous media[21]. The LCST of poly(NIPAM) 

can be changed depending on what monomers it is copolymerized with, and the 

resulting impact on the level of hydrophobicity or hydrophilicity[22]. 

The synthesis of pH responsive polymers, using pH responsive monomers such 

as 2-(dimethylamino)ethyl methacrylate (DMAEMA), can be achieved using radical 

polymerisation techniques[23]. RAFT is a technique which enables the ability to pre-
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plan the size, and the rate of reaction, of the resulting polymers. It is possible to use 

emulsion polymerization techniques for the synthesis of vinylic monomer 

polymerizations, though drug loading has been complicated when using this 

method[24].  

RAFT was deemed an exciting technique due to there being a vast amount of 

suitable RAFT agents which are versatile and capable of being used with a large 

number of monomers and different solvent mixtures[25]. The RAFT technique was 

discovered by the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO) in 1998. The CSIRO’s work on RAFT attracted considerable amounts of 

attention, and RAFT quickly became viewed as a revolutionary next step in the 

advancement of polymer synthesis technology[26]. It was found that RAFT opened up 

the possibility to use new methods to create macromolecules where the desired 

molecular weight could be achieved with ease by using the technique. It was also 

found to be possible that the macromolecules architecture could be pre-planned via 

the use of RAFT, allowing for the creation of structural types such as star, graft, comb, 

block and various other structural types[27]. RAFT was found to be capable of being 

used in a range of experimental conditions, with a large number of monomers, in a 

multitude of solvents and even in the use of preparing water-soluble materials[28]. 

The RAFT technique is a conventional method of free radical polymerisation 

using a substituted monomer with a compatible RAFT agent tailored for a reversible 

chain-transfer experiment. Using the RAFT technique, it is possible to achieve polymer 

synthesis with a low dispersity yet also with a relatively high functionality [Figure 4- 2] 

[29-30].  
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Figure 4- 2: A comparison of polymer chain lengths made via traditional free 

radical polymerisation technique against polymer chain lengths made using the 

RAFT polymerisation method with a dithiobenzoate raft agent[31]. 

 

The structure of a RAFT agent consists typically of a thiocarbonylthio group 

S=C-S with R and Z group substituents. R is a free radical leaving the group capable 

of reinitiating a polymerisation reaction, and Z has control over the reactivity of the 

C=S double bond and therefore impacts the rate of the radical additions and chain 

transfer [Figure 4- 3]. It is apparent that the R and Z substituents incorporated in the 

RAFT agents are integral to the prominence of the versatility when using the RAFT 

polymerisation technique[32]. 

 



  Chapter 4 
 

4-8 
 

 

 

Figure 4- 3: The typical structure of a RAFT agent, and the associated 

characteristics of a RAFT agent caused by its bonding and substituents. 

 

In terms of how the mechanism differs from its counterparts (e.g ATRP and 

FRP) in the area of controlled polymerisation techniques, the key difference is that the 

RAFT technique is dependent on degenerative chain transfer for the controllability of 

the reaction[33]. In RAFT polymerisation, the RAFT agent end groups become 

incorporated within the resulting synthesised polymer, which is advantageous as it can 

be used for bioconjugations[34]. The incorporation of the RAFT end groups can also 

cause polymers synthesised using this technique to obtain the colouration of its 

corresponding RAFT agent, which allows for studies including the resulting polymers 

redox sensitivity and susceptibility to heat degradation, possible to quantify via use of 

ultraviolet visible spectroscopy[35]. Like most polymerisation techniques, RAFT can be 

conducted as a one-pot synthesis. 

It is also possible to determine the functional groups present in the RAFT end 

groups. The RAFT end groups exhibit properties which either class them as an α – 

end group or an ω – end group[36]. Regardless of being an α – end group or an ω – 

end group, it is possible to exploit these end groups to further modify polymers using 

methods including, but not limited to, radical induced reduction[37], thermolysis[38], 

nucleophilic attack[39], and even via use of a Diels-Alder reaction[40]. One potential 

drawback of polymer modification is the potential requirement to eliminate the sulfur 

present in the chain end resulting from the incorporation of the RAFT agent. When 

sulfur removal is required, it is important to plan accordingly as to not affect the 

polymer stability and functionality, and to avoid any potential toxicity[41]. 
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Scheme 4- 1: The RAFT polymerisation mechanism[42]. 

 

The benefits of using RAFT polymerisation in polymer synthesis, tailored 

towards drug delivery, have caused researchers to move away from traditional linear 

polymers, due to the advantages of using multi-functional hyperbranched polymers 

synthesised using RAFT polymerisation[43]. It is feasible for the RAFT polymerisation 

technique to be used to create hyperbranched polymers [Figure 4- 4] with stimuli-

responsive properties, which can be used to encapsulate and release drugs in the 

human body when responding to environmental changes that trigger the polymer 

carrier to release the drug[44]. This is seen as a particularly interesting concept and is 

currently a very active area of research among those influencing the technological 

advancement of clinical drug delivery[45]. 
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Figure 4- 4: Types of geometries for linear, hyperbranched and dendrimer 

polymers[46]. 

 

In this chapter, dual responsive hyperbranched polymers were designed by two 

steps:  Step 1, RAFT polymerisation of DMAEMA with DSDA using 4-cyano-5-

(((dodecylthio)carbonothioyl)thio)-4-methylpentanoic acid (CDTMA) and the initiator 

azobis(isobutyronitrile) (AIBN) resulting in the synthesis of the initial pH responsive 

hyperbranched polymer. Step 2 is the chain extension of the PDMAEMA-DSDA with 

NIPAM [Figure 4- 5], using the initiator 4,4’-azobis(4-cyanovaleric acid) (ACVA), 

adding the thermo-responsiveness to the hyperbranched polymer, cationic polymer 

poly(DMAEMA) (PDMAEMA) which contains a tertiary amine group.  

 

Figure 4- 5: NIPAM chain extension to form a PDMAEMA-DSDA-NIPAM 

hyperbranched polymer. 

 

The polymers were characterised by NMR, GPC, and UV analysis. The polymer 

pH and thermo-responsiveness were tested by determining their solubility in acidic 

and basic conditions followed by analysing the polymers' LCST by heating the 

resulting dissolved polymers. The capability of being used as a drug carrier was 
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determined using the red dye carmoisine. Carmoisine was selected due to its ability 

to be loaded and released by the hyperbranched polymers and because it is easily 

detectable by UV-Vis. Carmoisine was loaded into the polymers and released upon 

the dissolving of the polymers – UV analysis was used to determine the extent of 

release. 

 

 

 

Scheme 4- 2: Synthetic route towards the product Poly(DMAEMA-DSDA). 

 

After the carmoisine was successfully loaded and released by the 

hyperbranched polymers, the loading and release of galantamine hydrobromide (HBr) 

was explored. Galantamine hydrobromide (HBr) was loaded into a p(DMAEMA-

DSDA) hyperbranched polymer consisting of a 99:1 ratio of DMAEMA to DSDA. The 

galantamine HBr infused p(DMAEMA-DSDA) was implanted into films comprised of 

alginate and chitosan – this was achieved via use of the Layer-by-Layer (LbL) 

technique[47]. These films were tested for their ability to release the drug by 

submerging the films in pH 7.4 and pH 4.0 phosphate buffer solutions to assess how 

the infusion of galantamine HBr in p(DMAEMA-DSDA) would affect the release of 
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galantamine HBr from the films. Samples were taken over a course of 24 hours, and 

then analysed via UV spectroscopy to determine the release of galantamine HBr. 

 

As previously discussed, galantamine is a type 1 positive modulator of alpha-7 

nicotinic acetylcholine which has been proven to inhibit enzymes from degrading 

acetylcholine in-turn preventing the breakdown of acetylcholine neurotransmitters[48-

50]. Memogain is a pharmacologically inactive prodrug of galantamine[51]. The reaction 

of galantamine with benzyl chloride results in the formation of benzoic ester analogue 

of galantamine, given the name memogain[52]. This results in memogain having 

increased levels of lipophilicity and hydrophobicity, as opposed to its parent drug 

galantamine, allowing it to penetrate the blood-brain barrier more readily[53]. Memogain 

has proven to have greater than a 15-fold higher bioavailability when compared to 

galantamine as the same dose[54]. Once in the brain, memogain undergoes 

enzymatical cleavage, returning it to its precursor drug, galantamine[55]. Once 

memogain has been cleaved back to galantamine in the brain, its ability to act as an  

acetylcholinesterase inhibitor is returned, though higher levels of galantamine can be 

present in the brain as a result of the ability to use increased dosages of memogain[56]. 

The ability to increase the dosage, and the increased levels of lipophilicity and 

hydrophobicity, makes memogain an exciting prospect as an improved 

acetylcholinesterase inhibitor[57]. 

Memogain has also proven to reduce the number of side effects when used as 

an alternative to galantamine. When memogain was used in place of galantamine, 

reduced amyloid plaque density in the brain was observed[58-59]. It has also been 

determined that gastrointestinal side effects, which are common occurrences in 

patients with acetylcholinesterase inhibitors, have been seen to be significantly 

reduced when memogain is administered[60]. Animal testing has also indicated that 

memogain may improve cognition more effectively than galantamine[61]. 
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4.3 Experimental 

 

 

4.3.1 Materials and Methods  

 

 Triethylamine (99%), 2-hydroxyethyl disulphide, acryloyl chloride (97%), 

sodium bi-carbonate (Na2HCO3), MgSO4, tetrahydrofuran (99%), CDCl3 (99.8%), 2-

dimethylamino)ethyl methacrylate, N-isopropylacrylamide (97%), 

azobis(isobutyronitrile) (98%), 4,4’-azobis(4-cyanovalericacid) (>75%), low viscosity 

sodium alginate (100%), chitosan (90%), acetic acid (99.5%), benzoyl chloride (99%), 

triethylamine (TEA) were purchased from Sigma Aldrich. Chloroform (98%), hexane 

(97%), HCl (36.6%), industrial methylated spirits (95.0%), ethyl acetate (99%), 

dichloromethane (DCM) (99.8%), dimethyl formamide (DMF) (99%), toluene (99.8%),  

diethyl ether (99.7%), magnesium sulphate (MgSO4), sodium chloride (NaCl), sulfuric 

acid (H2SO4), (99.99%), sodium carbonate (Na2CO3), sodium bicarbonate (NaHCO3) 

and sodium hydroxide (NaOH), formic acid (Optima LC-MS grade), methanol (Optima 

LC-MS grade) and  acetonitrile (Optima LC-MS grade)  purchased from Fisher 

Scientific. Galantamine hydrobromide was kindly donated by the Patrick Murphey 

Group at Bangor University. 4-cyano-5-(((dodecylthio)carbonothioyl)thio)-4-

methylpentanoic acid was synthesized according to published method[62]. If not 

otherwise stated, products were analysed by 1H NMR using CDCl3, containing 1% 

(v/v) TMS as reference (0.00 ppm), using a Bruker top spin 400 MHz NMR 

spectrometer. 
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4.3.2 DSDA Synthesis 

 

Scheme 4- 4: Synthesis of DSDA Monomer. 

 

 DSDA was synthesized according to the published method by Y. Huang et al[63]. 

Trimethylamine (22.25 mL, 0.16 mol), chloroform (100 mL), 2-hydroxyethyl disulphide 

(6.16 g, 0.04 mol) was placed in a 250 ml two neck round bottom flask (RBF). The 

solution was then purged with nitrogen and stirred at 0°C in an ice bath for 20 minutes. 

