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Abstract 

Oral health greatly affects our quality of life and there is a clinical need to improve oral 

disease treatment. Currently high dose systemic drugs are the main treatment option for 

localised oral lesions and existing treatments such as mouthwashes, gels or creams only 

have a transient therapeutic effect due to limited drug retention and removal by saliva. 

Mucoadhesive electrospun fibrous polymer patches for local oral drug delivery are suited to 

overcome these challenges, where the high surface area to volume ratio of the fibres allows 

for increased localised drug release. Therefore, the aim of this PhD was to develop an 

electrospun mucoadhesive drug delivery device to target diseased oral tissue locally. 

A mixture of poly(vinyl pyrollidone) (PVP), Eudragrit RS100 and poly(ethylene oxide) in 

ethanol were used to manufacture the drug-containing electrospun patch layer, whilst a 

backing layer consisting of poly(ε-caprolactone) melted on top of the drug-containing patch 

was added to aid uni-directional drug release into tissue. Increasing the concentration of 

polymers in solution greatly increased its viscosity compared to the surface tension and 

conductivity resulting in proportionally larger fibre diameters. The PCL solutions formed 

significantly more undulating and fewer straight electrospun fibres compared to the PVP 

solutions at the same concentration of polymer, where the higher surface tension and lower 

conductivity of the PCL solutions likely attributed to this observed difference. 

The treatment and control of localised oromucosal pain is a largely unmet clinical need. The 

amorphous form of the anaesthetic, lidocaine was successfully loaded into the electrospun 

patches and ~80% released from lidocaine-HCl containing patches after 1 h. The flux of 

lidocaine permeating through 1 mm thick ex vivo porcine tissue was 4.47 ± 0.16 ng cm- 2 s-1. 

Using mass spectrometry imaging, lidocaine penetrated the tissue within 15 minutes with the 

drug distribution being localised to tissue directly under the patch. These lidocaine-loaded 

patches may have applications as analgesic-containing wound dressing or as an anaesthetic 

patch prior to dental treatments.  

Electrospun patches were further tested for the treatment of oral candidiasis. Here the 

antifungal capabilities of medium-chain saturated fatty acids were tested on in vitro-cultured 

Candida albicans. Electrospun patches containing nonanoic (C9) and dodecanoic acid (C12) 

significantly inhibited yeast and biofilm growth for both wild-type and azole resistant C. 

albicans (C9 had an eight times greater inhibition area on yeast form of azole-resistant strain 

compared to fluconazole), although at therapeutic levels these fatty acids were also toxic to 

monolayer cultures of oral keratinocytes (1.4 mM of C12 for 50% cell inhibition). Further 

toxicity work on full thickness in vitro oral mucosa models is required. Overall the work in this 

thesis showed that electrospun patches have clinical potential for targeted drug delivery at 

diseased oromucosal sites. It is envisioned that such an electrospun drug delivery device 

would have wide ranging implications for treatment of a whole range of oral diseases and 

thereby improve the quality of life for many patients.  
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1. Literature review 

1.1 Introduction 

Oral medicine is a clinical speciality in dentistry which involves the diagnosis and non-

surgical management of oral diseases. The field of oral medicine faces several challenges in 

finding an appropriate drug delivery system which can offer sustained release of a drug to 

directly target the disease site or lesion, not least because the moist environment in the 

mouth and flexibility of the mucosal tissue surfaces makes adhesion difficult. This represents 

a major unmet clinical need, as there are currently no effective commercially available drug 

delivery systems that fully address these problems. The aim of this PhD was therefore to 

develop a polymer drug delivery device to impress upon these unmet clinical needs in oral 

medicine, potentially leading to translational research directed towards the development of 

therapeutic patches. The selected technique to create such a patch is termed 

electrospinning, which is able to fabricate a patch formed of thin fibres with a very high 

surface area to volume ratio. This is beneficial in drug release, and is also a feature that 

might enhance mucoadhesive interaction with the tissue. 

In the last two decades, numerous scientific studies have shown that electrospun systems 

have the ability to act as a drug delivery vehicle. However, few studies have been published 

on developing an electrospun oromucosal drug delivery vehicle to treat oral diseases locally. 

Therefore, more specific research in developing a drug delivery vehicle, where the 

electrospun drug-containing patch should be designed such that it remains within the oral 

cavity for many minutes or even several hours on the surface of the tissue before being 

removed, is required. Although the focus for the electrospun patches developed in this study 

was primarily for buccal drug delivery, the patches have also been shown to adhere to the 

surface of diseased tissue along the gums or on the tongue [1], as shown in Figure 1.1. 
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Figure 1.1. Schematic of the final clinical and commercial aim; where the electrospun 

polymer patches have the ability of adhering to various oral mucosal tissue surfaces and 

releasing drugs relevant to the disease it is treating. 

 

In preparation for manufacture of a drug delivery device many different considerations need 

to be made with regards to the material properties. If the device were to be swallowed it 

needs to be certain that the components used to make the patch are biocompatible and that 

the material and the by-products of the material are non-toxic. Polymers are an ideal material 

to be used in manufacturing, specifically electrospinning, a drug delivery system given their 

relative ease in processing and their good flexibility, toughness, and solubility. The 

mucoadhesive properties of some polymers also need to be taken into account, as the patch 

will need to adhere to the oral mucosa. Drug encapsulation efficiency into the polymer patch, 

drug release from the fibres, drug permeation through ex vivo buccal tissue and in vitro 

therapeutic functionality will be researched. Plasticizers and permeation enhancers, which 
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can affect both the polymer and the mucosal barrier, can be incorporated into the polymer 

patch to alter the stiffness of the electrospun patch and to increase the drug delivery rate.  

Although there are many areas of oral medicine that require attention, two areas of concern 

that will be focussed on in this research are the major issues of managing oral pain and the 

increasing resistance of oral Candida species to commonly used antifungal drugs. Current 

available treatments to target these two issues in oral medicine are limited, especially for 

non-systemic treatment. Therefore, the potential of the electrospun drug delivery vehicle in 

tackling these issues will be investigated. Before considering this research in detail, the 

relevant scientific literature will be reviewed to highlight the important research areas and 

existing knowledge for this PhD work, as well as highlighting knowledge gaps.  

 

1.2 Anatomy of healthy oral tissue 

The mouth and oral cavity play a vital role in day-to-day life, including speech, mastication, 

eating, drinking and other sensory functions. These are all underpinned by healthy oral 

tissues, where impairment of these tissues due to oral disease can vastly reduce quality of 

life [2,3]. Oral disease can change the oral tissue structure and as the drug delivery device 

developed in this research project is intended for direct application to the surface of oral 

mucosal tissue a basic anatomical understanding of the oral cavity and oral mucosal tissue is 

required. The oral cavity consists of a number of tissues, including the lips, gingiva, hard 

palate, soft palate, buccal mucosa, teeth and tongue [4]. The oral mucosa is the mucous 

membrane lining the oral cavity and consists of stratified squamous epithelium, basement 

membrane, lamina propria and the submucosa (Figure 1.2).  The hard palate, dorsum of the 

tongue and the gingiva are lined with masticatory mucosa which consists of a keratinised 

stratified squamous epithelium with different degrees of keratinisation dependent on the 

location of the tissue (for example more keratinisation may be observed in proximity to teeth). 

The inner lips, buccal mucosa, soft palate and floor of the mouth are covered in lining 

mucosa, which consists or a non-keratinised stratified squamous epithelium (Figure 1.2). The 
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basolateral side of the oral epithelium is attached to the basement membrane followed by the 

lamina propria, a fibrous connective tissue layer where fibroblast cells produce the 

extracellular matrix and type I and III collagen fibres. The lamina propria also contains blood 

vessels, glands and nerves. The submucosa beneath the lamina propria consists of thicker 

connective tissue that connects the oral mucosa to the underlying muscles.  

 

 

Figure 1.2. Schematic of the oral mucosa membrane. 

 

Healthy oral lining mucosa has a thick epithelium layer of approximately 40 to 50 cell layers 

thick [5], where previous measurements across 143 healthy volunteers give the mean +/- SD 

thickness of the buccal epithelium as 294 μm +/- 68 μm [6]. Epithelial thickness varies at 

different mucosal sites with the floor of the mouth having the thinnest mucosa. Unhealthy or 

diseased tissue may change the thickness of the epithelium, while infection or malignancy 

may cause lesions to appear on the epithelium [7]. Drug delivery to diseased oral tissue has 

its challenges and direct local treatment needs to be improved, which will be discussed in 

greater detail in the next section. 
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1.3 Oral diseases and oral medicine of soft tissues and respective therapies 

For many oral diseases, such as oral infections, ulcers, lesions and cancers, few effective 

localised therapies are currently available for clinical needs. Delivering therapies systemically 

does not target the relevant area in the mouth well and large doses are required, having the 

potential of causing severe side effects. Hence, developing a localised therapy is of great 

importance. There are a number of reasons why developing a drug delivery system to be 

administered to the mouth is of medical interest [8–10]: 

a) Ease of administration and repeat administration. 

b) Improved localised dosage and potential reduction of systemic side effects. 

c) Improved patient compliance. 

d) Likely to be cheaper than injections. 

e) Access to the internal jugular vein via the buccal or sublingual mucosa for systemic 

drug delivery. 

There are some obstacles that the drug delivery system must overcome in the oral cavity. 

Drug retention and absorption is important, and the drug therefore needs to be able to 

permeate and have a sustained delivery to the oral mucosa. Rapid drug loss due to saliva 

washing the drug away and mechanical stresses along the mucus barrier need to be avoided 

to ensure that the necessary therapeutic level of the drug is achieved. To overcome such 

issues, a bioadhesive drug delivery system which can stick to the oral mucosa is ideal to 

maintain intimate contact and an increased drug delivery time [10]. A brief overview of 

diseases or ailments to target locally using a patch system are provided in Table 1.1. 
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Table 1.1. Clinical applications for a mucoadhesive patch drug delivery system 

Disease Description of benefits 

Immunologically mediated 

diseases (e.g. oral lichen 

planus) 

 

 

Treatment of immunologically mediated oral 

mucosal disease, such as oral lichen planus, to 

improve the drug delivery contact time and to have 

a localised system in place.  

(Image reprinted from Olson, M. A., Rogers, R. S. & Bruce, A. 

J. Oral lichen planus. Clin. Dermatol. 34, 495–504 (2016)[11], 

with permission from Elsevier) 

 

 

 

 

 

Diseases surrounding the oral 

cavity (e.g. oral candidiasis) 

 

 

Delivery of drugs into the oral cavity for oral 

candidiasis, sore throat or delivery of drugs to 

throat, oesophagus and upper gastrointestinal tract. 

(Image reprinted from Millsop, J. W. & Fazel, N. Oral 

candidiasis. Clin. Dermatol. 34, 487–494 (2016)[12], with 

permission from Elsevier) 
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Table 1.1. Continued 

Disease Description of benefits 

Potentially premalignant lesions 

(e.g. oral leukoplakia) 

 

 

Lesions such as actinic keratosis and oral 

leukoplakia would benefit from a slow release drug 

system which also improves the localised retention 

of the drug. 

(Image reprinted from Amagasa, T., Yamashiro, M. & Ishikawa, 

H. Oral Leukoplakia Related to Malignant Transformation. Oral 

Sci. Int. 3, 45–55 (2006)[13], with permission from Elsevier) 

 

 

Oral mucositis 

 

 

 

Treatment of oral mucositis to improve sustained 

release of adrenaline to reduce toxic bystander 

effect and/or analgesics within a patch could reduce 

the pain. 

(Image reprinted from Lalla, R. V., Sonis, S. T. & Peterson, D. 