Acryloyl chloride (12.6 mL, 0.16 mol) was added dropwise at 0°C using a syringe, over 

a period of 30 minutes. The reaction mixture was allowed to warm to room temperature 

and left to stir for 36 hours under a nitrogen atmosphere. The formed salt by-product 

was removed by vacuum filtration. The remaining solution of the crude product was 

then washed sequentially with deionised water (2 x 75 mL), 0.1 M NaHCO3 solution (2 

x 75 mL) and an 0.1 M NaCl solution (2 x 75 mL). The organic layer was dried over 

MgSO4, filtered and concentrated in vacuo. The material was purified by gravity 

chromatography (Aluminium oxide, elution with dichloromethane) to afford the desired 

product DSDA (8.45 g, 61% yield). TLC was performed in 100% dichloromethane, 

showing the product Rf equalled 0.32. DSDA was analysed by NMR using a ‘Bruker 

top spin 400 mHz NMR spectrometer [Figure 4- 6].  
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Figure 4- 6: 1H NMR of DSDA in CDCl3. 

 
4.3.3 Synthesis of Hyperbranched Core DMAEMA-DSDA Copolymer  

 
Using RAFT polymerization, three different ratios of PDMAEMA:DSDA 

copolymers were synthesized, 99:1, 95:5, 90:10, and given the names ‘PDD1, PDD2 

and PDD3’ respectively. DMAEMA (5.4 mL, 35.2 mmol) was used in all three ratios, 

with varying amounts of DSDA. RAFT agent ‘4-cyano-5-

(((dodecylthio)carbonothioyl)thio)-4-methylpentanoic acid’ (CDCTMA), and -initiator 

‘azobis(isobutyronitrile)’ (AIBN) [Table 4- 1].  
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Table 4- 1: The ratios used for the synthesis of the three P(DMAEMA-co-DSDA) 
copolymers synthesised via RAFT polymerisation. 

Material 

 

Polymer Molar Ratio and Material Quantity 

PDD1 

99:1 

PDD2 

95:5 

PDD3 

90:10 

DMAEMA 99 95 90 

DSDA 1 5 10 

CDCTMA 1 5 10 

AIBN 1 5 10 

Yield (% wt.) 83% 78% 66% 

 

All the materials in the three different ratios were dissolved in tetrahydrofuran 

(5 mL). In all three processes, materials were placed in a 100 mL round bottom flask, 

purged with nitrogen for 15 minutes at room temperature, and then heated at 60°C 

and stirred for 16 hours. It was determined based on the viscosity increase of the liquid 

mixtures, as the stirrer bead that previously spun freely was no longer able to stir, that 

polymerization had occurred. Tetrahydrofuran (2 mL) was then added to dilute 

solutions and the reaction mixture was precipitated twice into a 7:1 hexane:diethyl 

ether solution 50 mL. The solutions were then decanted leaving a solid copolymer. 

Samples were dissolved in tetrahydrofuran (5 mL) and then precipitated into a 7:1 

hexane:diethyl ether solution (80 mL) again to improve purity. The solution was 

decanted, and the resulting solid was dried via the use of a vacuum oven for 24 hours 

at 40°C with a pressure of 150 mbar. 2 mg samples of each of the polymers were 

analysed via NMR analysis [Figure 4- 7] and the polymer composition was able to be 

determined using the resonances of peaks d and f in the spectra [Table 4- 2]. 
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Figure 4- 7: Structure and 1H NMR of P(DMAEMA-co-DSDA). 
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Table 4- 2: The actual ratios of PDMAEMA:DSDA samples obtained when 
attempting to synthesize the desired ratio. The feed ratio refers to the ratio of 
the monomers in the reaction. The polymer composition refers to the actual ratio 
of monomers comprised within the synthesized polymer. Polymer composition 
was obtained via NMR using (eq. 1). 
 

Sample 

Name 

Feed Ratio Polymer Composition Observation 

PDD1 99.0 : 1.0 99.0 : 1.0 Malleable, clumpy pale 

yellow solid 

 

PDD2 95.0 : 5.0 96.6 : 3.4 Varying sizes of Solid 

yellow flakes 

 

PDD3 90.0 : 10.0 94.8 : 5.2 Very viscous deep 

yellow solid 

 

Using sample PDD2 as an example calculation, the integration value per proton 

is calculated. This is performed using the sum of the integrations per repeat unit where 

A = DMAEMA and K = DSDA and the value is divided by the total number of hydrogens 

within the repeat unit. (eq. 4-1)  

 

∫ 𝑝𝑒𝑟 𝐻 =  
∫ 𝐴

3𝑥
=  

∫ 𝐾

6𝑦
 

 

The next step is to calculate the ratio of the repeat units in the polymer. This is 

determined by using the ratio of A, K, and Q from eq. 4-1. (eq. 4-2). 

 

4.115

3
:
0.290

6
= 1.3717: 0.0483 = 137.17: 4.83 

 

The sum of the ratio repeat units is then used to calculate the overall polymer 

composition as a percentage. (eq. 4-3) 

% 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =∶
137.17

142
;
4.83

142
∗ 100% = 96.6: 3.4 

 

 

(eq. 4-1) 

(eq. 4-2) 

(eq. 4-3) 
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4.3.4 Polymer Chain Extension with NIPAM 

 

Chain extension with NIPAM was achieved by reacting each of the three 

P(DMAEMA-co-DSDA) polymers (2.00 g) individually with NIPAM (2.00 g, 14.0 mmol) 

and initiator 4,4’-azobis(4-cyanovaleric acid) (ACVA) (40 mg, 0.14 mmol) in 

tetrahydrofuran (25 mL) [Table 4- 3].  

 

 

Table 4- 3: The actual ratios of P(DMAEMA-co-DSDA)-PNIPAM obtained when 
attempting to synthesize the desired ratio. Polymer composition obtained via 
NRM. 

Sample 

Name 

Feed Ratio Polymer 

Composition 

Yield (% wt.) Observation 

PDDN1 99.0 : 1.0 : 99.0 41.6 : 0.6 : 57.8 76% Pale Yellow 

Flakes 

 

PDDN2 95.0 : 5.0: 95.0 34.4 : 2.7 : 64.4 72% Deep Yellow 

Flakes 

 

PDDN3 90.0 : 1.0 : 90.0 47.5 : 4.9 : 47.6 70% Very Viscous 

Deep Yellow Solid 

 

 

In all three processes, materials were placed in a 100 mL round bottom flask, 

purged with nitrogen for 15 minutes at room temperature, before being stirred for 16 

hours at 60°C. Polymerization was determined based on the viscosity increase of the 

liquid mixtures, as the stirrer bead that previously spun freely was no longer able to 

stir. Precipitation and purification was achieved using the same method as the PDD 

polymers.  

The polymer composition of the P(DMAEMA-co-DSDA)-PNIPAM copolymers 

was determined in a similar manner to that of the P(DMAEMA-co-DSDA) copolymers 

(eq. 4- 1, eq. 4- 2 and eq. 4- 3) with the only change being accounting for the third 

repeating unit. An example of how to do this is shown in (eq. 4- 4) after which the step 

in (eq. 4- 2 and eq. 4- 3) are followed to determine the overall polymer composition. In 

(eq. 4- 4) A = DMAEMA and K = DSDA and Q = NIPAM. 
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∫ 𝑝𝑒𝑟 𝐻 =  
∫ 𝐴

3𝑥
=  

∫ 𝐾

6𝑦
=  

∫ 𝑄

4𝑧
 

 

Three P(DMAEMA-DSDA)-PNIPAM (PDDN) polymers of the ratios 99:1:99, 

95:5:95 and 90:10:90 were obtained and given the names ‘PDDN1, PDDN2 and 

PDDN3’ respectively. These samples were analysed by NMR. [Figure 4- 8]. 

 

 

Scheme 4- 5: The synthesis of P(DMAEMA-co-DSDA) and P(DMAEMA-co-

DSDA)-PNIPAM copolymers. 

 

 

 

 

 

 

 

 

(eq. 4- 4) 
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Figure 4- 8: Structure and 1H NMR of P(DMAEMA-DSDA)-PNIPAM (PDDN) 
polymers. 
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4.3.5 Testing for pH and Thermo Sensitivity 

 

10 mg samples of each of the P(DMAEMA-co-DSDA) polymers and the 

P(DMAEMA-co-DSDA)-PNIPAM polymers were subject to a solubility test by 

attempting to dissolve the polymers in media of varying pH values. Polymers were 

dissolved in pH values of 8.0, 7.4, 6.8, 6.0 at 25°C in order to determine the polymers' 

response to acidic and basic conditions, and the amount of dissolving which occurred 

at those pH levels. HCl and NaOH were used to adjust the pH values accordingly. The 

pH level of the solutions was determined via use of an ‘Orion Star A111 pH Meter’. 

The results of this testing can be found in the results and discussion in section 4.4.3. 

 

4.3.6 UV Testing 

 

A carmoisine dye solution was prepared by adding carmoisine (3.5 mg, 0.01 

mmol) to a pH 6.8 HCl solution (17.5 mL). 2.5 mL samples of the carmoisine solution 

were added to 7 separate sample vials; 6 for each polymer and one blank sample. 

Samples of 10 mg of each of the 3 PDMAEMA:DSDA, and the 3 

PDMAEMA:DSDA:NIPAM polymers were prepared and individually added to a 

sample vial containing carmoisine solution. The samples were heated to 50°C until 

precipitation occurred, then left to stand for 1 hour to allow for the precipitate to settle. 

After the carmoisine loading was complete, 1 mL samples of the supernatant liquid 

solutions were analysed via UV spectrometry at 380-700 nm. This gave a measure of 

the absorption of carmoisine into the polymer to assess drug loading potential. 

Samples were analysed using a ‘Shimadzu UV-3600’ UV spectrometer. The results of 

this testing can be found in the results and discussion in section 4.4.4. 

 

4.3.7 GPC Testing 

 

5 mg samples of each polymer were dissolved using DMF + 0.1% LiBr (1 mL). 

Samples were analysed using a ‘PL-GPC 50 Plus’ fitted with a refractive index (RI) 

detector at 40ºC. Samples were eluted through a one column system, with a guard 

column, at 15 minutes per sample. The column's running temperature was 40ºC and 

the column type was PolarGel-M with a flow rate of 1 mL/minute and an injection 
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volume of 100 µL. Poly(methyl methacrylate) (PMMA) was used as the calibration 

standard ranging from 180 Mp – 642000 Mp. The results of this testing can be found 

in the results and discussion in section 4.4.2. 

4.3.8 SEM Analysis 

Samples of bio-based polymer films consisting of 3% sodium alginate and 3% 

chitosan, were mounted onto a circular metal stud which used an adhesive carbon 

disk which enhanced conductivity. The samples were cut using a razor in order to 

encompass the entire surface area of the stub. The sample coated stubs were then 

placed inside a “Hitachi TM4000+ Tabletop SEM” and analysed. Three images were 

photographed of both sides of the films. Images were acquired using a BSE detector, 

a 15 kV voltage, and the sample chamber under full vacuum. The three Images taken 

consisted of magnifications of x150, x1000 and x10000. Two sodium alginate and 

chitosan biopolymer films were analysed - one loaded with the PDD3 encapsulated 

galantamine HBr, and a blank film with no loaded sample. No additional coatings were 

required. The results of this testing can be found in the results and discussion in 

section 4.4.5. 

 

4.3.9 Galantamine Release Study from Bio-Polymer Films 

Two samples of galantamine HBr (140 mg, 0.38 mmol) were added to solutions 

of deionised water (50 mL) and pH 4 dilute acetic acid (0.5 mM, 50 mL) respectively. 