E. Management of Oral Mucositis in Patients Who Have 

Cancer. Dent. Clin. North Am. 52, 61–77 (2008)[14], with 

permission from Elsevier) 

 

Oral carcinoma 

 

 

Treating cancerous conditions or providing 

protective agents in the patch against radiation in 

cancer treatment. 

(Image reprinted from Johnson, N. W. & Bain, C. A. Tobacco 

Intervention: Tobacco and oral disease. Br. Dent. J. 189, 200–

206 (2000)[15], with permission from Springer Nature) 
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Table 1.1. Continued 

Disease Description of benefits 

Cold sores Cold sores around the lip or on the top of the mouth, 

some of which may be too difficult to reach with 

anti-viral cream. 

Ulceration and open socket 

tooth extraction wound 

Wound dressing to cover ulcerations or open 

sockets after tooth extraction (either with or without 

incorporating drugs). 

Pain relief for lesions and/or 

from injection 

Delivery of local anaesthetics to create a topical and 

local delivery system to reduce the need for widely 

feared dental injections. 

 

Within this thesis the local delivery of an anaesthetic, to treat either dental pain or to be used 

prior to dental surgery, was explored. Additionally, an alternative antifungal system was 

developed to treat oral candidiasis. Therefore, further information on both of these potential 

applications is given below. 

 

1.3.1 Treatment of oral pain 

Treating oral pain locally over a prolonged period of time for numerous oral disease 

conditions, such as ulceration, mucositis and trauma, is clinically challenging. Anaesthetic 

injections may be used for some treatments, however this is not possible long term and 

dental injections are widely feared and the cause of dental anxiety for many patients [16]. 

One condition that causes pain for many patients is oral mucositis, which is mostly a side 

effect of chemotherapy agents and radiation therapy disturbing the oral mucosal epithelial 
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layer leading to painful inflammation and ulceration of the mucosa. Oral mucositis is often 

observed in patients undergoing head or neck cancer treatment and is sometimes so severe 

that it prompts early termination of anti-cancer treatment [14]. 

A large systematic review by Saunders et al. (2013) [17] analysed a large number of papers 

to “develop clinical practice guidelines on the use of antimicrobials, mucosal coating agents, 

anaesthetics, and analgesics for the prevention and management of oral mucositis in cancer 

patients”. Within, it was noted that topical anaesthetics have been shown to bring short-term 

pain relief to some patients, although analgesics are often required to manage the pain. 

Additionally, the evidence of topical anaesthetics being tested on their own and not in 

combination with other components (e.g. antimicrobials) to reduce mucositis pain was too 

low to warrant that anaesthetics alone have a pain reducing effect. The optimal pain relief 

with minimal side effects were in fact shown by opioids, such as the 2% (w/v) morphine 

mouth washes [18], as well as anti-depressants such as 0.5% (w/v) of doxepin in a mouth 

wash providing pain relief [19,20]. The systematic review noted that an improved delivery 

system which would preside in the mouth for a longer period of time would be desirable and 

even mentioned that transoral mucosal patches would be beneficial in aiding the healing of 

ulcers and lesions [17]. 

Although morphine is suggested as a topical treatment method for oral mucositis pain, there 

has been an increase in opioid substance abuse and hence using safer alternatives with 

fewer side effects would be preferable [21,22]. Lidocaine HCl is a relatively safe, well 

tolerated and effective anaesthetic and the most commonly used in the treatment of local 

oromucosal pain relief [23,24]. Lidocaine has a quick onset time, which is good for local 

delivery, where it blocks membrane bound sodium channels to inhibit action potentials and 

nerve impulse conduction and thereby preventing local sensory functions [25,26]. A number 

of ex vivo studies evaluating the transbuccal permeation of lidocaine, applied as either a 

solution or in a gel have been reported [27,28]. However, lidocaine has not previously been 

incorporated into an electrospun patch for transbuccal delivery. 



Literature review 

10 
 

1.3.2 Antifungal therapy for oral candidiasis 

Oral candidiasis is a fungal infection that can spread across the whole oral cavity, with the 

most prevalent Candida pathogen being Candida albicans. C. albicans is a commensal 

organism in approximately 50% of the population [29] and can grow both in yeast and 

hyphae form, where the hyphae form shows greater tissue invasiveness and can lead to a 

systemic infection [30]. Therefore, oral candidiasis infections can vary in severity from acute 

candida including pseudomembranous candidiasis (thrush) and acute antibiotic stomatitis, to 

chronic candida infections including denture-induced stomatitis, hyperplastic, 

mucocutaneous and erythematous candida [12]. Patients presenting with candidiasis are 

generally immunocompromised, immune-deficient or undergoing prolonged antibiotic 

treatment or chemotherapy.  Individuals with HIV or patients undergoing chemotherapy are 

at high risk of infection and incidences of oral candidiasis for these patients are 90% - 95% 

[31,32].  

Currently, topical antifungal steroids tend to be the main therapy employed. Some commonly 

used drugs include fluconazole, miconazole, nystatin, amphotericin B and tetracycline. 

Depending on the patient and the medication used different side effects may be observed. 

Nystatin and miconazole tend to be well tolerated, whereas some azoles such as 

ketoconazole, itraconazole and fluconazole have been shown to have more adverse side 

effects such as nausea, vomiting, diarrhoea and abdominal pain [33]. Topical delivery 

methods frequently incorporate fluconazole or clotrimazole and come in the form of gels or 

creams [33–35]. However, recent rises in antifungal resistance show a need to review 

alternative antifungal therapies compared to the medicines used currently [36–38]. Some 

alternative therapies which have been explored for the treatment of C. albicans are 

surfactants [39,40], synthetic peptides [41–43] and fatty acids [44–48]. The size, 

hydrophilicity and charge of the therapeutic molecules, interaction with the Candida cells and 

inhibition of fungal adhesion influence how well the therapies inhibit C. albicans growth or 

viability. An issue of many surfactants and peptides is their significant toxicity to mammalian 
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cells, whereas fatty acids in their triglyceride form are less toxic and so have been used as 

antimicrobial agents in food products, where the toxicity of saturated fatty acids to human 

endothelial cells is relatively low [49]. A recently developed glycolipid biosurfactant from the 

sorpholipid family was shown to have good antifungal properties against C. albicans whilst 

displaying low human cell cytotoxicity [39,50]. Free fatty acids do nevertheless have 

additional benefits, such as their low cost and ability to be effective permeation enhancers 

due to their lipophilicity [51]. The antimicrobial and antifungal ability of fatty acids are also 

well known. In fact many short-chain fatty acids are naturally secreted by bacterial microflora 

to suppress other competing micro-organisms [52,53]. Therefore, within this thesis fatty acids 

were reviewed as the alternative antifungal agent.  

The mechanism by which fatty acids effect Candida cell viability is by targeting and disturbing 

the fungal membrane, such that the cell membrane becomes disorganised and eventually 

leads to its destruction [44]. A review by Pohl et al. (2011) [48] lists numerous saturated and 

unsaturated fatty acids used in studies for their antifungal properties for human or plant 

pathogens. Saturated fatty acids which have been highlighted with antifungal properties for 

C. albicans are: decanoic (capric) acid (10:0), dodecanoic (lauric) acid (12:0) and 

tetradecanoic (myristic) acid (14:0). A number of unsaturated fatty acids have also been 

referenced with chain lengths: (14:1), (16:1), (18:2), (18:4), (20:5) and (22:5) [48]. The first 

number in the brackets refers to the total number of carbon atoms, whereas the second 

number refers to the number of C=C double bonds. Decanoic acid (C10:0) and dodecanoic 

acid (C12:0) were shown to have the best antifungal effect, especially at a concentration of 

10 mM [44]. Although the previous research on the antifungal ability of medium-chain 

saturated fatty acid proves promising, the majority of antifungal tests were performed only on 

the yeast and not for the hyphal form of Candida. Therefore, testing the antifungal ability of a 

select range of fatty acids on an already established biofilm of Candida would be of interest. 

Another potential benefit of fatty acids is that they have been shown to act as a plasticiser 
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[54], as well as being proven penetration and permeation enhancers for transdermal delivery 

[51,55]. 

1.3.3 Oral wound dressings 

Apart from using a drug-loaded patch system, a placebo patch may also be of benefit as a 

wound dressing. Wounds such as oral ulcers and lesions can cause various levels of pain as 

well as frustration to patients. Currently the main medical relief to such pain tends to involve 

mouth gels, such as Bonjela. Such gels only provide short-term relief and wash away 

relatively quickly during mastication or even speech. Therefore, having a patch system that 

would cover the ulcer or lesion over several hours without disturbing mastication and even 

making such activities more bearable would be of great clinical interest. An oral wound 

dressing could even be used after tooth removal to seal off the tooth socket, thereby 

potentially preventing the onset of infection in the socket, which can be very serious (for 

example postoperative alveolar osteitis [56]), as well as preventing the taste of blood in the 

mouth as the blood clots in the socket. The main issue with creating a wound dressing for 

oral use is finding a material system which has suitable mucoadhesive strength to stay 

attached to the mucosa wall even throughout everyday activities such as eating, where the 

electrospun patch system may be able to overcome these challenges. 

 

1.4 Electrospinning of polymers 

Section 1.3 demonstrates that current therapies in oral medicine need to be improved. An 

ideal solution is to create a device or dressing that is capable of delivering a therapeutic 

agent directly to the clinical target and for a sustained length of time. Electrospinning is 

ideally suited to fabricate such a device as this technique is sufficiently versatile to allow 

manufacture with a broad range of polymers and drugs and it is capable of producing a mesh 

structure with a large surface area to volume ratio for increased therapeutic delivery. Before 
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discussing electrospun polymer-drug combinations in detail, it is important to have a good 

appreciation of the technique. 

 

1.4.1 Electrospinning process 

Electrospinning is a technique used to create thin-fibre mats that have a very high surface 

area to volume ratio. This high ratio can be very beneficial in medicine as it allows for greater 

interaction with the target environment, for instance interaction with cells, and if the fibres 

contain active pharmaceutical ingredients an improved drug dissolution has been observed 

[57,58]. The porosity present in the resulting mats can also facilitate cell infiltration and 

nutrient transport which is useful for several cell-based applications such as wound healing 

[58–60].  

Electrospinning requires a high voltage power supply, a syringe filled with the polymer 

solution, a pump, a grounded collector on which the polymer is spun and a system to hold all 

items in place (Figure 1.3). The electrospinning process relies on the polymer in the syringe 

being electrically charged by the electric field emanating from the high voltage power supply 

and attached to the syringe needle tip, such that the electric force acting on the polymer is 

greater than the surface tension of the polymer solution causing the polymer to form a fibre 

jet as it is pulled towards the collector. During this pulling process the solvent evaporates and 

thin fibres are formed that are then deposited on a collector. 

The voltage applied during the process tends to be between 5 and 30 kV depending on the 

polymer solution and setup used. Other equipment parameters that are simple to alter are: 

the feeding rate of the pump and the distance between the syringe and collector. Several 

different types of collectors can be used, where the two most commonly used collectors as 

seen in literature are a collector plate or a collector drum which is turned at a pre-determined 

rate. Using different collectors or using additional external field controls can result in different 

fibre alignment and many different electrospinning set ups are noted in a review article by 



Literature review 

14 
 

Teo et al. [61]. Aligned fibres are desirable to encourage tissue or cell growth along the 

fibres, for neuronal or musculoskeletal tissue for example [62,63]. The electrode focussing 

ring is commonly used to limit and focus the deposition area of the electrospun fibres. 

 

 

Figure 1.3. The electrospinning setup is composed of a) the syringe filled with the polymer 

solution and any other therapeutic agents or drug compounds, b) the syringe feed pump, c) 

the grounded high voltage power supply, d) the focussing electrode ring, e) the grounded 

collector plate. 