A 250 mg sample of a PDD1 polymer was added to the solutions. The solutions were 

stirred for 3 hours. The 3% sodium alginate solutions, containing the galantamine 

infused P(DMAEMA-co-DSDA), were prepared by adding low viscosity sodium 

alginate (1.5 g) to the galantamine infused P(DMAEMA-co-DSDA) in deionised water 

solution. The 3% chitosan solutions, containing the galantamine infused P(DMAEMA-

co-DSDA), were prepared by adding chitosan (1.5 g) to the galantamine infused 

P(DMAEMA-co-DSDA) in dilute acetic acid (0.5 mM) solution. PET slides were cut into 

rectangular shapes with the dimensions of 7.5 cm x 2.5 cm. PET slides were washed 

with deionised water and industrial methylated spirits. LbL technique was used to 

obtain the films. The washed PET slide was placed into a solution of 3% sodium 

alginate for 5 minutes before being withdrawn, dried for 1 hour in air at room 
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temperature, and then placed into the 3% chitosan solution for 5 minutes. The contents 

of the PET slide were dried for 16 hours before the film was removed from the PET 

slide and weighed. 10 mg/mL phosphate buffer (50 mL) solution was prepared by 

dissolving phosphate buffer powder (500 mg) in deionised water (50 mL) and made to 

the appropriate pH level via addition of either dilute sodium hydroxide solution (1.0 M), 

or a dilute hydrochloric acid solution (0.1 M). After the film had been weighed, the film 

was submerged into a beaker containing phosphate buffer solution (50 mL, 10 mg/mL) 

for 24 hours with 2 mL samples being withdrawn at 10, 20,30, 50, 70, 90, 120, 180, 

240, 300, 360, 1440 minutes. 2 mL of fresh phosphate buffer solution was added each 

time a sample was withdrawn. Film drug release was tested in pH 7.4 and pH 4.0. The 

swollen film was then weighed. 1 mL of each of the collected samples was taken for 

UV analysis, using a ‘Shimadzu UV-3600’, and ran between ranges of 270 nm – 300 

nm using quartz cuvettes. The results of this testing can be found in the results and 

discussion in section 4.4.7. 

 

4.3.10 Synthesis of Memogain via Esterification Reaction of Galantamine with Benzoyl 

Chloride 

 

 

Scheme 4- 4: The synthesis of memogain using galantamine HBr and benzoyl 

chloride. (i) DMAP, triethylamine, Stirred at 300 rpm at room temperature for 20 

hours. 

Galantamine HBr (5.00 g, 13.58 mmol) was dissolved in dichloromethane (110 

mL), and the solution was cooled to 0ºC. Triethylamine (4.0 mL, 28.66 mmol) was 

added to the solution and the mixture stirred for 20 minutes at 0°C.  DMAP (0.83 g 
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0.50 mmol) was added followed by benzoyl chloride (2.2 mL, 1.20 mmol). The mixture 

was then allowed to warm to room temperature and stirred for 20 hours under nitrogen. 

TLC analysis in chloroform:methanol (9:1) indicated the reaction had gone to 

completion (Rf 1 = 0.45, Rf 2 = 0.53, spots were visualised in UV 254 nm [Figure 4- 

9]).  

 

 

Figure 4- 9: TLC of galantamine (G), galantamine/memogain cross-spot (CS) and 

memogain (M) in 9:1 chloroform to methanol. Rf value for memogain was 

determined to be 0.53. 

 

The reaction mixture was washed with 10% Sodium bicarbonate (3 x 150 mL), 

followed by brine (150 mL). The organic layer was dried over magnesium sulphate, 

filtered and concentrated in vacuo. The crude compound was analysed using NMR in 

CDCl3, and then purified via column chromatography. The crude compound was 
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dissolved in dichloromethane (10 mL) and passed through a 100 g silica column, using 

a 9:1 solvent mixture of chloroform and methanol. The relevant fractions were 

concentrated in vacuo to give memogain (3.27 g, 65%) as a white solid. The purified 

product was then confirmed to be memogain via NMR spectroscopy in CDCl3, and via 

mass spectroscopy analysis (MS) which gave an [M+H]+ of 392.19 Daltons 

corresponding to the desired product. NMR spectroscopy further proved the synthesis 

of memogain was successful, detailed in [Figure 4- 10].  

 

Figure 4- 10: The structure and 1H NMR of memogain in CDCl3. 
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4.3.11 Memogain Loading and Release from Sodium Alginate and Chitosan Bio-

Based Polymer Films 

 

A sample of Memogain (140 mg, 0.36 mmol) was dissolved in 9:1 deionised 

water to dimethylformamide (50 mL). A second sample of Memogain (140 mg, 0.36 

mmol) was dissolved in pH 4 dilute glacial acetic acid (50 mL, 0.5 mM) prepared by 

adding concentrated glacial acetic acid (1 M) dropwise to 1 L of deionised water. 

Sodium alginate (1.5 g) was added to the solution of memogain in deionised water 

and dimethylformamide. Chitosan (1.5 g) was added to the solution of memogain 

dissolved in pH 4 dilute glacial acetic acid. Both solutions were made up in separate 

50 mL volumetric flasks and stirred for 3 hours. This method was used to make 

memogain loaded 3% bio-polymer solutions. 

Using the Layer by Layer technique (LbL), A 7.5 cm x 2.5 cm PET slide was 

cut. The slide was cleaned using deionised water, then submerged in industrial 

methylated spirit for 1 hour to ensure the slide was clean. After drying, the PET slide 

was submerged vertically in a centrifuge tube containing 3% sodium alginate solution 

for 5 minutes. The memogain loaded sodium alginate covered slide was then dried for 

12 hours. The slide was then transferred to the galantamine loaded chitosan solution 

for 5 minutes using the same method. The process was repeated once, and then dried 

in air for 12 hours, resulting in the formation of a film. This process was repeated using 

sodium alginate consisting of higher amounts of α-1-glucuronic acid (G) as opposed 

to 1,4-β-d-mannuronic acid (M). 

A phosphate buffer solution (50 mL, 10 mg/mL) was prepared by dissolving 

phosphate buffer (500 mg) in of deionised water (50 mL) and made to the appropriate 

pH level via addition of dilute sodium hydroxide solution (1.0 M), or a dilute 

hydrochloric acid solution (0.1 M) depending on the pH required. After the phosphate 

powder had completely dissolved after 1 hour of stirring, the memogain loaded sodium 

alginate and chitosan comprised films were submerged in the phosphate buffer 

solution for 3 hours. 2 mL samples were withdrawn from the solution after 10, 20, 30, 

50, 70, 90, 120 and 180 minutes in which the solution had 2 mL of fresh phosphate 

buffer solution added after each sample withdrawal. Each withdrawn sample solution 

was analysed using a ‘Shimadzu UV-3600’ UV-Vis spectrometer using 1 mL quartz 
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cuvettes, cleaned using IMS followed by water, then dried between each sample being 

run. Phosphate buffer (10mg/mL) of the appropriate pH was used as the blank. Each 

release study was completed in duplicate. The percentage release of memogain was 

calculated using the Beer Lambert Law (eq. 4- 5). Release studies were completed in 

duplicate for each film of differing compositions. Maximum wavelength (λmax) was 

equal to 283 nm. 

A = ε.b.c  (eq. 4- 5) 

 

The Beer-Lambert Law (eq. 4- 5) is used to determine the concentration, which 

can be used in (eq. 4- 6) to determine the percentage release.  

Cw = C0 . Cr 

Wr = Ws - Wo 

                                                           V = Wr . ρ                (eq. 4- 6) 

n = V . Cw 

M = n . Mr 

%M = 100(Mt / M) 

Knowing the absorbance (A), molar absorptivity (ε) and length of the light path 

(b = 1 cm), it is possible to determine the concentration (C) in (eq. 4- 5). This 

concentration can be used to determine the percentage release of memogain using 

(eq. 4- 6), where Cw refers to the concentration of the drug in the film. Co is the 

prepared concentration of the drug. Cr refers to the concentration of the drug in the 

initial sample withdrawn. Wo is the original film weight. Ws refers to the swollen film 

weight. Wr refers to the difference between the original film weight and the swollen film 

weight, i.e the amount of weight increase of the film post swelling. V refers to the 

swollen volume. ρ refers to the density. n refers to the number of moles of the drug. M 

refers to the mass of the drug. Mr refers to the drug's molar mass. %M refers to the 

overall percentage release of the drug. Mt refers to the weight of the drug released at 

a set time in the release. 
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4.3.12 Exact Mass Determination of Memogain with LC-MS/MS 

 

4.3.12.1 Sample Reconstitution and Preparation of Memogain 

 

Dried samples were reconstituted and diluted as follows: memogain samples 

were reconstituted in acetonitrile, then diluted in 10% acetonitrile containing 0.1% 

formic acid. All samples were filtered through a 0.2micron PTFE filter. 

 

4.3.12.2 Chromatographic Separation of Memogain 

 

Reconstituted and diluted samples were kept at 15°C in the autosampler. The 

needle was washed with a solution of 10% methanol in water. The injection volume 

was 2 mL. Chromatographic separation was carried out on a Hypersil Gold C18 

column (100 x 2.1 mm, 1.9 mm particle size, Thermo Scientific) which was kept at 

40°C in the column oven. The flow rate was 0.4 mL/min throughout the experiment. 

 

4.3.12.3 Mobile Phase and Gradients for Memogain 

 

Memogain samples: mobile phase A consisted of 0.1% formic acid in water, 

mobile phase B consisted of 0.1% formic acid in acetonitrile. The gradient was: 0-3 

min, 10%-95% B; 3-4 min, 100% B; 4-4.5 min, 100%-10% B, 4.5-7 min, 10% B. 
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4.3.12.4 Mass Spectrometry of Memogain 

 

All LC-MS/MS experiments were performed on a Thermo Scientific Vanquish 

UHPLC system coupled to a Thermo Scientific Q Exactive Plus mass spectrometer, 

fitted with a heated electrospray ionisation (HESI-II) probe operated in positive 

ionization mode. The source parameters were: sheath gas flow rate, 45; auxiliary gas 

flow rate, 10; sweep gas flow rate, 2; spray voltage, 3.5 kV; capillary temperature, 

300°C; S-lens RF level, 50; auxiliary gas heater temperature, 300°C. Full MS scans 

were carried out with the following parameters: in-source CID, 0 eV; microscans, 1; 

resolution, 140’000; AGC target, 1e6; maximum IT, 500 ms; scan ranges: 100-1200 

m/z for memogain sample; spectrum data type, profile in appendices. 

 

Figure 4- 11: The Q Exactive Plus (Thermo Fisher) mass spectrometer. 

 

 

 



  Chapter 4 
 

4-31 
 

 

4.4 Results and Discussion 

 

 

4.4.1 DMAEMA-DSDA Polymers and Extension with NIPAM 

 

Upon synthesis of the three PDD polymers and the three PDDN polymers, the 

polymer compositions were determined via 1H NMR analysis. With reference to [Table 

4- 2] and [Table 4- 3], it is plausible that increasing the amount of DSDA results in a 

lower likelihood of achieving the desired polymer composition when left to stir for 16 

hours at 60°C. The correlation would also appear to be exponential when looking at 

the actual values against the desired values for the PDD2 and PDD3 polymers, and 

PDDN2 and PDDN3 polymers. It is likely that as the amount of DSDA is increased, 

there is a larger amount of unreacted monovinyl monomers removed upon working up 

the reaction after 16 hours, resulting in the increasing contrast in feed ratio to polymer 

composition.  