 

Changing equipment parameters changes the resulting fibre characteristics. For instance, 

increasing the applied electric field generally causes polymer fibres to be stretched to a 

a 

b 

c 

d 

e 
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greater extent, reducing the fibre diameter [64]. Over a certain voltage some polymers will 

form beads rather than continuous fibres, however the observations made depend largely on 

the polymer being spun [60]. The feeding rate will also alter the diameter of the fibres, where 

a higher feeding rate can cause more bead formation [60] or the polymer may drip at the 

syringe tip as not all of the polymer is being electrostatically charged, which could also cause 

the needle tip to clog up. This is due to the effect on the volume-charge-density of the 

solution as at a faster feed rate the solution would have a shorter contact time with the 

charged needle and therefore the volume-charge-density of the solution would be lower at a 

higher flow rate, which could cause instabilities in the solution or increase the fibre diameter 

depending on the conductivity of the solution [65].  Electrical bending instability can occur if 

the collector and syringe are far apart and if they are placed too far apart then 

electrospraying can occur, where the polymer forms droplets and beads rather than fibres on 

the collector [60,66]. If the collector and syringe are too close together the solvent does not 

have time to evaporate completely causing the fibres to stick to the collector and to each 

other [67]. If a rotating collector is used the speed at which the collector rotates greatly 

influences the alignment of the fibres [61]. The temperature and humidity in the environment 

in which the spinning is taking place can also affect the resulting fibres [68]. 

The necessary equipment parameters are largely dictated by the polymer solution used. The 

properties of the polymer solution and their effect on the electrospun fibres are discussed in 

the next section.  

 

1.4.2 Properties of polymer solutions 

The polymer solution properties largely influence the electrospinning process of the solution. 

A polymer that electrospins well is one which does not break up or ‘splay’ during the spinning 

process and creates a constant stable jet [69]. The influence of the polymer’s concentration, 

molecular weight, viscosity and surface tension on the electrospinning process has been 
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studied in numerous publications. Some studies have also examined the role of polymer 

chain entanglement [70,71], elasticity [72,73] and interfacial viscosity [73,74] in creating 

electrospun fibres. To aid the understanding of terminology used in this section a side-view 

of the electrospinning process and some of the phenomena occurring during electrospinning 

is shown in Figure 1.4. 

 

 

Figure 1.4. Side-view diagram of the electrospinning set-up and fluid flow terminology for the 

polymer solution during electrospinning. 

 

One of the simplest parameters to test for the polymer solution dependency on electrospun 

jet stability is observed by varying the polymer concentration. Below a critical polymer 

concentration, electrospraying or bead formation can be observed mainly due to Rayleigh 

instability. This is a fluid flow instability reported by Rayleigh (1879), where a falling solution 

thickens and thins with a reducing surface area until a droplet can be formed [75], as shown 

in Figure 1.4. This phenomenon is also dependent on the surface tension of the solution and 

the applied flow rate. If the polymer concentration is too large, Rayleigh instability can cause 
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non-uniform fibres to be spun or the flow may even be hindered due to the high viscosity 

causing the droplet to dry out before a constant jet is formed [60,70,76]. 

The molecular weight of a polymer can change many of its’ properties, including the 

rheological properties, electrical conductivity and surface tension. Various studies relating 

molecular weight of a polymer to electrospinning fibre formation were reported [77–79]. 

Studies show that increasing the molecular weight and concentration of a polymer solution 

increases the electrospun fibre diameter, although at high molecular weights the solution 

may have too high a viscosity to be able to spin it at particular concentrations. This has been 

related to an increasing relaxation time in the polymer as the molecular weight is increased 

[77], where the relaxation time is the time taken for the polymer to recover from an applied, 

normally elongational, stress. The relaxation time λ can be calculated using the Rouse model 

[77]:   

𝜆 ≈
6𝜂𝑠[𝜂]𝑀

𝜋2𝑅𝑇
 

where 𝜂𝑠 is the solvent viscosity, [η] the intrinsic polymer viscosity, M the molecular weight of 

the polymer, R the gas constant and T the temperature. 

As the concentration, molecular weight and relaxation time of the polymer all cause the 

solution viscosity to change this could arguably be one of the most important polymer 

solution variables in determining the electrospun fibre formation. The importance of solution 

viscosity in electrospinning has been clearly shown in many papers [65,70,72–74,80–82]. 

Both the shear and elongational viscosity can be useful in predicting how well the solution 

can be electrospun, however the elongational viscosity may be more appropriate due to the 

stretching of the fiber in the electrospinning process. Using the storage modulus, G’, and the 

loss modulus, G’’, the elasticity of the polymer solution can be reviewed and related to other 

parameter alterations. Most papers use a rotational rheometer to determine the sheer 

viscosity of a solution, however two papers were found which use a capillary breakup 

extensional rheometer (CaBER) to determine the extensional viscosity of the solutions 

Eq. 1 



Literature review 

18 
 

[72,73]. The CaBER technology allows a non-linear response to be created as the solution is 

pulled into a filament and the changing diameter of the fluid filament is measured as the 

strain is increased using a laser micrometre. Given that the polymer is being stretched during 

electrospinning the CaBER method may well be a good method to use in pre-determining the 

ability of the polymer in being spun before it is used in the electrospinning process.  

The interfacial viscosity for polymers used in electrospinning has not been researched in 

great depth, however in some studies the interfacial viscosity graphs show a clearer cut off 

point between solutions which can form fibres and those which form beads or beads-on-

string than results for the bulk viscosity [74,83]. Other research groups have reviewed 

polymer chain entanglement, where an increase in chain entanglement is linked to an 

increase in solution viscosity and the entanglement density increases as either the polymer 

volume fraction or molecular weight of the polymer is increased [70,71]. 

The jet shape and its instabilities as well as the surface charge of the spun fluid have been 

mathematically characterised using fluid mechanics by Ganan-Calvo et al. (1998, 2000) 

[66,84] and Hohman et al. (2001) [85,86]. Hohman et al. note that the conductivity and 

charge density of the solution, which is influenced by the surrounding electric field, largely 

influence the type of flow instability (e.g. whipping jet instability) observed during spinning. 

Fridrikh et al. (2003) [87] claim they have derived an equation which predicts the terminal jet 

diameter, although it is also noted that the prediction gives a lower bound estimate of 

diameter and one of the problems with the model is that the solution properties change 

during the spinning process as the solvent evaporates. Therefore these equations need to be 

used with consideration towards their limitations, given the many variables such as the 

equipment parameters, environmental conditions and polymer solution properties that may 

alter the resulting electrospun fibre morphology and fibre diameter.  

A low surface tension allows a Taylor cone and jet to be formed more easily and thus a lower 

critical voltage can be used. The Taylor cone is the cone formation as the polymer emerges 

from the syringe tip whilst being drawn into a fibre by the electrostatic forces acting on it 
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(shown in Figure 1.4).The equation for the critical voltage (Vc) was derived by Taylor (1969) 

[88]: 

𝑉𝑐
2 =

4𝐻2

𝐿2
(ln

2𝐿

𝑟
−

3

2
) 0.117𝜋𝛾𝑟 

Where H is the separation distance between the syringe tip and collector, L is the length of 

the syringe tip, r the radius of the tip and 𝛾 the surface tension of the solution. 

Changing the solvents in which the polymers are diluted also affects how well the solution is 

electrospun. Polymer and solvent selection depend on polymer solubility in the solvent and 

the ease of processability. The solvent should complement the polymer and electrospinning 

process in terms of its electrical conductivity and surface tension.  

 

1.5 Polymer system 

Having decided on the technique of electrospinning it is important to choose a polymer and 

solvent system that have desirable properties for the electrospinning process. A number of 

possible polymer candidates will be reviewed in this section, including a review of the 

chemical and mechanical properties of the homopolymers prior to electrospinning as well as 

gathering information on how well the materials could be electrospun from literature. 

Choosing the polymer system will be of great importance to this PhD and an informed choice 

on which polymer system for electrospinning a drug delivery vehicle was made by reviewing 

existing literature and from initial lab work. 

 

1.5.1 Biocompatible polymers 

Both natural and synthetic polymers can be electrospun into a biocompatible scaffold. 

Various polymers or polymer blends could be used for drug delivery applications, however 

which polymer or polymer blend will be chosen depends on the resulting properties of the 

material. A previous review of polymers used in drug delivery gave an overview of the 

Eq. 2 
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possible synthesis and drug release mechanisms of many of the polymers listed in Table 1.2 

[89]. This section gives an overview of possible polymers which may both electrospinning 

and as a drug delivery system. 
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Table 1.2. Polymers with potential for electrospinning process 

Polymer Formula Mechanical 

propertiesa  

Previously spun 

molecular weightsb 

(g/mol) 

Electrospinning setup 

(voltage, tip-to-collector 

distance and flow rate) 

Other comments 

PCL poly(ε-

caprolactone)  

 

s: YM: 2.7-4.7 MPa 

s: TS: 1.2-2.1 MPa 

Ref: [90] 

Mn = 70,000 – 

100,000 [91–94] 

(most at Mn 80,000) 

14-25 kV, 13-23 cm tip-to-

collector distance and 1.5-

3.0 ml/h flow rate [93–96] 

Hydrophobic; prepared 

and spun at rtp.; slow 

degradation 

PVP poly(vinyl 

pyrrolidone) 

 

 

                  - 

Mw = 58,000 [97,98]; 

360,000 [99,100]; 

1,300,000 [101–103] 

15 kV, 12-20 cm tip-to-

collector distance and 0.3-

2.0 ml/h flow [97–103] 

Hydrophilic; prepared and 

spun at rtp. 

PLA poly(lactic acid)  

 

p: YM: 1.5-4 GPa 

p: TS: 50-70 MPa 

p: NI: 41 Jm-1   

Ref: [104] 

Mw = 200,000 [105] 20 kV, 19.4 cm tip-to-

collector distance and 10 

ml/h flow rate [58] 

Slightly hydrophilic 

PLLA poly(L-lactic 

acid) 

Stereoisomerof 

PLA 

p: YM: 3.7 GPa 

p: TS: 55 - 59 MPa 

p: NI: 26 Jm-1 

Ref: [104] 

Mw = 152,000 

[106,107]; 10,000 

[76] 

23 or 30 kV, 20 cm tip-to-

collector distance and 1-12 

ml/h flow rate [107,108] 

Selective hydrolysis, 

mainly hydrophobic. 

Spun at rtp. 

PDLA poly(D,L-

lactic acid) 

Stereoisomer of 

PLA 

                  - Mw = 109,000 [76] 30 kV and 15 cm tip-to-

collector distance [76] 

Prepared and spun at rtp. 

 

a) p: prior to spinning; s: after spinning property; YM: Young’s Modulus; TS: Tensile Strength; NI: Notch Izod (impact strength test) 

b) Mw for the weight-average molar mass, Mn for the number-average molar mass and Mv for the viscosity-average molar mass. 
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Table 1.2. (continued) 

PLGA poly(lactide 

glycolic acid) 

Copolymer of 

PLA and PGA 

s-random: YM: 134 

MPa 

s-aligned: YM: 40.4 

MPa 

s-random: TS: 2.6 

MPa 

s-aligned: TS: 2.1 

MPa 

Ref: [109] 

Mw = 75,000-

118,000 [109–112] 

20-25 kV, 12-30 cm tip-to-

collector distance and 0.06-

1 ml/h flow rate 

[109,112,113] 

Both hydrophilic and 

hydrophobic; processed at 

50 °C in one paper [112], 

however otherwise at rtp. 

and spun at rtp. 

 

PVA poly 

(vinylalcohol) 

 

s: TS: 16.1-16.8 

MPa 

Ref: [114] 

Mw = 72,000 [115]; 

125,000 [116]; 

130,000 [80] 

15-30 kV, 10-15 cm tip-to-

collector distance and 0.3-

1.2 ml/h flow rate 

[77,80,114,116,117] 

Hydrophilic; processed at 

~80 °C ; spun at rtp. 