In the NIPAM chain extension step, there is a larger amount of NIPAM in the 

final polymer than DMAEMA, even though approximately equal weight amounts were 

used in the synthesis of the chain. This is believed to be due to the reactivity of 

NIPAM’s vinyl group. It is only in the PDDN3 polymer sample that there is almost the 

correct ratio of DMAEMA to NIPAM. The NMR peaks were in the same positions on 

the spectra for PDD1, 2 and 3, and for PDDN1, 2 and 3. The difference for each 

polymer is the intensity changes depending on the differing amounts of DSDA and 

NIPAM [Figure 4- 6 and Figure 4- 7]. For the three PDD samples, it was evident that 

the tertiary amine group from the DMAEMA monomer was present due to the 

appearance of a doublet peak at ∼2.28 ppm indicative of the two CH3 groups in the 

tertiary amine group. The triplet peak at ∼4.30 ppm-4.40 ppm is apparent due to the 

CH2 adjacent to the acrylate group from the DSDA monomer. In the PNIPAM chain 

extension NMR spectra, a new peak at ∼1.09 ppm-1.16 ppm can be observed. This is 

due to CH3 groups adjacent to a CH in the chain, which is evidence of the amide group 

from the NIPAM monomer present in the polymer chain. Polymer composition was 

determined using the ratios of the integration values after normalization – This was 

obtained by dividing the integrations of the peaks indicative of each monomer by the 

total of the integration values. 
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4.4.2 GPC Analysis 

 

With reference to the data tabulated in [Table 4- 4], it can be determined that 

due to the size increase of the polymers after chain extension with NIPAM, it 

represents successful chain extension. As the amount of DSDA in the polymer make-

up increases, the molecular weight decreases.  The largest polymers were made using 

the 99:1 ratios, while the smallest were made using the 95:5 ratios. 

 

Table 4- 4: Table contains GPC data for the six synthesized polymers in 

dimethylformamide.  

A: Polymer feed mol ratio (DMAEMA : DSDA for entries 1-3 and DMAEMA : DSDA : NIPAM for entries 4-6).  

B: Reaction time. C: Number average molecular weight. D: Weight average molecular weight. E: Dispersity. 

Entry Polymer 

Sampler 

FA RTB 

(hours) 
Yield 
(wt %) 

MnC 

(g mol-1) 

MwD 

(g mol-1) 

ƉE 

1 PDD1 99.0 : 1.0 16 83% 14.7 36.9 2.52 

2 PDD2 95.0 : 5.0 16 78% 1.1 3.6 3.45 

3 PDD3 90.0 : 10.0 16 67% 1.1 7.5 7.11 

4 PDDN1 99.0 : 1.0 : 99.0 16 76% 23.4 253.7 10.82 

5 PDDN2 99.0 : 5.0: 95.0 16 72% 9.5 23.1 2.43 

6 PDDN3 90.0 : 1.0 : 90.0 16 70% 7.1 31.5 4.44 
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Figure  4- 12: SEC chromatogram for the PDD and PDDN polymer samples. RI -

1 to RI - 6 is representative of entries 1 to 6 in [Table 4 – 4]. 

 

4.4.3 pH Sensitive and Thermosensitive Properties Analysed 

 

The PDD and PDDN polymer samples of different ratios were tested for their 

pH sensitive and thermo-sensitive capabilities. The data obtained [Table 4- 5] 

demonstrates that the polymer is pH sensitive as it dissolves in acidic solutions below 

pH 6.9. DMAEMA contains a tertiary nitrogen group which means it is a cationic 

monomer. This allows for proton acceptance upon being subjected to acidic 

conditions. Adding amide containing NIPAM to the polymer chain further increases the 

polymer hydrophilicity[64]. 

 
Table 4- 5: 10 mg samples of the three P(DMAEMA-co-DSDA) polymers and the 
Three P(DMAEMA-co-DSDA)-PNIPAM polymers of varying ratios tested for their 
solubility in four different pH’s; 8.0, 7.4, 6.8, 6.0. 

pH Polymer Sample 

 

PDD1 

 

PDD2 

 

PDD3 

 

PDDN1 

 

PDDN2 

 

PDDN3 

8.0 X X X X X X 

7.4 / / / X X X 

6.8 ✓ ✓ ✓ ✓ ✓ ✓ 

6.0 ✓ ✓ ✓ ✓ ✓ ✓ 

  ‘✓’ symbol represents ‘soluble’,’/’ symbol represents ‘partially soluble’,’ X’ symbol represents ‘insoluble’. 
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The DMAEMA monomer has a pKb of 8.3 at 25°C[65]. The results of the pH 

testing of the 6 polymers are in agreement with the proposed hypothesis that they 

would dissolve in acidic conditions due to its cationic nature. PDD polymers partially 

dissolved at pH 7.4, but fully dissolved in pH 6.8 and 6.0, while no dissolution at pH 

8.0 was observed. PDDN polymers also followed this trend apart from not partially 

dissolving at pH 7.4 unlike its PDD counterparts which is a result of a lesser content 

of DMAEMA in the polymer composition. The dissolved polymers were subjected to 

temperature increase to assess thermo-responsive capability. Above certain 

temperatures, and depending on pH, the PDD and PDDN polymers are water-

insoluble[66]. In double hydrophilic copolymers such as PDD and PDDN, changes to 

pH and temperature can cause parts of the polymer chain to become hydrophobic, as 

a result of coiling[67], while leaving other segments hydrophilic. This allows for the 

polymer to still be water soluble, but the solution will precipitate back out at higher 

temperatures[68].  

Upon reaching a temperature at which a polymer in solution goes from a clear 

homogeneous solution to precipitating and becoming visibly ‘cloudy’ as it has reached 

its cloud point (CP), otherwise known as Lower Critical Solution Temperature (LCST), 

and therefore the polymer LCST has been reached. LCST is the critical temperature 

at which the polymer in solution is completely miscible, whereas when the temperature 

of a solution is above the LCST, partial liquid miscibility is observed[69]. It is important 

to understand that the mixing of the phases is immediate when the temperature of the 

solution is below the LCST, but not above. The Gibbs free energy change in relation 

to the mixing of the phases is positive when above the LCST, and negative when 

below it[69]. The dissolved PDD and PDDN polymers, in pHs 6.0 and 6.8, were heated 

to 50°C to determine LCST values [Table 4- 6]. [Figure 4- 13] shows the change in 

properties of a PDD1 sample, in a pH 6.8 solution, when heated to its LCST of 32.7°C. 

The partially dissolved polymers observed very little clouding when heated and were 

omitted as a result [Figure 4- 13]. 
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Figure 4- 13: PDD1 sample dissolved in pH 6.8 solution before (left) and after 
(right) heating to its LCST of 32.7°C. The solution appears to be ‘cloudy’ as it 
has reached CP. 
 
 
 
 
 
 
 
 
Table 4- 6: The observed LCST values for the PDD, and PDDN polymers in acidic 

solutions. 

Polymer Solution LCST (°C) 

Sample pH 6.0 pH 6.8 

PDD1 35.5 32.7 

PDD2 37.6 36.4 

PDD3 43.7 41.3 

PDDN1 39.4 33.1 

PDDN2 43.1 36.7 

PDDN3 45.0 38.9 

 

 

LCST gives a strong indication of what temperature the polymer chain will 

collapse. As a result, the carried drug would be released when the polymers LCST is 

reached[70]. The data shows that increasing the amount of DSDA in the chain and 

adding NIPAM to the polymer chain decreases the solubility of the polymer. Usually 
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increasing the polymer chain length causes solubility to decrease. When a polymer 

becomes less linear, and more hyperbranched, it becomes less entangled. The 

surface area increases, but gaps form in between the branches of varying sizes. This 

allows water molecules to be able to enter and interact with the hydrophilic groups of 

the polymer.  

 

When the LCST is reached, the hydrophobic isopropyl group collapses causing 

a configuration change. DMAEMA also exhibits a change resulting in the polymer 

chain coiling and no longer being able to interact with water[71]. At this point 

precipitation is observed. The data also shows that decreasing the pH to more acidic 

conditions increases the LCST. The lower the pH, the more protonated the DMAEMA 

chains are so they are more hydrophilic. Higher temperatures are required to reach 

the LCST of a more hydrophilic chain[72].  

 

4.4.4 Carmoisine Loading 

 

To determine each of the PDD and PDDN’s ability to act as a nanocarrier in 

drug delivery, polymer samples were loaded with carmoisine (also known as 

Azorubine)[73].  Carmoisine [Figure 4- 14] is a red food colouring, which more 

importantly carries a negative charge. This allows for it to coordinate to the cationic 

positively charged tertiary amine group in DMAEMA. 

 

Figure 4- 14: The structure of carmoisine. 

 

10 mg samples of each polymer were dissolved in pH 6.8 carmoisine solution 

(2.5 mL). With the polymers still in solution, samples were placed into quartz cuvettes 

and taken for UV analysis[74]. Carmoisine absorption was determined using the 
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indicative peak at 576 nm.  Carmoisine loading into a polymer sample is indicative of 

the absorption of carmoisine left in the solution. When the polymer is introduced to the 

carmoisine solution, it is expected that the polymer will load an amount of carmoisine. 

The more carmoisine loaded into the polymer, the lower the absorption are there is 

now less carmoisine remaining in the solution. The results show that PDDN1 holds the 

most carmoisine, as the absorption of carmoisine in solution is the lowest for this 

sample [Figure 4- 15 and Table 4- 7] which suggests it has the highest drug loading 

potential.  

 

 

Figure 4- 15: Polymer sample absorption after being loaded with carmoisine. 
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Table 4- 7: PDD and PDDN polymer samples absorption amounts at wavelength 

λmax (nm). 

Sample λmax 
(nm) 

Absorption 

PDD1 576 0.423 
PDD2 576 0.413 
PDD3 576 0.572 

PDDN1 575 0.328 
PDDN2 576 0.351 
PDDN3 576 0.436 

 

The data also shows that the NIPAM chain extended polymers can hold more 

of the carmoisine, which is potentially due to the polymers' increased amount of 

hyperbranching. The areas of space within the polymer, created through 

hyperbranching, are able to hold more of the carmoisine, and therefore, more 

hyperbranching means more drug loading ability.  

Loading carmoisine into the polymers demonstrated that they have the potential 

to be used as carriers in drug delivery, and has given an indication on which polymer 

composition is preferable for drug loading. Knowing this, it would be expected that it 

is possible to do the same with galantamine HBr, using the PDD1 polymer as the 

primary candidate to ensure optimal drug loading and release. PDDN1 was not 

selected due to its lower solubility. 

 

4.4.5 SEM Analysis 

 

SEM images were taken to determine if the PDD1 polymer, encapsulated with 

galantamine HBr, had been successfully loaded into a 3% sodium alginate 3% 

chitosan biopolymer film. A film loaded with galantamine HBr encapsulated within the 

polymer was compared against that of a film with nothing loaded into it. 

Images were taken of both sides of the film to ensure both the sodium alginate 

and chitosan layer faces were analysed, to determine if loading had occurred, and to 

determine the size of the biopolymer films' pores. It is apparent from the SEM images 

taken from the sodium alginate faces of the two films that loading the galantamine 

encapsulated PDD1 polymer may have occurred due to the perceived change in the 

films' morphology [Figure 4- 16].  
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Figure 4- 16: SEM images of 3% sodium alginate 3% chitosan bio-polymer films 

from the sodium alginate faces. The features in the film on the left (A-C) are 

absent of the galantamine HBr encapsulated PDD1 polymer. The polymer is 

present in the images of the film on the right (D-F). Image magnifications 

increase from x150 (A and D) to x1000 (B and E) to x10000 (C and F). 

 

In the x150 and x1000 magnification images from the sodium alginate faces, it 

is clear in the polymer loaded films that there are multiple circular sites which are not 

present in the polymer absent film, indicating that the sites could be phase separated 

PDD-rich zones. This was less apparent in the chitosan face images, however circular 
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sites can still be seen, although less clearly than in the images of the sodium alginate 

face counterpart [Figure 4- 17]. 