PEG poly(ethylene 

glycol) or PEO 

poly(ethylene oxide) 
 

 

                  - 

Mv = 300,000 [118] 

Mw = 400,000 

[74,106,119] 

9-30 kV, 6-24 cm tip-to-

collector distance and 0.1-

5.0 ml/h flow [74,118,119] 

Hydrophilic; prepared and 

spun at rtp. 

PU poly(urethane) Variable 

structures 

                  

                  - 

Mw = 110,000 [120] 12 or 16 kV and 12 or 10 

cm tip-to-collector distance 

[120,121] 

Hydrophobic; release 

properties dependent on 

functional group 

a) p: prior to spinning; s: after spinning property; YM: Young’s Modulus; TS: Tensile Strength; NI: Notch Izod (impact strength test) 

b) Mw for the weight-average molar mass, Mn for the number-average molar mass and Mv for the viscosity-average molar mass. 
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Poly(ε-caprolactone) - PCL 

Poly(ε-caprolactone) (PCL) is a semi-crystalline aliphatic polyester with rubbery properties 

which often improves elasticity [90]. PCL has good mechanical, thermal and chemical 

stability, has good drug permeability and slow hydrolytic biodegradation [60,92,96]. 

In electrospinning, PCL tends to be spun in concentrations of 8 – 15 % (w/w) in solvents 

such as chloroform:acetone (3:1) [91], chloroform:methanol (3:1) [94,96], dichloromethane 

(DCM):methanol (7:3) [92], or DCM:N,N-dimethylformamide (DMF) [90,93,95], DCM only [90] 

and DCM:toluene [90] tested at varying ratios. As shown in Table 1.2 a large variation of 

electrospinning setups is given in literature for all polymers as the setup properties depend 

on the solvent system chosen as well as how the setup variables are combined. The 

dielectric constants of the chosen solvents change the conductivity [90] of the polymer 

solution and therefore the required voltage in the electrospinning process, hence the 

dielectric constants of possible solvents have been reported below in Table 1.3. 

Table 1.3. Solvent properties 

Solvent Solubility Dielectric constant at 25 °C 

Chloroform Good solvent 4.75 

Dichloromethane  Good solvent 9.1 

Acetone Poor solvent 19.10 

Methanol Poor solvent 33.1 

Toluene Poor solvent 2.4 

N,N-Dimethylformamide  Non-solvent 36.7 

 

PCL has been shown to produce fibres of relatively uniform size throughout a patch system. 

Lee et al. [90] that a DCM:DMF (40:60) solvent system could produce fibres as small as 

200 nm in diameter. 
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Poly(vinyl pyrrolidone) - PVP 

Poly(vinyl pyrrolidone) (PVP) is a biocompatible and hydrophilic polymer which has a wide 

number of applications in the food, consumer product and pharmaceutical industry. Given its 

water solubility it has been used in many studies to improve drug dissolution of poorly water-

soluble drugs [122]. 

Solvents which have been used to create PVP solutions for electrospinning purposes are 

ethanol [97,99,100], N,N-dimethylacetamide (DMAc) and ethanol mixtures [98], DMF [102] or 

a combination of ethanol: water: benzyl alcohol (EtOH:H2O:BzOH) [101,103]. Ethanol is a 

good solvent for PVP and its dielectric constant is 24.3 at 20 °C. The average fibre diameter 

of electrospun mats in literature varies between 200 nm and 1000 nm and was shown to 

increase with the incorporation of a drug [97–103]. 

 

Poly(lactic acids) – PLA, PLLA, PLGA, PDLA 

Poly(lactic acid) (PLA), poly(L-lactic acid) (PLLA), poly(D,L-lactic acid) (PDLA) and 

poly(lactide-co-glycolide) (PLGA) are linear aliphatic polyesters, which are biocompatible and 

biodegradable. PLA and its copolymers are soluble in a number of solvents such as 

benzene, chloroform, DCM, DMF, hexafluoroisopropanol (HFIP) and toluene. 

Lactic acid molecules can have different stereochemistry and depending on the 

concentration of the isomers used in polymerisation the properties of the resulting polymer, 

such as the glass transition temperature, can be altered [89]. The stereochemistry and 

crystallinity of the polymer will greatly affect the mechanical properties, as well as potentially 

affecting drug entrapment [104,107]. PLLA tends to be used in its semi-crystalline form whilst 

PDLA is a completely amorphous polymer. Data on electrospun PLA and PLDA show great 

dependence on solution viscosities to fabricate uniform fibres without any beading [76,123]. 

Whereas PLLA takes many months to degrade, PLGA degradation can be adjusted 

depending on the PLA:PGA co-polymer ratio and hence has been extensively researched for 
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drug release behaviour [124]. PLA is more hydrophobic than PGA and PGA is a highly 

crystalline polymer. When PLA and PGA are co-polymerised their crystallinity lowers such 

that the copolymer crystallinity is far lower than that of the individual polymers. This lower 

crystallinity of PLGA increases the hydrolysis and hydration of the polymer and a ratio of 

50:50 PLA:PGA has the fastest degradation rate, with the degradation rate decreasing as 

this ratio is altered to either contain more PLA or PGA [124]. For this reason PLGA has been 

used in a number of electrospun drug delivery systems were a prolonged and controlled drug 

release was desirable over a few days or weeks [125–127]. Fibre diameters between 800 

and 4000 nm were manufactured. 

 

Polyvinyl alcohol - PVA 

Poly(vinyl alcohol) (PVA) is a semi-crystalline, hydrophilic polymer which is biodegradable, 

biocompatible and non-toxic [128,129]. The hydrophilicity of the polymer is one of the main 

limitations of using this polymer as a drug delivery vehicle, but it has been used in contact 

lenses and wound dressings as it has good swelling capability and flexibility [115]. 

Electrospun PVA fibres therefore need to be stabilised if they are to be used in a water rich 

environment, this can be done by soaking the electrospun mat in alcohol for one day [116]. 

PVA can also be made less soluble by grafting, co-polymerising or cross-linking PVA with 

other polymers [115].  

For electrospinning the PVA solution needs to be prepared in an oven at 70-80 °C with 

distilled water for three hours and can then be spun at room temperature [77,80,115,117]. 

The resulting electrospun fibres tend to be in the nanometre range [80,114–116]. On its own 

electrospun PVA fibres will burst release a drug very quickly due to its hydrophilicity [107]. 

 

Polyethylene glycol - PEG 

Polyethylene glycol (PEG) and polyethylene oxide (PEO) are the same material, but for low 

molecular weights (≤ 20,000) the polymer is named PEG and for high molecular 
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weight (> 20,000) it is called PEO. PEG is a biocompatible, non-toxic polymer with a linear 

and flexible chain and is found in a large range of food and consumer products. Many papers 

have investigated theories of electrospinning and the resulting electrospun fibres depending 

on solution properties using PEO or PEG as the electrospun solution [72,78,106,118,119]. 

One of the reasons for this may be as one can easily buy a range of molecular weights for 

PEO or PEG to test. Solvents in which PEG can be dissolved are chloroform, ethanol, DMF 

and water [118]. PEG behaves as a Newtonian fluid and a review which analyses many 

variables to evaluate the elasticity of PEG has been conducted by Yu et al. [72], which 

includes measurements for shear viscosity, surface tension and conductivity of the material 

at different concentrations in de-ionised water.  

 

Polyurethane - PU 

Polyurethanes (PU) are synthetic polymers formed by reacting isocyanates with alcohol. Due 

to their toxic degradation products PU was not used much in the biomaterials field in the 

past. However, PU with diisocyanate [130] replacements have been developed to overcome 

issues of toxicity. For drug delivery purposes the material still degrades slowly although 

polymer blends with PU may be worth considering given its good mechanical properties, 

especially as a wound dressing [120]. Additionally, due to these material properties, PU may 

be valuable for the production of tissue engineered scaffolds for numerous applications [131]. 

PU has been electrospun using DMF and tetrahydrofuran (THF), with fibre diameters around 

1 μm for PU concentrations of 20 – 25 % (w/w) in solvent [120,121,132,133]. 

 

Polymethacrylic acid derivatives 

A number of studies have used polymethacrylic acid derivates from the Eudragit® (Evonik) 

range to electrospin drug-containing fibres [99,134–136]. These derivatives consist of 

copolymers of methacrylic acids and methacrylic acid methyl esters containing quaternary 

ammonium groups. Eudragit RS100 and RL100 are also popular in oral dosage forms as 
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they have particular pH sensitivie solubilities and the combination of these two polymers at 

different ratios may modeluate drug release as they have different water permeabilities [137]. 

For electrospinning the Eudragit polymers have been dissolved in ethanol, methanol, or 

mixtures of either ethanol or methanol with DMAc or DMF, with resulting fibre diameters 

having been reported between 300 and 2000 nm [99,134–136]. 

 

1.5.2 Bioadhesive polymers 

As emphasised in section 1.3, one of the difficulties in locally targeting oral diseases is in 

creating a drug delivery system that can be well retained in the oral cavity. An ideal solution 

is a mucoadhesive system that will adhere to the target site for a prolonged period of time. A 

number of polymers with bioadhesive properties that could be incorporated into the 

electrospun patch system may aid such a purpose. 

A number of factors which are said to influence the mucoadhesive properties of polymers 

have been identified. According to the literature, the molecular weight of the polymer as well 

as the flexibility of the polymer chain and polymer chain configuration influences the 

molecular entanglement that can occur between the polymer and the biological substrate and 

thereby influence the bioadhesiveness. For example greater adhesion of PEO with 

increasing molecular weights up to 7,000 kDa was observed due to their linear configuration, 

compared to dextran having similar bioadhesive strengths ranging from molecular weights of 

200 kDa to 20,000 kDa as they have a coiled confirmation [138,139]. Another reported factor 

for mucoadhesiveness is that the pH environment may influence the polymer system (for 

example by dissociation) and thereby alter the resulting charge difference between the 

polymer substrate and the mucus surface [140]. The contact time of the polymer system to 

the wet mucus surface also influences polymer swelling and interpenetration between the 

polymer chains and glycoproteins of the mucus, where the formation of hydrogen bonds and 

ionic interactions may also increase interpenetration with the mucus layer [138,141]. The 
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cross-linking density may influence mucoadhesion, as a highly cross-linked polymer will have 

less chain mobility, a lower diffusion coefficient and decreased swelling would occur, thereby 

reducing the amount of interpenetration [138]. A number of reviews are available on 

bioadhesive polymers [9,138,141–144]. Natural polymers that have been widely reported to 

have bioadhesive properties are chitosan, gelatin and alginates. Some synthetic polymers 

with bioadhesive properties and which have been mentioned in the previous section are 

PVP, PVA and PEO. Carboxymethylcellulose and poly(acrylic acid) are other synthetic 

polymers reported in many studies to have mucoadhesive properties. Some of these 

polymers have been modified with thiols and reported to have had improved mucoadhesion, 

where disulphide bridges with cystein domains of glycoproteins in mucus were formed [145]. 

No one method has been identified to measure mucoadhesion and there is no obvious 

correlation in results between methods, especially when compared to in vivo findings. Shaikh 

et al. [141] have listed a range of tests, mainly in vitro tests, which evaluate mucoadhesion. 

The majority of the tests available measure mucoadhesive strength, which is a measure of 

the force required to break, pull or tear away the sample from the model membrane. 

 

1.6 Drug incorporation in an electrospun patch 

Various methods of drug incorporation into a polymer system and investigation of 

encapsulation and the drug release kinetics from the polymer have been researched in the 

past. There are various methods for the incorporation of therapeutics into the polymer 

solution prior to electrospinning, which can range from simply dissolving the therapeutic in 

the polymer matrix to creating smart chemical systems where the therapeutic is 

encapsulated by the polymer and depending on the polymer solution may only be released in 

certain conditions, for example using temperature, pH or a specific solvent [146]. 
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1.6.1 Review of electrospun polymer-drug systems 

Many different electrospun polymer-drug systems for a whole range of diseases (not just in 

oral medicine) have been previously researched and the information from earlier publications 

have been collected in Table 1.4. The medicines listed have been either colour coded as 

follows: analgesic, non-steroidal anti-inflammatory, anti-cancer, antifungal, antibiotic, 

anaesthetic, or the medicine use has been described in brackets after the name of the 

medicine. 

The ‘spinning technique’ in Table 1.4 describes how the polymer and drug have been 

combined in the electrospun system. Many of the terms used are either explained fully in the 

Meinel et al.’s [147] review or are slight adaptions thereof. In brief a ‘polymer/drug blend’ 

simply involves dissolving the polymer and drug in the solvent prior to spinning; the ‘post-

spinning modification’ involves electrospinning the polymer on its own and afterwards the 

drug is absorbed by the polymer matrix; the ‘core-shell spinning’ technique involves 

electrospinning two solutions simultaneously such that one fibre is embedded inside the 

other fibre. The ‘photo-polymerisation’ method involves subjecting the electrospun mats to 

ultraviolet (UV) radiation post-spinning to allow crosslinking to occur [148].  
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Table 1.4. Review of electrospun polymer-drug systems 

Polymer and 

manufacturing 

technique 

Proposed clinical 

application 
Solution(s) used 

Drugs 

incorporated 
Ref. 

PCL - Poly (ε-caprolactone) 

Polymer/drug 

blend 

Oromucosal 

delivery of model 

drugs 

Chloroform: Acetone 

(3:1) 

Ibuprofen, 

Carvedilol (beta-

blocker) 

[91] 

Sublingual 

administration for 

migraines 

Acetic Acid: Formic 

Acid (2:1) 

Sumatriptan 

succinate, 

Naproxen 

[149] 

Antimicrobial 

activity 
Chloroform : Methanol Amphotericin B [58] 

Antibiotic wound 

dressing 

Chloroform: Methanol 

(3:1) 

Tetracycline 

Hydrochloride 

(HCl) 

[96] 

Release proof of 

concept study 

Chloroform: Methanol 

(3:1) 

Naproxen, 

Chitosan 

Nanoparticles 

[94] 

Cardiovascular 

implant 
Chloroform: Methanol 

Cilostazol (anti-

platelet 

medicine) 

[150] 

Antibiotic wound 

dressing 

HFIP : Dichloro-

methane (DCM) (1:3) 
Mupirocin [151] 

Core-shell 

spinning 

Release proof of 

concept study 
Chloroform: Methanol Ampicillin [152] 

Post-spinning 

modification 

Antibiotic for 

abdominal 

adhesions 

Chloroform and 

Dimethylformamide 

(DMF) 

Ornidazole [153] 

PVP - Poly(vinyl pyrrolidone) 

Polymer/drug 

blend 

Taste mask bitter 

taste and to aid 

drug absorption 

post-swallowing 

b-Cyclodextrin (bCD), 

2-Hydroxypropyl- b-

cyclodextrin (HPbCD) 

Meloxicam [102] 

Antifungal for oral 

candidiasis 

Ethanol:Water:Benzyl 

alcohol  (7:2:1) 

Clotrimazole 

(CZ) 
[101,103] 

Local anaesthetic 

for dental treatment 
Ethanol Mebeverine HCl [99] 

Aiding bio-

availability and 

increased release 

post swallowing 

Ethanol Ibuprofen [97] 

Anti-inflammatory 

wound dressing 

Ethanol: Methanol 

(1:1) 
Indomethacin [154] 

Proof of concept 

study 

Dimethlacetamide 

(DMAc) : Ethanol (1:4) 
Ketoprofen [98] 
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Table 1.4. (continued) 

PVA - Poly(vinyl alcohol) 

Polymer/drug 

blend 

Transdermal 

delivery 
Water 

Meloxicam 

(insoluble in 

water) 

[114] 

Antifungal for oral 

candidiasis 

CZ-loaded 

microemulsion-

containing chitosan- 

ethylenediaminetetraa

cetic acid/polyvinyl 

alcohol (CS-

EDTA/PVA) 

Clotrimazole 

(CZ) 
[117] 

Sublingual 

administration for 

migraines 

Water: Phosphoric 

acid (99.3:0.7) 

Sumatriptan 

succinate, 

naproxen 

[149] 

Photo-

polymerisation 

Antibacterial 

properties for 

wound dressing 

Two stages; 

QCh/PVA by mixing 

8% aqueous PVA 

solution with 8% 

aqueous solutions of 

QCh at  varying 

weight ratios of QCh: 

PVA 

Quaternised 

chitosan (QCh) 

and photo-

cross-linking 

agent triethlene 

glycol diacrylate 

[148] 

PLLA - Poly(L-lactide) 

Polymer/drug 

blend 

Postoperative local 

chemotherapy 
Chloroform: Acetone 

Doxorubicin 

HCl; paclitaxel 
[155] 

PLGA - Poly(D,L-lactide-co-glycolide) 

Polymer/drug 

blend 

Treating malignant 

glioma 

DCM between 2 and 

30% (w/v); or DCM 

and DMF at 30% (w/v) 

concentration 

Paclitaxel [156] 

Anaesthetic eluting 

suture 
HFIP Bupivacaine HCl [125] 

Anti-inflammatory 

wound dressing 
DCM Ibuprofen [157] 

Core-shell 

spinning 

 

Antibiotic for 

periodontal disease 
HFIP Tetracycline HCl [127] 

Polymer/drug 

blend 

Antibiotic release 

for wound healing 

Lactic acid (LA): 

Glycolic acid (GA) 

(1:1); solution 

tetrahydrofuran (THF): 

DMF (3:1) 

 

Cefazolin [64] 
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Table 1.4. (continued) 

PLLACL - Poly(L-lactid-co-ε-caprolactone) 

Core-shell 

spinning 

Co-axial 

spinning 

Anti-bacterial/ 

antibiotic wound 

dressing 

Poly(L-lactid-co-ε-

caprolactone) /2,2,2-

Trifluoroethanol (TFE) 

solutions (as the shell 

solutions) and 

Tetracycline HCL/TFE 

solutions (as the core 

solutions) 

Tetracycline HCl [158] 

PEVA - Poly(ethylene-co-vinyl acetate) 

Polymer/drug 

blend 

Release of 

antibiotic 
Chloroform Tetracycline HCl [159] 

PAA - Poly(acrylic acid) 

Polymer/drug 

blend 

Sublingual 

administration for 

migraines 

0.1 M sodium chloride 

solution with the 

addition of β-

cyclodextrin 1.2% (as 

a cross-linking agent) 

Sumatriptan 

succinate, 

naproxen 

[149] 

PU - Poly(urethane) 

Polymer/drug 

blend 

 

Anti-hypersensitive 

agent 
DMF or DMAc 

Itraconazole and 

ketanserin (anti-

hypersensitivity) 

 

[121] 

Analgesic via 

dermal application 
DMF Naproxen [132] 

PLA-PCL - Poly(lactic acid) : Poly(ε-caprolactone) 

Polymer/drug 

blend 

Anti-bacterial/ 

antibiotic wound 

dressing 

Chloroform: Methanol 

(2:1) 
Tetracycline HCl [160] 

PCL-PEG - Poly(ε-caprolactone): Poly(ethylene glycol) 

Post-spinning 

modification 

Diabetic ulcer 

healing 

DCM used to create 

block copolymer and 

Chloroform: Methanol 

(3:1) used as 

electrospinning 

solvent 

DNA-binding to 

electrospun 

matrix 

[161] 

PCL-PBS - Poly(ε-caprolactone): Poly(butylene succinate) 

Polymer/drug 

blend 

 

Anti-bacterial 

release for ocular 

infection 

DCM, DMF, DMAc 

and dimethylsulfoxide 

(DMSO) 

Ofloxacin [162] 

PCL-PAMAM:  Poly(ε-caprolactone): Poly(amido-amine) 

Polymer/drug 

blend 
Cancer therapy 

Star polymer 

synthesis described in 

reference 

 

Doxorubicin [163] 
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Table 1.4. (continued) 

PLLA-PEVA blend 

Polymer/drug 

blend 

Release of 

antibiotic 
Chloroform 

Tetracycline 

HCL 
[159] 

PVA core and PLLA or PLGA shell 

Core-shell 

spinning 

Release proof of 

concept core-shell 

spinning study 

Chloroform and DMF 

Metoclopramide 

hydrochloride 

(dopamine 

antagonise) 

[107] 

PEG-b-PLA diblock copolymer 

Polymer/drug 

blend 

Antimicrobial to 

prevent post-

surgical infection 

Polymer synthesis 

described in reference 

MefoxinR 

(cefoxitin 

sodium) 

[110] 

PEG-DA (diacrylate) with gelatin 

Photo-

polymerisation 

Antifungal oral 

mucosal delivery 

for oral candidiasis 

HFIP 1% (w/v) Nystatin [164] 

Chitosan 

Polymer/drug 

blend 
Wound dressing 

DCM: Trifluoroacetic 

acid (3:7) 
Lidocaine HCl [151] 

 

Table 1.4 only lists combinations of the given polymer and drug in an electrospun system, 

where some literature on electrospun drug delivery systems may have been overlooked and 

other literature may also discuss these polymer/drug combinations using different 

manufacturing methods (e.g. films and gels). 

The rate at which the polymer fibres release the drug depends largely on the polymer 

formulation used and their polymer properties, some of which have been described in section 

1.5. Other factors such as the binding of the drug to the polymer and whether a core-shell 

spinning technique has been used will also greatly influence the drug release rate [107,152]. 

Some of the characterisation methods of the electrospun systems listed in Table 1.4 include: 

 Scanning electron microscopy (SEM) to determine the morphology of the fibres. 

 Differential scanning calorimetry (DSC) to evaluate the physical state of the polymer 

and drug. 
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 Fourier transform infrared (FTIR) spectroscopy to analyse the chemical structure of 

the polymer and drug on their own compared to when they are combined. 

 Wetting and disintegration time (in some instances called ‘swelling and weight loss’ 

studies) of electrospun mats. 

 Tensile tests to assess the mechanical integrity of the electrospun mats. 

 High performance liquid chromatography (HPLC) coupled with a UV 

spectrophotometer to evaluate drug loading of the electrospun mats and in vitro drug 

release into solution. 

 Ex vivo permeation tests using permeation chambers. 

These tests give a good basis and indication of tests which will need to be performed on the 

electrospun patches developed for this PhD. 

 

1.7 Drug release and permeation through tissue 

1.7.1 Quantifying drug release 

Quantifying the release of the drug from the polymer fibres over a period of time will be 

important to evaluate the drug release. Different experimental in vitro set-ups have been 

used to measure drug dissolution as seen in literature. One such set-up is the paddle-over-

disc method which is specific for transdermal patches, measuring one sided patch dissolution 

in a buffer at a paddle speed of 50 - 100 rpm. At the pre-determined time points, an aliquot is 

removed from the test solution and replaced with an equivalent volume of fresh buffer 

solution. The aliquots are then analysed by spectrophotometry techniques 

[98,99,134,165,166] or HPLC [97,121] to obtain a graph of the drug release over time. A 

modified and simplified version of this was performed by Illangakoon et al. (2014) [100] using 

a Petri dish, simulated saliva and a magnetic stirrer, although the placement of their 

electrospun patch in this process was not described. Potrc et al. (2015) [91] also used this 
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simpler approach by rolling their electrospun fibres onto a glass slide and placing this in a 

phosphate buffer, where the container is also on a magnetic stirrer. 