 

 

Figure 4- 17: SEM Images of 3% sodium alginate 3% chitosan bio-polymer films 

from the chitosan faces. The features in the film on the left are absent of the 

galantamine HBr encapsulated PDD1 polymer (A-C). The polymer is present in 

the images of the film on the Right (D-F). Image magnifications Increase from 

x150 (A and D) to x1000 (B and E) to x10000 (C and F). 

 

It was possible to determine the size of the pore diameters in both the sodium 

alginate and chitosan layers of the film with the sodium alginate layer exhibiting pore 

diameter size range of 1 µm - 10 µm, and the chitosan layer exhibiting 300 nm – 2 µm. 
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The pore size of both the sodium alginate and chitosan layers could indicate that the 

loaded drugs will be able to release from the drug without a large amount of difficulty 

in pH 7.4 phosphate buffer solution. 

 

4.4.6 Galantamine Release from Polymers in Transdermal Films 

 

Transdermal films consisting of 3% sodium alginate and 3% chitosan were 

made, and loaded with galantamine HBr, encapsulated within the PDD1 polymer. 

Galantamine HBr was successfully released from transdermal films in pH 7.4 and pH 

4.0 phosphate buffer solutions. Films where galantamine HBr was encapsulated within 

the PDD1 polymer were assessed for its effect on the release of galantamine HBr 

against films where the PDD polymer was absent. Each release study, from films 

where properties varied, was repeated in duplicate. From the data presented in [Figure 

4- 18] it can be determined that encapsulating galantamine HBr in the PDD1 polymer 

increases the amount of galantamine released whilst also increasing the rate of 

release.  
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Figure 4- 18: The percentage release of galantamine HBr from 3% alginate and 

3% chitosan bio-based polymer films, where galantamine is present in all film 

layers. Comparing the presence and absence of PDD1 on the release, over a 24-

hour period in pH 4.0 phosphate buffer solution. 
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The film's drug release time is relatively consistent for up to 7 hours before the 

rate of release begins to slow. It can be assumed that the overall acidic nature of the 

film, as a result of chitosan being dissolved in pH 4, contributes to the increased 

release of galantamine HBr in film containing PDD1 when introduced to the pH 7.8 

phosphate buffer solution, as seen in [Figure 4- 18]. This is due to the PDD1 polymer 

responding to the acidic pH caused by the pH4 acetic acid used to form the chitosan 

layer.  

Through analysing the data in [Table 4- 8] and the results in [Figure 4- 19] 

comparisons are made between 3% sodium alginate/3% chitosan films where PDD1 

is either present or absent to determine the best composition of film for the release of 

galantamine HBr, and to assess how the use of galantamine HBr infused PDD1 affects 

the release form the more promising film compositions. The reasons for the selection 

of these film compositions are due to the findings in chapters 2 and 3 of this thesis. 
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Figure 4- 19: The percentage release of galantamine HBr from alginate and 

chitosan films, comparing the presence and absence of PDD1, and altering the 

pH, over a 24-hour period in phosphate buffer solutions. 
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Table 4- 8: A list of alternating alginate and chitosan layered bio-based polymer 

films, their composition, number of layers, pH of the alternating layers, the 

presence of galantamine HBr and PDD1, and the percentage (%) release of 

galantamine HBr from each film. 

 

Every film not containing the PDD1 polymer was made using sodium alginate 

and chitosan solutions with 140 mg of galantamine dissolved in them. Every film 

containing the PDD1 polymer was made in the same way as that without it, with 250 

mg of PDD1 added to each of the solutions. The data suggests that films containing 

PDD1 release a larger amount of galantamine HBr, and this can be attributed to acidic 

pH of the bio-based polymer films. When decreasing the pH of the solution to pH 4.0, 

the release of galantamine HBr from the bio-polymer films appears to increase, but by 

a negligible amount, and can be attributed to increased film degradation due to the 

acidic conditions. As seen in the previous chapter, films where drugs have been 

loaded into only the alginate layer have a lower release, which can be attributed to a 

Sample 

Name 

Alginate 

Percentage 

Chitosan 

Percentage 

Number 

of 

Layers 

in Film 

pH of 

Alginate 

Layer(s) 

Galantamine 

HBr in 

Alginate 

Layer(s)? 

Galantamine 

HBr in 

Chitosan 

Layer(s)? 

Galantamine 

HBr in 

Encapsulated 

in PDD? 

Percentage 

Release After 

10 Mins 

 

Percentage 

Release After 

1440 Mins 

GLT1 3 3 2 7 ✔ ✔ x 51.3% 74.6% 

GLT2 5 3 2 7 ✔ ✔ x 51.0% 68.3% 

GLT3 3 5 2 7 ✔ ✔ x 55.8% 74.7% 

GLT4 3 3 4 7 ✔ ✔ x 38.7% 52.0% 

GLT5 3 3 2 4 ✔ ✔ x 62.1% 82.5% 

GLT6 3 3 2 7 ✔ x x 33.5% 47.7% 

GLT7 3 3 2 7 x ✔ x 46.3% 61.2% 

GLT8 3 3 2 4 ✔ ✔ ✔ 63.7% 83.4% 

GLT9 3 3 2 7 ✔ ✔ ✔ 50.6% 66.3% 

GLT10 3 3 2 7 ✔ x ✔ 59.9% 81.8% 
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mixture galantamine and sodium alginate having complimentary charges, and there 

being no galantamine present on the surface of the chitosan face of the film.  

It can be concluded that the pH responsiveness of the PDD1 polymers 

responds to the acidic conditions present when the film enters the phosphate buffer 

solution and releases the encapsulated galantamine HBr. The films without PDD1 

present do not respond to the pH change, and as a result the PDD1 absent films 

release, on average, almost 9% less galantamine HBr than their PDD1 present 

counterparts.  

The release of PDD1 encapsulated galantamine HBr from bio-based polymer 

films was finally compared to a film of the same 3% sodium alginate/3% chitosan 

composition in [Figure 4- 20]. It was concluded that the release of free base 

galantamine was comparable to that of galantamine HBr, likely as a result of free base 

galantamine becoming protonated during the LbL process, and therefore PDD1 

encapsulation of galantamine resulted in the largest amount of release. 
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Figure 4- 20: Percentage release of galantamine comparison between films 

releasing galantamine HBr, PDD1 encapsulated galantamine HBr, and free base 

galantamine from 3% sodium alginate/3% chitosan bio-based polymer films, 

where galantamine is present in all film layers. 
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4.4.7 Memogain Synthesis and use in Bio-Based Polymer Films for Transdermal Drug 

Release 

 

Using the method outlined in section 4.3.12, memogain was successfully loaded into 

bio-based polymer films[75]. As determined in Chapter Three, A larger amount of 

galantamine HBr release was observed from films with a higher guluronic acid (G) to 

mannuronic acid (M) ratio as a result of increase pore size in films comprised with 

alginate where the ratio of G is larger. Knowing this, the use of high G alginate in films 

loaded with memogain was desired in order to compare it to that of its galantamine 

loaded counterparts. Films were prepared consisting of 3% low G sodium alginate and 

3% chitosan, and 3% high G sodium alginate and 3% chitosan. Release studies in pH 

7.8 phosphate buffer solutions were conducted and compared with the results of 

galantamine HBr released from films of the same compositions obtained in Chapter 

Three. 

The data collected in [Table 4- 9 and Figure 4- 21] shows the release of 

memogain from sodium alginate and chitosan films. 
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Table 4- 9: The percentage release of memogain from 3% low G sodium alginate 

and 3% chitosan films, in pH 7.8 phosphate buffer solution, over 24 hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10 35.5 32.8 34.1 1.9 

20 36.9 33.8 35.3 2.2 

30 38.6 35.1 36.8 2.5 

50 40.3 37.4 38.9 2.0 

70 41.9 38.4 40.1 2.5 

90 43.5 39.6 41.6 2.8 

120 44.6 40.7 42.6 2.8 

180 45.2 41.5 43.3 2.7 

240 46.0 42.1 44.0 2.8 

300 46.3 43.2 44.7 2.2 

360 47.6 43.9 45.8 2.6 

1440 48.4 45.6 47.0 2.0 

 

 

Figure 4- 21: The 24-hour average release profile of memogain from low G 3% 

sodium alginate/ 3% chitosan films in pH 7.8 phosphate buffer solution. 
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The data collected in [Table 4- 10 and Figure 4- 23] shows the release of 

galantamine HBr from sodium alginate and chitosan films, where the same amount of 

either memogain or galantamine was present in each film. This allows for comparison 

between the release of galantamine HBr and memogain from the bio-based polymer 

films. 

 

Table 4- 10: The percentage release of memogain from 3% high G sodium 

alginate and 3% chitosan films, in pH 7.8 phosphate buffer solution, over 24 

hours. 

Time (mins) Release 1 

(%) 

Release 2 

(%) 

Release 

Average (%) 

Percentage 

Error 

(%) 

10.00 66.7 69.8 68.3 2.2 

20.00 74.4 72.3 73.4 1.5 

30.00 76.0 74.5 75.2 1.1 

50.00 79.4 75.0 77.2 3.1 

70.00 81.8 77.8 79.8 2.9 

90.00 84.3 81.1 82.7 2.3 

120.00 86.5 83.2 84.9 2.3 

180.00 88.5 85.5 87.0 2.1 

240.00 90.4 87.7 89.1 1.9 

300.00 91.6 89.9 90.7 1.2 

360.00 91.8 91.8 91.8 0.0 

1440.00 93.3 93.8 93.6 0.4 
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Figure 4- 23: The 24-hour average release profile of memogain from high G 3% 

sodium alginate/ 3% chitosan films in pH 7.8 phosphate buffer solution. 

 

It can be concluded that the hydrophobic nature of memogain results in a lower 

release than galantamine HBr when released from films consisting of low G alginate, 

but a higher release when released from high G films. The reason for a much lower 

release in low G films is largely due to the pore size (measured in Chapter Three) in 

the low G alginate films[76]. However, when the vertically oriented chair structured 

glucuronic acid concentration is increased, the result is a larger pore size - large 

enough for memogain to permeate[77]. Over 93% release of memogain was observed 

in the high G sodium alginate and chitosan films, which is the highest amount of 

release achieved in this research, and close to a full release of a drug from a bio-

based polymer film [Figure 4- 24].  
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Figure 4- 24: The release of galantamine HBr and memogain released from films 

consisting of either low G or high G sodium alginate and chitosan, over 24 

hours. Released in in pH 7.8 phosphate buffer solution. 

 

This level of release can be attributed to the addition of the benzoic ester 

causing an increased amount of lipophilicity allowing it to permeate the film and 

release into a solution more easily due to memogain being less polar. Memogain’s 

higher lipophilicity, whilst also reducing the level of side effects caused by 

galantamine, and its apparent larger release from bio-based polymer films, makes it 

an ideal candidate for drug release from bio-based polymer films via transdermal drug 

delivery for people suffering with Alzheimer’s disease. 
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4.5 Conclusions 

 

Three dual responsive hyperbranched polymers were successfully prepared 

using Reversible Addition–Fragmentation chain Transfer (RAFT) copolymerization of 

a monovinyl monomer DMAEMA with a divinyl monomer in DSDA following chain 

extension with NIPAM[78]. DSDA was copolymerized with DMAEMA via RAFT 

polymerisation process to generate a hyperbranched PDMAEMA-DSDA (PDD) 

copolymer. Three fee ratios of PDMAEMA:DSDA were used (99:1, 95:5, 90:10) in the 

synthesis of hyperbranched PDMAEMA-DSDA. Research was conducted to 

determine how the change in ratio affects the molecular weight, pH sensitivity and the 

lower critical solution temperature (LCST). 

 

These new types of hyperbranched polymers have demonstrated pH-

responsive properties due to the tertiary amine group in DMAEMA. The polymer's 

ability to act as a nanocarrier was assessed by loading the polymer with carmoisine 

dye and using qualitative UV spectrometry to analyse the amount of absorption for 

each polymer. 