Drug containing polymer matrices often follow either a Fickian or a non-Fickian drug diffusion 

release profile. Fick’s laws of diffusion provide a way of mathematically and theoretically 

describing the solute transportation from a solid (in this case a polymer) matrix into another 

medium. Fick’s first law of diffusion is given in the following equation:  

𝐽 =  −𝐷
𝛿𝐶

𝛿𝑥
 

Where J is the diffusion flux (mol cm-2 s-1), D is the diffusion coefficient, 𝛿C the negative 

concentration gradient and 𝛿x the change in position. Fickian diffusion is shown by a linear 

drug release pattern against the square root of time. Various other mathematical diffusion 

models have also been described by Yao et al. (2010) [167] for a number of polymer 

systems. 

 

1.7.2 Drug permeation into tissue 

Drugs may diffuse through tissue via a transcellular or paracellular route. If the drug 

molecules travel via the extracellular matrix around the epithelial cells the paracellular 

pathway was taken or alternatively a highly lipophilic drug may diffuse through the cells via 

the transcellular pathway [168]. The diffusivity of a drug through tissue is dependent on a 

number of factors, such as the lipophilicity of the drug, the drug molecule size, the degree of 

ionisation of the drug molecule at a particular pH (pK) and the thickness of the tissue 

[168,169]. According to the Stokes-Einstein equation, the diffusion coefficient D (Eq.3) is 

dependent on the size of the solute molecule and the viscosity of the solvent, where the 

diffusion coefficient decreases with increasing molecule size and increases with the viscosity 

of the solvent [170]. Another method of increasing the diffusivity of the drug into tissue is by 

Eq. 3 
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addition of chemical permeation enhancers, which can alter the lipophilicity and structure of 

the tissue [171]. 

Ex vivo drug diffusion may be measured using drug permeation chambers, such as the 

Ussing chamber or the Franz diffusion cell. In such chambers, the tissue is placed between 

donor and receptor chambers, where the donor chamber contains the drug in solution or in a 

delivery system and the receptor chamber holds a physiological relevant buffer solution. 

These different compartments act as the tissue mucosa model by controlling the 

temperature, pH, media in the donor and receptor compartments, the dimension of the 

membrane used and the hydrodynamic conditions. In some instances synthetic membranes 

may be used to eliminate some variability caused by animal tissue [144]. For these methods 

the solution is removed from the receptor chamber at pre-determined time points to measure 

the drug permeation over time using a UV spectrophotometer [165,172] or HPLC 

[114,173,174]. 

The rate of drug permeation may also be described by Fick’s first law, as in equation 3, 

although in passive drug diffusion the apparent permeability coefficient Papp (cm s-1) for a 

specific drug molecule crossing a specific tissue is determined. If the concentration gradient 

between the donor (Cdonor, mol cm-3) and receptor mediums (Creceptor, mol cm-3) can be 

considered constant as Cdonor ≫ Creceptor, then the flux is also constant, which is referred to as 

steady state flux JSS (mol min-1 cm-2), therefore the apparent permeability coefficient (cm s-1) 

can be calculated as: 

𝑃
𝑎𝑝𝑝  =   

𝐽𝑆𝑆
  𝐶𝑑𝑜𝑛𝑜𝑟

 

 

 

 

 

 

 

Eq. 4 
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1.8 Summary 

A wide range of unpleasant oral diseases, such as oral lichen planus, oral mucositis, oral 

candidiasis and many more, would benefit greatly from an improved drug delivery system 

which can better target the diseased site locally. A versatile device therefore needs to be 

developed which can incorporate different medications, for example analgesics, local 

anaesthetics and antifungals, depending on the disease that is being treated. Furthermore, 

developing a mucoadhesive protective wound dressing for ulcers and lesions that can cover 

the diseased epithelium for a longer period of time is also an important area of research. 

Electrospinning is potentially an ideal manufacturing method for this project for a number of 

reasons. One such reason being that a range of polymers and medications can be used in 

the manufacturing process and these can be combined in a simple solvent system to be then 

electrospun to fabricate a drug delivery device. Another reason is that the resulting thin-fibre 

patch may have mucoadhesive interaction at the tissue surface as well as having an 

improved drug release compared to other devices, such as films, because of the high surface 

area to volume ratio of the fibres. 

When choosing a polymer and a solvent for the electrospinning process some important 

material characteristics to be aware of are the molecular weight and concentration of the 

polymer and the viscosity, conductivity and surface tension of the polymer/solvent system. 

These properties will influence the resulting fibre morphology, as well as influencing the 

necessary electrospinning equipment parameters (such as the voltage, pump feed rate and 

needle tip to collector distance). Having a polymer matrix as the main component gives good 

flexibility and toughness to the electrospun patch and some of the polymers which have 

previously been used to electrospin a drug delivery device for various applications are PCL, 

PVP, PLLA and PVA. Depending on the application of the drug delivery device and the 

properties of the drug in question a specific polymer may be best suited to manufacture the 

patch. To improve mucoadhesion various polymers or additives may also be added to the 

electrospinning polymer solution. When evaluating the electrospun drug delivery device 
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research should include measuring the drug encapsulating efficiency, drug stability, drug 

release from the patch and drug permeation into tissue. Although various electrospun drug 

delivery systems with different combinations of polymers and therapeutic agents have been 

previously researched, as shown in Table 1.4, only very few of these systems were 

developed to treat oral mucosal diseases, which will be addressed in this thesis. 

Two clinical challenges in oral medicine highlighted in section 1.3 of the literature review 

were to improve the control of localised oral pain and to treat oral candidiasis with alternative 

antifungal therapies due to an increase in antifungal drug resistance. The improved local 

delivery of a safe and effective anaesthetic may benefit a wide variety of patients 

experiencing oral pain, including the treatment of painful ulcerative conditions. For the 

treatment of oral candidiasis the potential of short- to medium-chain fatty acids as an 

alternative antifungal therapy was highlighted. With the findings from this literature review 

taken into account the hypothesis, aims and objectives for the thesis can be formed, as 

discussed in the following sections. 

 

1.9 Hypothesis 

Mucoadhesive electrospun patches may be successfully fabricated to incorporate and 

release an active pharmaceutical ingredient or therapeutic agent to target specific areas of 

the oral mucosa for treatment of oral diseases. 

 

1.10 Aims and Objectives 

This literature review concludes that an improved localised drug delivery device is needed for 

oral diseases. Whilst electrospinning has been around for the past century as a 

manufacturing method only more recently has electrospinning been used as a means to 

encapsulate drugs in polymeric fibres. Currently only a few detailed publications have 

explored the potential for an electrospun drug delivery device to locally target oral diseases 

by adhering to the oral mucosa, and mainly from the research group working on this project 
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at the University of Sheffield. Therefore, the aim of this PhD is to develop and evaluate a 

systematic series of electrospun patches that may be loaded with therapeutic molecules for 

the purposes of adhering to the oral mucosa over several hours and deliver a drug locally to 

the diseased site for a sustained period. The specific objectives are: 

1. To select a suitable polymer-solvent system for electrospinning a drug delivery device 

and then characterising the viscosity, conductivity and surface tension of the polymer 

solutions. The resulting electrospun patches will be analysed for their fibre diameters 

and morphology using SEM. 

2. To load a drug molecule, specifically lidocaine, into the electrospun polymer fibres 

and analyse the drug stability, drug encapsulation efficiency in the fibres, the drug 

release in buffer and the ex vivo permeation through porcine buccal tissue. This 

includes setting up a robust HPLC method to measure the lidocaine concentrations in 

the release and permeation tests. Additionally drug spatial distribution in tissue will be 

evaluated using mass spectrometry imaging. 

3. To test the patches for their therapeutic potential by treating an oral fungal disease, 

oral candidiasis. This includes testing the therapeutic ability of short- to medium-chain 

saturated fatty acid solutions against several C. albicans strains (one of which is 

resistant to commonly used antifungal drugs) in its yeast and biofilm form; assessing 

the cytotoxicity of the fatty acids on mammalian cell; evaluating the encapsulation 

efficiency of the fatty acids in the electrospun patches; measuring C. albicans 

inhibition from the fatty acid containing electrospun patches; and testing the fatty acid 

containing patches on a more physiologically relevant C. albicans infected 3D oral 

mucosal model. 

The findings from this thesis should inform on the potential of electrospun patches as a local 

oromucosal drug delivery device. The methodologies to determine the outlined objectives are 

described in full in the following chapter.
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2. Materials and Methods 

2.1 Materials 

Table 2.1. Polymers and solvents used in the electrospinning process 

Polymers Weight-average 

molecular mass 

Mw (g/mol) 

Density 

(g/mL) 

Supplier 

Poly(ε-caprolactone) 

(PCL)a 
70,000 - 90,000 1.15 Sigma Aldrich, UK 

Poly(vinyl pyrrolidone) 

(PVP); Kollidon 90a 

1,000,000 - 

1,500,000 
0.40 – 0.55 BASF, Germany 

Eudragit RS100b 32,000 Unknown Evonik, Germany 

Poly(ethylene oxide) 

(PEO)a 
400,000 Unknown Sigma Aldrich, UK 

Dextran T2000c 
1,500,000 - 

2,500,000 
1.8 

Pharmacosmos, 

Denmark 

aStructures shown in Table 1.2 on pages 20-21 

bStructure of RS100 

 

cStructure of Dextran 

 

Solvents    

Ethanol 46.07 0.79 

Fischer Scientific, 

UK 

Dichloromethane 

(DCM) 
84.93 1.33 

Dimethylformamide 

(DMF) 
73.09 0.94 
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Table 2.2. Reagents used for permeation experiments 

Reagent 
Molecular Weight 

Mw (g/mol) 

Water solubility 

(g/100mL) at 

20 °C to 25 °C 

Supplier 

Lidocaine basea 234.30 Not soluble 
Abcam, UK 

Lidocaine HClb 270.80 2.7 

Carboxymethylcellulose (CMC) 

sodium 

Not given. 

Viscosity given as 

400-1000 mPa.s, 

2% in H2O (25 °C) 

(dry substance) 

0.2-0.5 

Sigma 

Aldrich, DK 

2,5-dihydroxybenzoic acid (DHB) 154.02 Soluble 

Disodium hydrogen phosphate 141.96 7.7 

Potassium dihydrogen phosphate 136.09 Approx. 25 

Methanol 32.04 Miscible 

Th. Geyer 

GmbH & 

Co. KG, 

Germany 

Acetonitrile 41.05 80 

Fischer 

Scientific, 

UK 

aLidocaine base structure 

 

bLidocaine HCl structure 
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Table 2.3. Culture medium materials used in the microbiology experiments 

Reagents Supplier 

Yeast 

Oxoid Ltd, UK 

Peptone 

Dextrose 

Agar 

Phosphate Buffer Saline (PBS) tablets 

Roswell Park Memorial Institute (RPMI)-1640 Media 
Sigma Aldrich, UK 

Poly-l-lysine 

 

Table 2.4. Reagents for antifungal testing 

Reagents Molecular 

Weight (g/mol) 

Water solubility 

(g/100mL) at 20°C/ 25°C 

Supplier 

Pentanoic acid  102.13 4 

 

Sigma Aldrich, 

UK 

Hexanoic acid  116.16 1.03 

Heptanoic acid  130.18 0.28 

Octanoic acid  144.21 6.8 E-2 

Nonanoic acid  158.24 3.0 E-2 

Decanoic acid  172.26 6.2 E-3 

Undecanoic acid  186.29 2.8 E-4 

Dodecanoic acid 200.32 4.8 E-4 

Dimethyl sulfoxide 

(DMSO) 
78.13 1 

Fluconazole 306.27 1 

Miconazole discs  

(10 µg) 
416.14 Not known 

Mast 

Diagnostics, UK 
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Table 2.5. Commercial cell viability kits 

Kit name Type of assay Supplier 

Cell proliferation kit II, (2,3-bis-

(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-

carboxanilide) (XTT) 

Colorimetric 

Sigma Aldrich, UK 
In vitro toxicology assay kit, 3-

[4,5-dimethylthiazol-2-yl]-2,5 

diphenyl tetrazolium bromide 

(MTT) based 

Colorimetric 

LIVE/DEAD™ BacLight™ 

Bacterial Viability Kit 
Fluorescent 

ThermoFischer 

Scientific, UK 

CytoTox 96® Non-radioactive 

Cyto-toxicity assay, lactose 

dehydrogenase (LDH) kit 

Colorimetric Promega, UK 
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Table 2.6. Green’s medium components [175] 

Reagent 

Making stock 

instructions/ 

concentration 

Final concen-

tration (of total) 

Quantity 

for 500 mL 

media 

Supplier 

Adenine (>99%) 

0.5 mg in 70 mL dH20. 

Add up to 3 mL 1 M 

HCl and make up to 

80 mL (6.25 μg/mL) 

12.5 μg/mL 

(4%) 
2 mL 

Sigma 

Aldrich, 

UK 

Dulbecco’s modified 

Eagle medium 

(DMEM) – High 

Glucose 

As purchased. (66%) 330 mL 

Epidermal growth 

factor 

2 mg with 2 mL 10 mM 

acetic acid and add 

20 mL PBS 

(100 μg/mL) 

10 ng/mL 

(<0.5%) 
50 μL 

Fetal Calf Serum As purchased (10%) 50 mL 

Amphotericin B 250 μg/mL 
312.5 μg/mL 

(<0.5%) 
1.25 mL 

Ham’s F12 medium As purchased. (22%) 108 mL 

Hydrocortisone 
25 mg in 1 mL dH20 

and 9 mL PBS. 

200 μg/mL 

(<0.5%) 
80 μL 

Insulin As purchased. (<0.5%) 233 μL 

Penicillin 

Streptomycin 

100x conc. Includes 

10 mg/mL Streptomycin 

and 10,000 units of 

penicillin. 

10 mL/L      

(1%) 
5 mL 

3,3,5-Tri-

idothyronine (T3)/ 

apotransferrin 

13.6 mg T3 dissolved in 

0.02 M NaOH and 

made up to 100 mL in 

dH20.  250 mg apo-

transferrin in 30 mL 

PBS and add 0.5 mL of 

T3 solution and make 

up to 50 mL in PBS. 

22 ng/mL T3 

83 μg/mL of 

apo-transferrin 

(<0.5%) 

 

500 μL 

Total (100%) 497.11 mL - 
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Table 2.7. Materials, reagents and cells used in tissue culture 

Material, reagent or cells Brief description Supplier 

12, 24 or 96 well plates Used as a vessel for cell growth. 
Greiner Bio-One, UK 

Flasks Used as a vessel for cell growth. 

Trypsin-EDTA solution Used to dissociate adherent cells 

from the flasks in which they 

have been grown up. 

Sigma Aldrich, UK 

Rat tail collagen Provides structure for the models 

and aids the 3D proliferation of 

the fibroblasts. 

Provided by Dr Emma 

Bird at the University of 

Sheffield. 

Normal oral fibroblasts 

(NOF) 

Obtained via oral biopsies from 

the buccal mucosa of healthy 

volunteers with informed consent 

by the Sheffield Ethics 

Committee (ref09/H1308/66). 

Provided by Dr Helen 

Colley at the University 

of Sheffield. 

FNB6 oral keratinocytes Normal immortalised oral 

keratinocyte cell line isolated 

from the buccal mucosa. 

Obtained from 

Glasgow Dental 

Hospital and School 

[176]. 

Acetic acid For collagen stock. 

Fisher Scientific, UK pH buffer To calibrate the pH meter prior to 

use. 

Sodium chloride (NaCl) To adjust the pH. 
Sigma Aldrich, UK 

Hydrochloric acid (HCl) 

 

 

Table 2.8. Staining solutions 

Stain or reagent Supplier 

Xylene 
Fisher scientific, UK 

Schiff’s reagent 

Periodic acid VWR Prolab 

Haematoxylin 

Thermoscientific, UK Eosin 

DPX mountant 

Sodium hydrogen carbonate Merck KGaA, Germany 
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2.2 Methods: Characterisation of electrospinning polymer solutions and the 

resulting electrospun mats 

This section describes the polymer and solvent systems, and the methodology used to 

manufacture and characterise electrospun patches.  

 

2.2.1 Preparing the polymer solutions 

For both electrospinning and material characterisation the polymer solutions were prepared 

as follows: PCL was dissolved in a DCM and DMF solution at a w/w ratio of 93:7 DCM to 

DMF at various concentrations and left on a magnetic stirrer for four hours before being used 

for electrospinning. PVP was dissolved in 97% (w/w) ethanol in deionised water at various 

concentrations and was left on a magnetic stirrer for 18 h. For some further experiments 

RS100, PEO and dextran were added to the PVP solution at different concentrations and 

stirred for up to 24 h. 

 

2.2.2 Viscosity of polymer solutions 

Rotational rheology tests were performed on the polymer solutions using an MCR 301 

rheometer (Anton Paar, Austria) with a cone-plate measuring system CP50-1 (50 mm 

diameter and 1° cone) at a constant temperature of 25 +/- 0.2 °C with a sample volume of 

approximately 1 mL. The linear viscoelastic region of the polymer solutions was pre-

determined with an amplitude sweep test. The selected polymer solutions remained in the 

linear viscoelastic region as the strain was increased from 0.1% to 100%, as shown by the 

linear storage modulus G’ in Figure 2.1.  This means that within this region of strain the 

material structure is not destroyed or altered, and the viscosity test will be run within this 

viscoelastic region. 
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Figure 2.1. Amplitude sweep test to detect the linear viscoelastic region for 10% PCL in 

DCM/DMF (93/7 w/w%), 10% PVP in ethanol and a mixture of 10% PVP and 10% RS100 in 

ethanol (n=1). 

 

The shear rate in the shear sweep tests to determine the solution viscosities ranged from 1 

to 100 s-1. The shear rate of the solution being pushed from the electrospinning needle was 

estimated to be 40 s-1, using the following equation [177]:  

�̇� =
4𝑉

𝜋𝑟3𝑡
 

Where �̇� is the shear rate (s-1), V is the volume of extruded solution (m3), r is the radius of the 

nozzle (in m) and t is the time taken to extrude the volume of solution (s). 

A parallel-plate measuring system with a 0.5 mm gap (PP-50) was used when adding PEO 

particles to the PVP/RS100 solution as these non-soluble particles did not fit under the 

CP50-1 plate. For all experiments a solvent trap was used, with the solvent system in which 

the respective polymer was dissolved in, to prevent evaporation of the solvent from the 

polymer solution. 
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2.2.3 Conductivity of polymer solutions 

Conductivity of solutions was measured using a Mettler Toledo FG3 conductivity meter 

(Mettler Toledo, Switzerland) with a conductivity standard of 1413 μS/cm. The conductivity 

meter was cleaned with solvent and deionised water between each use. 

 

2.2.4 Surface tension of polymer solutions 

The surface tension of polymer solutions was measured using a Lauda tensiometer TD3 with 

a De Noüy ring (Lauda-Brinkman, Germany). Prior to the experiment and between each test 

the De Noüy ring was cleaned by dipping it in ethanol, heating it by blow-torch and dipping it 

in water, followed by blow-torching it again before placing it on the equipment stanchion. The 

ring was calibrated and tested with deionised water, for which a surface tension of 72 +/-

 1 mN m-1 was expected. The polymer solutions were made up to 60 mL and poured into a 

glass dish that was placed on the stage below the ring. The stage was operated upwards 

until the ring just dipped below the surface of the polymer solution. The surface tension was 

recorded by taking five to six measurements per solution. 

 

2.2.5 Electrospinning parameters 

The electrospinning setup consisted of a pump (KD Scientific, US), which expelled polymer 

from a 1 mL syringe with internal diameter of 0.584 mm (BD Plastipack, Spain) through a 20-

gauge blunt metallic needle (Intertronics, UK). The Alpha IV Brandenburg power supply was 

connected to the needle supplying a voltage between 10 and 30 kV. The polymer was 

collected on a metallic collector plate a specified distance from the tip of the needle (see 

Table 2.9). The following electrospinning parameters were used, with slight alterations to 

previously published work [178]: 
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Table 2.9. Electrospinning setup 

Polymer PVP solution PCL solution 

Voltage (kV) 17-19 17 

Feed pump speed (mL/h) 3 3 

Collector-to-syringe tip distance (cm) 14-18 21 

Collector covered in baking paper aluminium foil 

 

The flow rate was decreased to 1.5 mL/h with the addition of PEO or dextran particles, as 

otherwise the polymer solution would overflow from the tip of the needle rather than being 

directly drawn into a fibre. As the rig was not temperature or humidity controlled, the voltages 

were increased slightly during hot summer days where the temperature in the laboratory was 

over 25 °C, as this resulted in better drawing of the polymer solution into a fibre.  

The same set up as in Table 2.9 was used when therapeutic agents were added to the PVP 

or PCL polymer solutions, with the before mentioned decrease in flow rate if the PEO 

particles were also added. The PVP solution with the addition of dextran or PEO particles 

required a larger syringe tip (Intertronics, UK) with an inside diameter of 1.372 mm (15-

gauge) tip.  

 

2.2.6 Morphology of electrospun mats 

Electrospun scaffold samples were prepared for scanning electron microscopy (SEM) by 

placing cut out areas of the electrospun membranes onto stubs with carbon sticky tape 

followed by gold coating using Edwards S150B Gold Sputter Coater (BOC Edwards, UK) 

prior to the microscopy process. The morphology of the fibres was imaged using a Philips 

XL-20 (Philips, Netherlands) SEM set at 15 kV. The diameters of the electrospun fibres were 

measured using imageJ (National Institute of Health, US [179]). The method of how the fibre 

diameter data was obtained for one electrospun patch is shown in Figure 2.2. 
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Figure 2.2. Schematic showing how areas of an electrospun patch were cut out and imaged 

under the SEM. These 4 cut outs from one patch (A-D) were imaged to measure the range of 

fibre diameters for one electrospun patch. Using imageJ all fibre diameters were measured in 

these 8 imaged areas. For one cut out, e.g. section A, the data from the two images is 

combined. 

Electrospun 
patch Areas cut out 

for imaging 

Imaged and 

measured areas 

A 

B 

C 

D 
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2.3 Methods: Ex vivo permeation of lidocaine released from electrospun patches 

An important consideration when developing a local drug delivery device is to understand 

whether the drug is not only being released from the electrospun patch but whether it is also 

able to permeate the local tissue. This section includes methodology of the drug being 

incorporated into the electrospun patches and the characterisation thereof, the drug release 

from the electrospun patches in buffer, drug permeation through oral mucosal tissue using 

diffusion chambers and the use of mass spectrometry imaging to determine drug distribution 

in tissue. 

 

2.3.1 Manufacture of electrospun mats containing lidocaine 

Lidocaine base or lidocaine HCl was added at 3% (w/w) of the dry polymer in the dope 

solution (e.g. 0.1 g of lidocaine in 3.26 g of polymer in a 10 g polymer dope solution). The 

polymer dope consisted of 10% (w/w) PVP, 12.5% (w/w) Eudragrit RS100 and 10% (w/w) 

PEO in 97% (w/w) ethanol prepared in deionised water. The solutions were mixed at room 

temperature using a magnetic stirrer for 24 h or until they were dissolved. Then the solutions 

were electrospun as described in section 2.2.5. 