  After excessive pH solubility testing, thermo-responsive testing, 

qualitative UV spectrometry analysis, and GPC analysis, it can be determined that the 

polymers respond to changing pH, temperature change. Polymer ‘PDDN1’ was 

deemed to be the best candidate due to its impressive responses and ability to load 

the highest amount of carmoisine. However, due to its lower solubility, it was not used 

in the trials for assessing the effect of using a stimuli responsive polymer in a 

galantamine loaded bio-based polymer film. 

Galantamine was encapsulated inside PDD1 polymers. The polymer was 

assessed for its effect on galantamine release from films comprised of alginate and 

chitosan by monitoring the amount of galantamine released from films with and without 

PDD1 over a 24-hour period. The films are acidic in nature as a result of chitosan 

requiring a pH level of 4 to dissolve it. As the bio-polymer films are created using acetic 

acid, it is likely that the acidic properties of the films meant that the introduction of 

PDD1 cause an increased amount of galantamine to be released from films, as 
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opposed to films that did not contain PDD1, as PDD1 will respond to the acidic 

conditions. This is a direct result of the pH responsive DMAEMA groups in the 

hyperbranched polymer prompting an increased release of galantamine HBr due to 

the acidic conditions causing the PDD1 polymers to release the encapsulated 

galantamine. The films without PDD1 released less galantamine due to the pH having 

no effect on the release, meaning there was no prompt for the galantamine to be 

released as optimally as its PDD1 containing counterparts. 

Research was conducted to determine ideal modifications which can improve 

the efficacy and release of galantamine. Memogain was selected for its increased 

lipophilicity, and its ability to better permeate the blood-brain barrier. Memogain was 

successfully synthesized by the addition of a benzyl ester to the galantamine 

compound. Release studies were conducted to compare the effect of release from bio-

based polymer films between galantamine and memogain. It was found that in bio-

based polymer films containing low G alginate and chitosan, that the release of 

memogain was lower than that of galantamine, due to the hydrophobic nature of 

memogain. However, when using high G alginate instead of low G alginate, the 

release of memogain is substantially increased, and even resulted in percentage 

release levels of above 93% of the loaded compound. High G alginate resulted in a 

higher release due to glucuronic acid's vertical orientation, as opposed to mannuronic 

acids horizontal orientation, resulting in a larger pore size which allows for the easier 

release of memogain. The increased level of release can be attributed to the addition 

of the benzoic ester causing an increased amount of lipophilicity which allows it to 

permeate the film and release into a solution more easily than galantamine. In 

conclusion, memogain is an exciting candidate for use in transdermal drug release 

due to its increased lipophilicity and percentage release from bio-based polymer films, 

along with its ability to permeate the blood brain barrier more effectively whilst reducing 

side effects which can be caused by galantamine. 

In conclusion, galantamine was encapsulated inside PDD1 polymers which 

were loaded and released from bio-polymer films, with larger amounts of galantamine 

being released when PDD1 polymers were present than when they were absent, as 

well as faster rate of release. This showed promise for the use of infusing stimuli 

responsive polymers with galantamine to better improved drug release. However, 
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when exploring the effect of using galantamine prodrugs on overall drug release and 

the rate of release, it was found that when releasing memogain from a bio-polymer 

film the highest overall drug release and rate of release was observed. Memogain 

exhibits enhanced properties which allow for more efficient drug release or efficacy. 

Memogain can be released from sodium alginate and chitosan bio-based polymer 

films, with the release from films consisting of high G alginate observing large and 

desirable levels of drug release. This leads to the understanding that exploring the use 

of galantamine prodrugs to improve drug release, and the rate of release, appears to 

be preferred to the use of stimuli responsive polymers. 

Further research is required to assess the release of galantamine, when infused 

in PDD1, from films comprised of high G alginate. This is in order to form a direct 

comparison between the release of galantamine from these films with the release of 

memogain from high G sodium alginate films. Whilst using memogain appeared to 

show the most promise in terms of improving the overall release, we cannot rule out 

the use of PDD1 until this data is obtained. It would also be sensible to attempt to 

infuse PDD1 with memogain and assess the release of the drug from the sodium 

alginate and chitosan comprised bio-polymer films.  

It would be of interest to explore the use of different stimuli responsive polymers 

for candidates in aiding drug release to see how they compare to that of the PDD and 

PDDN polymers. Further work should include the synthesis of various galantamine 

prodrugs for the assessment of their ability to be loaded and released from bio-polymer 

films, as well as their overall drug release and rate of release. Whilst a higher overall 

release of galantamine (or a galantamine prodrug) is preferred, one factor of this 

research which has not yet been properly explored is what exactly is the optimal rate 

of release of galantamine, and potentially galantamine prodrugs. If this work is 

continued, it will be important to determine the optimal rate of release, and which 

conditions will allow for that rate of release to be obtained.  
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Chapter 5 – Concluding Remarks and Future 

Work 

             

 

5.1 Introduction 

 

 The aim of the research conducted in this thesis was to develop a 

method for formulating a bio-based polymer transdermal drug delivery system capable 

of loading and releasing drugs which will be beneficial for use in the treatment of 

patients suffering with Alzheimer’s Disease. The chapters in this PhD focused on the 

areas of bio-based polymer film formulation for transdermal drug release, stimuli 

responsive hyperbranched polymers, and drug modification tailored towards modifying 

drug release and improving drug efficacy. This concluding chapter focuses on the 

findings of the research which have been conducted over this project, and a general 

conclusion with regards to the outcomes determined by the results of this project. This 

chapter also includes a general discussion of how future research, in this project area, 

could be directed.  

 

5.2 General Conclusion and Future Work 

 

 Bio-based polymers were used to create gels and films as candidates to 

be used as transdermal drug delivery systems. Soybean oil epoxidized acrylate 

(AESO) cross-linked with pentaerythritol tetrakis(3-mercaptopropionate) (QT) yielded 

gels that were soft, malleable and flexible, but did not meet the full criteria desired as 

the gels were not homogenous, too thick and easily broken. This led to putting the use 

of these materials as a candidate for a transdermal delivery system on hold, and 

instead bio-polymers with more desirable properties were sought.  

Thiolated dextran cross-linked with PEG diacrylate (PEGDA) was explored as 

a possible candidate. Michael addition of the materials was successful, and a film was 
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created. However, the resulting properties of the film also didn’t meet the desired 

criteria as the film was too hard and brittle to be considered for use as a transdermal 

delivery system. This led to the exploration of sodium alginate films.  

Sodium alginate with either calcium chloride or chitosan, using the layer by 

layer technique (LbL), resulted in films that met the desired criteria for films to be used 

as a candidate for a transdermal delivery system. These films were soft, flexible, 

homogenous, thin, and were not easily broken. Chitosan was selected due to the 

resulting films being thinner and more durable. When soaked in water, these films 

were able to swell, with the sodium alginate/chitosan films swelling to 7000-9000% of 

their original weights. 

As sodium alginate and chitosan comprised bio polymer films swelled by a 

substantial amount, more than the sodium alginate and calcium chloride comprised 

bio polymer films, these materials were explored for their ability to load and release 

galantamine. Galantamine HBr was successfully loaded into the bio polymer films, by 

using the Layer by Layer technique[1] highlighted in chapter 3 section 3.3.3. SEM and 

UV analysis confirmed that galantamine HBr could be loaded and released from the 

sodium alginate and chitosan bio-based polymer films. The release of galantamine 

from the films was made possible as a result of the bio polymers absorbing the 

phosphate buffer solution, allowing for the galantamine HBr to diffuse. The 

galantamine HBr present on the surface, and close to the surface, of the films is able 

to diffuse quickly which causes the large burst releases. The galantamine HBr 

embedded deeper within the films takes longer to diffuse as the barrier for them to 

cross is larger, and in the case of the galantamine loaded in the sodium alginate layer, 

is even slower to be released due to the charge interaction. Both galantamine and 

chitosan are positively charged, whereas sodium alginate is negatively charged. The 

films do not fully dissolve in solution which means the galantamine release must be 

attributed to the galantamine diffusing within the hydrated film structure [Figure 5- 1]. 
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Figure 5- 1: The release of galantamine HBr from a sodium alginate and chitosan 

comprised polymer film when submerged in phosphate buffer solution. 

 

Release studies were conducted to determine the optimal film composition, 

and the effect of altering the pH of the release media on the release. It was 

determined that increasing the concentration of chitosan results in a negligibly lower 

release of galantamine HBr. However, increasing the concentration of sodium 

alginate greatly reduces the amount of release, due to iconic interaction between the 

bio-based polymer and galantamine. 

Films were tested using sodium alginate with an increased amount of 

guluronic acid (G) to assess the effect of using a higher ratio of guluronic acid (G) to 

mannuronic acid (M) and whether this affected the release of galantamine HBr. A 

larger amount of galantamine HBr release was observed from films with a higher G 

ratio. SEM analysis confirmed that the pore sizes of the alginate layer was larger 

when using a higher G ratio and could be attributed to the steric effects that 

guluronic acid has on the alginate polymer change, as it adopts a vertical orientation 

unlike mannuronic acid (M) which has a horizontal orientation. 

Films using as low a concentration of sodium alginate and chitosan, whilst not 

compromising the films structural integrity, make for better candidates for drug 
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release. Using sodium alginate with a higher ratio of guluronic acid, allows for a 

greater amount of drug release due to its vertical orientation resulting in larger pores. 

A higher drug release from sodium alginate and chitosan comprised bio-based 

polymer films is observed in the presence of lower pHs due to increased film 

degradation. If films are formulated taking into account the statements made in this 

paragraph, whilst releasing at lower pH values the result will be upwards of a 70% 

release of galantamine over 16 hours, with the majority of that released within the 

first 6 hours. 

There are concerns with regards to galantamine HBr being able to permeate 

the epidermis and dermis layers of the skin, due to the HBr salt having the capability 

to prevent absorption through the skin due to interactions with oils in the skin. The 

HBr salt was successfully removed from galantamine HBr to form free base 

galantamine. Free base galantamine was loaded into a sodium alginate and chitosan 

comprised bio-based polymer film, and successfully released in pH 7.8 phosphate 

buffer solution. However, there was negligible difference in the overall release of the 

free base galantamine when compared to that of galantamine HBr whilst releasing 

effectively for approximately 16 hours. This would suggest that the free base 

galantamine becomes protonated at some stage during the loading and release 

process, meaning that the same restrictions, caused by ionic interaction, are seen. 

Further studies on skin samples would be required to determine if removing the HBr 

salt does have an effect on galantamine permeating the skin. 

Three dual responsive hyperbranched polymers were successfully prepared 

using Reversible Addition–Fragmentation chain Transfer (RAFT) copolymerization of 

a monovinyl monomer DMAEM with a divinyl monomer in DSDA following chain 

extension with NIPAM[2]. These new types of hyperbranched polymers have 

demonstrated pH-responsive properties due to the tertiary amine group in DMAEMA. 

The work conducted in chapter 4 section 4.4 showed that a film comprised of a 99:1 

ratio of DMAEMA to DSDA showed the largest potential to be used as a drug delivery 

vehicle. Galantamine was encapsulated inside 99:1 PDMAEMA:DSDA (PDD1) 

formulated polymers [Figure 5- 2]. 
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Figure 5- 2: PDD1 being stimulated to release galantamine HBr from a sodium 

alginate and chitosan comprised polymer film when submerged in a pH 4.0 

phosphate buffer solution. 

 

PDD1 encapsulates galantamine HBr within pockets of the bio-polymer film. As 

PDD1 is pH sensitive, when the pH 4 phosphate buffer solution is absorbed by the 

film, and comes into contact with PDD1, galantamine HBr is released by the polymer, 

and makes its way through the film and into the solution. It is likely that the PDD1 

which is loaded deep within the film may not release the galantamine due to lack of 

stimuli. The galantamine released in the sodium alginate layer will face the same 

difficulties in terms of ionic interaction as discussed previously, resulting in a slower 

release from that portion of the film. It was observed in chapter 4 section 4.4.6 that 

larger amounts of galantamine being released when PDD1 polymers were present 

than when they were absent, as well as faster rate of release.  Over 83% of the 

galantamine loaded within the sodium alginate and chitosan comprised film was 

released when PDD1 was present, and the film was submerged in a pH 4.0 phosphate 

buffer solution. 81% of the galantamine was released in the first 6 hours. 
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Stimuli responsive polymers showed promise for improving the control of the 

rate of release and improving the overall. Research was conducted to see how the 

release of galantamine prodrugs compares to that of galantamine both when PDD1 

was present and absent. The galantamine prodrug ‘memogain’ was selected for its 

increased lipophilicity, and its ability to better permeate the blood-brain barrier. As 

seen in chapter 5 section 4.4.7, the release of memogain from a bio-polymer film 

comprised of high G sodium alginate and chitosan was the highest of all of the release 

studies, being the first release study to show over a 93% release of a drug from a bio-

based polymer film, with 91% released in the first 6 hours.  

Memogain has the ability enter the blood stream and permeate the blood brain 

barrier more effectively, whilst reducing side effects which can be caused by 

galantamine. Memogain’s higher lipophilicity, being more hydrophobic than 

galantamine, and its apparent larger release from bio-based polymer films, makes it 

an ideal candidate for drug release from bio-based polymer films via transdermal drug 

delivery for people suffering with Alzheimer’s disease. 

Future work should include the exploration of alternative bio-based polymers 

for use in transdermal drug delivery, including a revisitation of soybean oil and dextran 

as candidates. Methods for delivery of drugs from bio-based polymer transdermal films 

into patients needs to be determined, with an emphasis on how the films will be 

administered to patients’ skin, and how release from films will be invoked.  

Further release studies into determining how adding a calcium chloride layer, 

on the outside of a galantamine loaded sodium alginate and chitosan comprised film, 

should be explored. This would be in order to ensure that there would not be any 

galantamine on the surface of the film, and that the rate of release can be determined 

without assuming some galantamine may have been washed off of the film's surface 

on contact with the buffer solution. It is also important for future work to determine the 

desired rate of release of galantamine, and galantamine prodrugs, from bio-based 

polymer films. 

Tests on drug release from bio-based films on skin are required to determine 

the effectiveness of the film's drug release through skin barriers, and to assess how 

the films interact with skin. It may also be prudent to seek an adhesive material to be 
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used as a sufficient cover for the films, and as a backing cover to the film, to ensure it 

is not exposed when applied to skin. It may be of interest to explore further drug 

modification, or use of different stimuli responsive polymers, which can improve the 

rate of overall release of drugs from transdermal films. 

In the time that this thesis was being written, results were published of a study 

in which lecanemab, a monoclonal antibody with the ability to bind to amyloid-beta, 

was found to reduce the size of amyloid-beta build-ups in the brain[3]. This could be a 

historic breakthrough in the field and could lead to more efficient therapies. One 

downside is that lecanemab is administered as a two-weekly infusion[4]. The future of 

lecanemab may involve trying to source a more convenient form of delivering the 

therapy so that patients are not required to go to hospital as frequently and to allow 

for carers to assist in delivering the medicine. One such method could be to deliver 

lecanemab transdermally through a film, patch, or SC injection. 
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Chapter 6 – Appendices 

             

 

6.1 Centrifuging 

All the centrifuging conducted in this project was achieved using a ‘Thermo Heraeus 

Megafuge 16r Centrifuge’. 

 

 

Figure 6- 1: A Thermo Heraeus Megafuge 16r centrifuge. 
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6.2 Film Thickness 

 

All film thickness measurements were obtained via the use of a ‘Z169048-1EA 

Micrometer’ (±0.01 mm) 0 mm -21 mm. 

 

Figure 6- 2: The Z169048-1EA micrometer (±0.01 mm), length of 0 mm -25 mm, used 

to determine film thickness. 

 

6.3 Nuclear Magnetic Resonance (NMR) 

 

All NMR’s were obtained via use of a ‘Brucker 400 MHz Nuclear Magnetic 

Resonance spectrometer’. 

 

Figure 6- 3: The Brucker Ultrashield Plus 400 MHz NMR machine. 
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6.4 Fourier-transform infrared spectroscopy (FTIR) 

 

All IR-Spectra were obtained via use of a ‘Bruker Alpha Platinum ATR Machine’. 

 

Figure 6- 4: A Bruker Alpha Platinum ATR machine used for FTIR.
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Figure 6- 5: IR spectra for galantamine hydrobromide. 
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Figure 6- 6: IR spectra for free base galantamine. 
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Figure 6- 7: IR spectra for memogain. 
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6.5 Thiolated Dextran 24 Hour Experiment NMR 

 

 

Figure 6- 8: The NMR for the 48-hour reaction of thiolated dextran. 
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6.6 NMR of Materials Extracted from Daffodil Bulb Liquid Extract 

 

 

Figure 6- 9: Extraction from daffodil bulb liquid extract Method A NMR. 
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Figure 6- 10: Extraction from daffodil bulb liquid extract Method B NMR. 
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Figure 6- 11: Extraction from daffodil bulb liquid extract Method C NMR. 
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Table 6- 1: A list of alternating alginate and chitosan layered bio-based polymer 

films, their composition, number of layers, pH of the alternating layers, the 

presence of galantamine HBr and PDD, and the percentage (%) release of 

galantamine HBr from each film. 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Name 

Alginate 

Percentage 

Chitosan 

Percentage 

Number 

of 

Layers 

in Film 

pH of 

Alginate 

Layer(s) 

pH of 

Chitosan 

Layer(s) 

Galantamine 

HBr in 

Alginate 

Layer(s)? 

Galantamine 

HBr in 

Chitosan 

Layer(s)? 

Galantamine 

HBr in 

Encapsulated 

in PDD? 

GLT1 3 3 2 7 4 ✓ ✓ x 

GLT2 5 3 2 7 4 ✓ ✓ x 

GLT3 3 5 2 7 4 ✓ ✓ x 

GLT4 3 3 2 7 4 ✓ x x 

GLT5 3 3 2 7 4 x ✓ x 

GLT6 3 3 4 7 4 ✓ ✓ x 

GLT7 3 3 2 4 4 ✓ ✓ ✓ 

GLT8 3 3 2 7 4 ✓ ✓ ✓ 

GLT9 3 3 2 7 4 ✓ x ✓ 
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6.7 UV-Vis spectra for galantamine released in phosphate buffer 

solutions and film weights 

 

 

Figure 6- 12: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 13: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 14: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 4.0 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 15: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 4.0 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 16: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 9.2 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 17: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 9.2 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 18: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 2 Film. 
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Figure 6- 19: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 2 film. 
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Figure 6- 20: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 3 film. 
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Figure 6- 21: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 3 film. 
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Figure 6- 22: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 4 film. 
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Figure 6- 23: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 4 film. 
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Figure 6- 24: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 5 film. 
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Figure 6- 25: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 5 film. 
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Figure 6- 26: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 6 film. 
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Figure 6- 27: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 6 film. 
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Figure 6- 28: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 4.0 phosphate buffer solution, from a GLT 7 film. 
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Figure 6- 29: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 4.0 phosphate buffer solution, from a GLT 7 film. 
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Figure 6- 30: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 8 film. 
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Figure 6- 31: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 8 film. 
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Figure 6- 32: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 9 film. 
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Figure 6- 33: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a GLT 9 film. 
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Figure 6- 34: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a high G GLT 1 film. 
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Figure 6- 35: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a high G GLT 1 film. 
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Figure 6- 36: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a high G GLT 4 film. 
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Figure 6- 37: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a high G GLT 4 film. 
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Figure 6- 38: UV-Vis spectra data for the first release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a high G GLT 6 film. 
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Figure 6- 39: UV-Vis spectra data for the second release of galantamine HBr over 

24 hours, in pH 7.8 phosphate buffer solution, from a high G GLT 6 film. 
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Figure 6- 40: UV-Vis spectra data for the first release of free base galantamine 

HBr over 24 hours, in pH 7.8 phosphate buffer solution, from a GLT 1 film. 
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Figure 6- 41: UV-Vis spectra data for the second release of free base 

galantamine HBr over 24 hours, in pH 7.8 phosphate buffer solution, from a GLT 

1 film. 
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Figure 6- 42: Calibration curve for memogain. 
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Figure 6- 43: UV-Vis spectra data for the first release of memogain over 24 hours, 

in pH 7.8 phosphate buffer solution, from a 3% sodium alginate and 3% chitosan 

film. 
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Figure 6- 44: UV-Vis spectra data for the second release of memogain over 24 

hours, in pH 7.8 phosphate buffer solution, from a 3% sodium alginate and 3% 

chitosan film. 
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Figure 6- 45: UV-Vis spectra data for the first release of memogain over 24 hours, 

in pH 7.8 phosphate buffer solution, from a high G 3% sodium alginate and 3% 

chitosan film. 
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Figure 6- 46: UV-Vis spectra data for the second release of memogain over 24 

hours, in pH 7.8 phosphate buffer solution, from a high G 3% sodium alginate 

and 3% chitosan film. 
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Table 6- 2: Weights of GLT films and the mass of galantamine HBr loaded in the 

film. 

Film Name 
Film Weight 

(mg) 

Mass of Galantamine 

HBr in Film (mg) 

GLT 1-a pH 7.8 PBS 74.26 15.66 

GLT 1-b pH 7.8 PBS 86.20 18.07 

GLT 1-a pH 4.0 PBS 28.20 6.21 

GLT 1-b pH 4.0 PBS 31.91 6.97 

GLT 1-a pH 9.2 PBS 43.83 9.61 

GLT 1-b pH 9.2 PBS 37.92 8.37 

GLT 2-a pH 7.8 PBS 66.11 9.79 

GLT 2-b pH 7.8 PBS 56.29 8.38 

GLT 3-a pH 7.8 PBS 79.08 8.45 

GLT 3-b pH 7.8 PBS 54.37 5.90 

GLT 4-a pH 7.8 PBS 59.24 6.47 

GLT 4-b pH 7.8 PBS 60.89 6.59 

GLT 5-a pH 7.8 PBS 44.81 4.85 

GLT 5-b pH 7.8 PBS 49.92 5.41 

GLT 6-a pH 7.8 PBS 84.60 17.93 

GLT 6-b pH 7.8 PBS 72.34 17.45 

GLT 7-a pH 4.0 PBS 37.11 6.53 

GLT 7-b pH 4.0 PBS 113.28 18.88 

GLT 8-a pH 7.8 PBS 41.24 9.02 

GLT 8-b pH 7.8 PBS 30.93 6.80 

GLT 9-a pH 7.8 PBS 57.49 6.08 

GLT 9-a pH 7.8 PBS 51.39 5.45 

High G GLT 1-a pH 7.8 PBS 63.51 13.57 

High G GLT 1-b pH 7.8 PBS 70.04 14.96 

High G GLT 4-a pH 7.8 PBS 92.76 9.66 

High G GLT 4-b pH 7.8 PBS 140.55 14.06 

High G GLT 6-a pH 7.8 PBS 116.82 23.74 

High G GLT 6-b pH 7.8 PBS 96.61 20.71 
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Free Base GLT 1-a pH 7.8 PBS 66.94 14.09 

Free Base GLT 1-b pH 7.8 PBS 46.80 10.10 

 

Table 6- 3: Weights of memogain loaded galantamine and chitosan bio-based 

polymer films and the mass of memogain loaded in the film. 

Film Name 
Film Weight 

(mg) 

Mass of Galantamine 

HBr in Film (mg) 

3% Sodium Alginate/3% 

Chitosan, Low G - a 
51.62 11.35 

3% Sodium Alginate/3% 

Chitosan, Low G - b 
51.65 11.18 

3% Sodium Alginate/3% 

Chitosan, High G - a 
55.30 11.80 

3% Sodium Alginate/3% 

Chitosan, High G - b 
44.54 9.45 
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6.8 Disulfanediylbis(ethane-2,1-diyl) diacrylate’ (DSDA) monomer 

synthesis 

 

6.8.1 Materials and quantities: 

 

Table 6- 4: The materials and quantities used for the synthesis and purification 

of the DSDA monomer. 

Material Quantity 

Triethylamine 22.3 mL 

Chloroform 100 mL 

2-hydroxyethyl disulfide 6.16 g 

Acyl Chloride 12.6 mL 

Water 750 mL 

Na2HCO3 3.78 g 

NaCl 0.88 g 

MgSO4 10.00 g 

Dichloromethane (DCM) 150 mL 

 

6.8.2 Synthesis Procedure of DSDA  

 

2-hydroxyethyl disulfide (6.16 g, 39.94 mmol), chloroform (100 mL) and 

triethylamine (22.25 mL, 0.32 mol) were added into a 250 mL two-neck round bottom 

flask, cooled in ice bath while purged with nitrogen for 20 minutes. Acryloyl chloride 

(25.8 mL, 0.32 mol) was then added dropwise over 30 minutes, then the mixture 

sealed, and stirred for 36 hours under nitrogen atmosphere. A viscous yellow liquid 

was observed. 
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6.8.3 Purification Procedure of DSDA 

 

The solution was filtered via vacuum filtration in order to remove salt by-product, 

and the filtrate was washed sequentially with water (2 x 75 mL), then with Na2HCO3 

solution (6 x 75 mL, 0.1 M) and with NaCl solution (2 x 75 mL, 0.10 M) in a separating 

funnel. Upon visual observation of 2 clear layers, the organic layer was dried over 

magnesium sulphate, filtered and evaporated via rotary evaporation. The oil obtained 

was passed through an aluminium oxide column eluting with DCM (300 mL). After 

evaporation of the eluant a viscous dark brown liquid was obtained (8.45 g, 36.70 

mmol) in 61% yield. 

 

6.9 RAFT polymerization of ‘2-(diethylamino)ethyl methacrylate’ 

(DMAEMA) with DSDA 

 

3 polymers of different ratios of DMAEMA:DSDA ratios were synthesized using 

reversible addition-fragmentation chain transfer (RAFT) polymerization. RAFT agent 

used was ‘4-cyano-5-(((dodecylthio)carbonothioyl)thio)-4-methylpentanoic acid’ 

(CDCTMA). Initiator used is ‘azobis(isobutyronitrile)’ (AIBN). 

Table 6- 5: The materials and quantities used for the synthesis of the three 

PDMAEMA:DSDA copolymers. 

Material Polymer Ratio and Material Quantity 

99:1 95:5 9:1 

DMAEMA 5.36 g 5.36 g 5.36 g 

DSDA 0.07 g 0.37 g 0.79 g 

CDCTMA 0.11 g 0.59 g 1.25g 

AIBN 0.05 g 0.23 g 0.49 g 

THF 5.00 mL 5.00 mL 5.00 mL 

Final % Yield 83.02% 78.06% 66.46% 
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The synthesis of the PDMAEMA:DSDA copolymers was achieved using the 

same method for each polymer ratio. The desired amounts of DMAEMA, DSDA, 

CDCTMA, AIBN and THF were added to a round bottom flask, and purged with 

nitrogen for 20 minutes. The reaction was then stirred for 16 hours at 60˚C. 2 mL of 

THF was added to each sample to dissolve polymers in order to allow for easier 

extraction from the round bottom flask. Polymer precipitation was achieved by pouring 

the reaction mixture into a 50 mL solution of stirring 7:1 hexane:diethyl ether. The 

solvent solution was then decanted, removing any unreacted monomers. The 

Polymers were purified further by re-dissolved in 6 mL of THF, then precipitated again 

into 80 mL 7:1 hexane:diethyl ether. The solvent solution was again decanted, 

removing any unreacted monomers. The solid products were dried in a vacuum oven 

at 40˚C, and 150atm for 24 hours. 

 

 

 

 

 

Figure 6- 47: 95:5 P(DMAEMA-co-DSDA) polymer after drying. 

 

Observations: 

Increasing the amount of DSDA increased the viscosity of the polymer and 

caused the yellow colouring to deepen. 

99:1, a viscous pale yellow solid. 

95:5, a very viscous yellow solid. 

9:1, an extremely viscous deep yellow solid.  
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6.10 NIPAM Chain Extension 

 

The 3 polymers of varying ratios (99:1, 95:5 and 9:1) chains were extended with 

NIPAM via RAFT polymerization. 2 g of each polymer were mixed with NIPAM (2 g, 

16.67 mmol) and initiator ‘4,4’-azobis(4-cyanovalericacid)’ (ACVA) (0.04 g, 0.35 mmol) 

in a round bottom flask. The synthesis of the PDMAEMA:DSDA:NIPAM copolymers 

was achieved using the same method for each polymer ratio. The desired amounts of 

DMAEMA, DSDA, CDCTMA, AIBN and THF were added to a round bottom flask, and 

purged with nitrogen for 20 minutes. The reaction was then stirred for 14 hours at 

60˚C. 2 mL of THF was added to each sample to dissolve polymers in order to allow 

for easier extraction from the round bottom flask. Polymer precipitation was achieved 

by pouring the reaction mixture into a 50 mL solution of stirring 7:1 hexane:diethyl 

ether. The solvent solution was then decanted, removing any unreacted monomers. 

The Polymers were purified further by re-dissolved in 6 mL of THF, then precipitated 

again into 80 mL 7:1 hexane:diethyl ether. The solvent solution was again decanted, 

removing any unreacted monomers. The solid products were dried in a vacuum oven 

at 40˚C, and 150 atm for 24 hours. 

 

Figure 6- 48: 95:5:95 P(DMAEMA-co-DSDA)-PNIPAM polymer after drying. 
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6.10.1 Observations and Percentage Yields 

 

99:1:99, a clumpy pale yellow solid.    % Yield = 83.02% 

95:5:95, a flaky yellow solid.     % Yield = 72.47% 

9:1:9, an extremely viscous deep yellow solid.    % Yield = 70.32% 

 

6.11 Solubility Testing Procedure 

 

Two 10 mg samples of each polymer were subjected to basic and acidic 

conditions. The polymers were dissolved in 0.1 M NaOH solutions, but did not dissolve 

in 0.1 M HCl solutions. pH solutions of pKa 6.0, 6.8, 7.4 and 8.0 were produced using 

very dilute HCl (0.01 M) and NaOH (0.01 M) solutions, and adding the solutions 

dropwise to 250 mL deionlised H2O. pH was determined by use of a calibrated pH 

meter in the solution at 21˚C. 

  Four 10 mg samples of each polymer were tested for their solubility in 1 mL of 

each pH solution at 21˚C. 

Observation:  

The polymers were dissolved in acidic pH solutions. Polymers did not dissolve 

in alkiline pH solutions. 99:1 PDMAEMA:DSDA polymer partially dissolved at pH 7.4.  
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6.12 LCST Testing 

 

All 24 samples were individually heated to 50 ̊ C. Samples which had previously 

dissolved precipitated back out at different temperatures. Upon precipitation, the LCST 

was recorded as the temperature at which precipitation occurred. Samples dissolved 

upon cooling to room temperature. 

Observation:  

No change for polymers in alkaline pH’s. Cloudy white precipitation for polymers in 

acidic pH’s.  

 

 

 

Figure 6- 49: The 99:1 P(DMAEMA-co-DSDA) polymer in pH 6.0 solution upon 

precipitation at its LCST of 35.5 ˚C. 

 

 

 



  
  
  
  Chapter 5 
 

6-55 
 
 

 

6.13 UV Testing of PDD and PDDN Polymers 

 

A 17.5 mL solution of pH 6.8 was prepared by adding dilute HCl (0.01 M) 

dropwise to H2O solution. pH was determined by use of a calibrated pH meter in the 

solution at 21˚C. Carmoisine dye solutions were prepared by adding carmoisine (3.5 

mg) to 17.5 mL of pH 6.8 H2O solution. Carmoisine solutions (2.5 mL) were added to 

seven separate sample vials. Six for each polymer, and one for a blank sample. Three 

PDMAEMA:DSDA, and the three PDMAEMA:DSDA:NIPAM 10 mg polymer samples 

were prepared and individually added to six of the sample vials containing carmoisine 

solution. The solution’s heated to 50˚C to achieve precipitation. The samples were left 

for 1 hour for precipitations to settle at the bottom of the sample vials. Samples of 0.5 

mL of each polymer/carmoisine solution were added to quartz cuvettes. A blank 

solution was run in UV spectrometer for wavelengths between 380 nm-700 nm (Visible 

spectrum). Samples were run in UV spectrometer for wavelengths between 380 nm-

700 nm. 

 

 

Figure 6- 50: The six carmoisine infused polymer solutions after heating to  

50 ˚C. 
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6.14 PDD and PDDN NMR 

 

Polymer samples were dissolved in CDCl3 and analysed at 400 MHz. 

1H NMR obtained. Peaks were consistent in all NMR’s. Intensities differed depending 

on polymer ratios. 

PDD 1H NMR σ [ppm] (400 MHz, CDCl3): 0.89 (d, J 5.7Hz, 3H), 1.05 (s, 3H), 1.26 (s, 

8x2H), 1.34 (s, 2H), 1.53 (s, 3H), 1.82 (s, 2H), 1.90 (s, 2H), 2.12 (s, 2H), 2.28 (s, 2x3H), 

2.41 (s, 2H), 2.57 (t, 4.0HZ, 2H), 2.72 (s, 2H), 2.89 (t, J 6.0Hz, 2H), 3.35 (s, 2H), 4.06 

(t, J 6.0Hz, 2H), 4.21 (s, H), 4.34 (t, J 6.0Hz, 2H), 5.45 (s, H), 6.07 (s, H), 6.68 (s, H), 

12.20 (s, H). 

 

PDDN 1H NMR σ [ppm] (400 MHz, CDCl3): 0.89 (d, J 5.7Hz, 3H), 1.05 (s, 3H), 1.14 

(d, J 4.0 Hz, 3H), 1.19 (s, 8x2H), 1.25 (s, 2H), 1.54 (s, 3H), 1.85 (s, 2H), 1.90 (s, 2H), 

2.12 (s, 2H), 2.28 (s, 2x3H), 2.41 (s, 2H), 2.58 (t, J 6.0Hz, 2H) 2.72 (s, 2H), 3.00 (t, J 

6.0Hz, 2H), 3.47 (s, 2H), 3.74 (t, J 6.0Hz, 2H), 3.85 (m, J 24.0Hz, H), 4.05 (m, J 20Hz, 

H), 4.35 (t, J 6.0Hz, 2H), 5.45 (s, H), 6.07 (s, H),6.23 (s, H), 8.38 (s, H), 6.68 (s, H), 

12.21 (s, H). 
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6.15 Mass Spectrometry Data 

 

 

Figure 6- 51: All MS samples were analysed using the Thermo Fisher Q Exactive 

Plus mass spectrometer. 
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Figure 6- 52: Mass spectrometry data for memogain. 