 

2.3.2 Dual layer patch manufacture 

A strip of plain PCL patch and either the plain or lidocaine containing PVP/RS100/PEO patch 

were sandwiched together between two glass slides and placed in an oven at 70 °C for 3 

min. Backing paper was placed between the glass and the PCL to prevent the PCL sticking 

to the glass.  PCL has a lower melting point than the PVP layer and so melts onto the top of 

the PVP fibres. The dual-patch was then punched using a 10 mm diameter punch. If the PCL 

layer peeled from the top of the PVP layer slightly because of the punching process, the mat 
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was placed back in the oven for a few more minutes to ensure that the two layers were stuck 

together.  

2.3.3 Differential scanning caliometry 

Differential scanning caliometry (DSC) was used to determine whether the lidocaine was 

amorphous in the electrospun mat. After the liquid nitrogen flow was turned on the DSC 

(Pyris 1, Perkin Elmer) was left to equilibrate to 25 °C prior to the start of the experiment. The 

samples were weighed out to 0.001 mg accuracy and placed in an aluminium pan that was 

crimped shut with an aluminium cover. The DSC heating profile was from 25 °C to 200 °C 

with a heating rate of 10 °C/min. 

 

2.3.4 pH of electrospun patches containing lidocaine base and lidocaine HCl 

After fully dissolving the electrospun patches either containing no drug, lidocaine HCl or 

lidocaine base (n = 3 patches for each condition, 110 ± 4 mg patch weight; mean ± SD) in 

10 mL of deionised water the pH was measured using a FiveGo pH meter (Mettler Toledo, 

Switzerland) at 20.5 °C. 

 

2.3.5 Isotonic buffer solution 

Isotonic phosphate buffered saline (PBS) at pH 7.4 and an osmotic pressure of 290 

mOsm/kg was prepared by dissolving 2.38 g of disodium hydrogen with 0.19 g potassium 

dihydrogen phosphate and 8 g sodium chloride in 1 L of deionised water. The pH was 

adjusted to pH 7.4 with concentrated sodium hydroxide solution or hydrochloric acid solution 

if necessary and the osmotic pressure was adjusted to 290 mOsm/kg using sodium chloride. 
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2.3.6 Ultraviolet scan of lidocaine HCl 

Lidocaine HCl 3% (w/v) in PBS was scanned using a UV-cuvette on a NanoDrop 2000 

Spectrophotometer (ThermoFisher Scientific, US). The optimal wavelength was determined 

to be 262 nm (Figure 2.3). 

 

Figure 2.3. Determining the optimal wavelength for lidocaine HCl in PBS, where 1 mL of the 

solution in a UV-Cuvette at different concentrations of lidocaine is shown (n=1). 

 

2.3.7 High-Performance Liquid Chromatography 

HPLC analysis was performed to detect the presence of lidocaine using a XBridge BEH-C18 

column (4.6mm × 250 mm, 130 Å pore size) (Waters, UK) and a mobile phase composed of 

acetonitrile (ACN): water (1:1 v/v) containing 0.1% (v/v) ammonia, run for 12 min at a flow 

rate of 1 mL/min. The UV detector was set to 262 nm, and a single injection of 20 μL per 

sample was performed to obtain the concentration results. A standard curve was achieved 

using known concentrations of lidocaine HCl in buffer. Good linearity was achieved (R2=1.00) 

and the limit of quantitation was determined to be 1.8 μM (ten times the background reading 

created by PBS in the lidocaine peak region). The validation of this method is shown in 

Figure 2.4, where the retention time peak was approximately 10.1 min. 
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Figure 2.4. Lidocaine HCl was dissolved in PBS at increasing concentrations and run 

through the HPLC at a wavelength of 262 nm. The resulting peaks between 9.8 and 10.3 min 

are shown. Areas under the curve was plotted to show good linearity (R2 = 1.0) across the 

different concentrations measured. 
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2.3.8 Release of lidocaine in buffer from the electrospun patches 

Single layer drug containing patches (Ø 10 mm) were weighed and placed in a 12 well plate, 

which was then filled with 2 mL PBS and gently stirred at room temperature. Samples of 

200 μL were taken every 2 min for the first 10 min and then every 5 min up to 1 h and the 

amount removed was replaced by fresh PBS. The samples were analysed using the HPLC 

(see section 2.3.7) to determine the accumulative release over time. 

 

2.3.9 Preparation of ex vivo porcine buccal mucosa 

Porcine buccal cheeks, purchased from the University of Copenhagen Veterinary School, 

were stored in cryomedium (40% (w/v) glycerol and 20% (w/v) sucrose in PBS pH 7.4) at -80 

°C. In preparation for further experiments requiring porcine cheeks, the required number of 

cheeks were removed from the freezer and placed in a glass vial with PBS which had been 

stored at 4 °C. The glass vial was placed on a shaker with a cool plate that had been stored 

in the freezer to allow gentle defrosting of the tissue. The cheek was moved to three different 

glass vials with fresh PBS every 10 min to allow the cryomedium to be washed from the 

tissue (Figure 2.5.A). The porcine cheeks were cut to size using surgical scissors and the 

height measured between two glass slides using a custom made height measurement 

equipment (Carl Zeiss, DK). The tissue sample was stretched across the Ussing slider 

(P2413, Physiologic instruments, US) with the epithelium side of the tissue facing upwards 

(Figure 2.5.B). The slider had an aperture diameter of 9.5 mm and a surface area of 0.71 

cm2. Next, the cheek was slightly wetted with 20 μL of PBS before adding an electrospun 

patch to the top of the cheek with the drug loaded slide of the patch resting on the epithelium 

(Figure 2.5.C). Controls received placebo or no patch. To ensure a tight fit of the electrospun 

patch to the buccal mucosa parafilm was also placed across the patch prior to sandwiching 

the two sliders together (Figure 2.5.D).  
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Figure 2.5. The images above show how the buccal mucosa was prepared prior to further 

experimentation. The following is depicted: A) de-frosted porcine buccal mucosa (ruler only 

associated to this image), B) porcine buccal mucosa cut to size and mounted on the Ussing 

slider, C) the addition of an electrospun patch to the porcine cheek, D) the second slider 

placed on top of the cheek and electrospun patch to sandwich everything together. 

 

2.3.10 Permeation of lidocaine through porcine buccal mucosa 

The Ussing chamber set up is shown in Figure 2.6. Heated water flowed through the blue 

outer chambers to regulate the temperature of the receptor and donor chambers. The water 

bath for the temperature control was set to 37.4 °C. The receptor and donor chambers were 

slotted in place between the blue heated chamber holders and the active transport 

measurement portals were closed off and not used in this experiment as the tissue was not 

fresh. The chambers were filled with 2 mL PBS to allow for the chambers to warm up whilst 

preparing the porcine tissue as described in section 2.3.9. Once the tissue samples were 

prepared the chambers were emptied of PBS and dried using paper tissue. The Ussing 

sliders containing the samples, either with or without the electrospun patch, were then slotted 

inbetween the two Ussing chambers with the epithelium facing towards the donor chamber. 

A B C D 
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Figure 2.6. Overview of the Ussing chamber system and its components. 

 

The Ussing chamber experiments were performed for three separate conditions: 

1. The porcine tissue alone in the Ussing slider with 2 mL PBS in the receptor chamber 

and 2 mL of lidocaine HCl at 30 mg/mL in PBS in the receptor chamber. The moment 

the lidocaine HCl solution was added to the donor chamber the stop watch was 

started. 

2. The porcine mucosa has a dual layer lidocaine HCl-loaded electrospun patch added 

to it, with the drug-loaded side of the patch facing the epithelium. In this case the 

donor chamber was left empty and the moment the receptor chamber was filled with 2 

mL PBS the stopwatch was started.  

3. The porcine mucosa has a dual layer lidocaine base-loaded electrospun patch added 

to it, with the drug-loaded side of the patch facing the epithelium. Again, the donor 

chamber was left empty and the moment the receptor chamber was filled with 2 mL 

PBS the stopwatch was started. 
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For all three experimental conditions 200 μL samples from the receptor chamber were taken 

every 15 to 30 min over 5 h and the removed liquid was replaced with fresh buffer. The 

temperature and pH in the donor and receptor chamber were recorded towards the start and 

the end of the experiment. The samples are analysed using the HPLC method described in 

section 2.3.7 and the accumulative release was calculated using the following equation: 

𝑚 = 𝑣𝑠 × (∑ 𝑐𝑛−1

𝑛

𝑛=1

) + 𝑐𝑛 × 𝑣𝑡 

Where m is the weight of the lidocaine released, 𝑣𝑠 is the volume of the sampling aliquot, 

(∑ 𝑐𝑛−1
𝑛
𝑛=1 ) are all previous concentrations determined to nth time point, 𝑐𝑛 concentration of 

sample determined at nth time point, 𝑣𝑡 is the complete volume in the well. 

The accumulated permeated amount (𝐽𝑆𝑆, μg min-1 cm-2) was plotted against time (t, min) 

using GraphPad Prism. The steady state flux  (dQ/dt, μg min-1) was determined by taking the 

linear part of the slope between 180 and 300 min using the equation for steady state flux 

(JSS), where  A is the diffusion area (0.71 cm2):  

𝐽𝑆𝑆 =
𝑑𝑄

𝑑𝑡
∗

1

𝐴
 

 

For lidocaine HCl in PBS the apparent permeability (Papp, cm s-1) was calculated using 

equation 4, as given in section 1.7.2, with the donor concentration given in μg. 

 

2.3.11 Incubation of the electrospun patches on porcine buccal mucosa 

The porcine tissue was prepared for this experiment as described in section 2.3.9, although 

for one condition the porcine tissue was mounted on a P2405 Ussing slider (Physiologic 

instruments, US), which has a square aperture size of 4.5 x 9.2 mm and an area of 0.4 cm2. 

The following conditions were used: 

Eq. 7 

Eq. 6 



Materials and Methods 

61 
 

1. Lidocaine HCl dissolved in PBS at 0.3% (w/w) of which 70 μL was added to porcine 

tissue mounted in a P2405 Ussing slider. 

2. A dual layer electrospun patch containing lidocaine HCl, which had been previously 

weighed, was applied to a slightly wetted porcine tissue mounted in a P2413 Ussing 

slider and parafilm was used to hold the patch in place. 

3. A dual layer electrospun patch containing lidocaine base, which had been previously 

weighed, was applied to a slightly wetted porcine tissue mounted in a P2413 Ussing 

slider and parafilm was used to hold the patch in place. 

All Ussing sliders were tightly held together using tape at the bottom end of the slider. The 

sliders were placed in a high humidity chamber with the epithelium side facing upwards. The 

chamber contained supersaturated NaCl solution to provide high humidity and the lower half 

of the Ussing sliders were lying in PBS solution. The chamber was placed in a 37.4 °C 

incubator. At different time points or 15 min, 1 h and 3 h the samples were removed from the 

chamber and the tissue samples were gently taken off the slider and placed onto aluminium 

foil. The tissue samples were covered in 5% CMC gel (made up in water). The samples were 

then placed in the -80 °C freezer in preparation for cryosectioning. 

 

2.3.12 Cryosectioning 

The cryostat (Leica Microsystems A/S, Germany) chamber and cutting arm was kept at -20 

°C during the cryosectioning procedure. The tissue samples were removed from the -80 °C 

freezer and stored in the cryostat chamber until they were needed for cryosectioning. The 

frozen tissue samples were mounted in the cryostat using deionised water. Initially the 

sample was trimmed at 100 μm until the centre of the sample was reached. The samples 

were then cut into 30 μm slices and thaw mounted onto microscope glass slides. Once the 

cryosectioning was completed the glass slides were stored in the -80 °C freezer.  
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2.3.13 Matrix application for MALDI-MSI of tissue samples 

Prior to matrix application the cryosectioned samples on the glass slides were defrosted by 

placing the slide under vacuum for 5 min. A sample was selected and the area desirable for 

imaging was selected using a red marker pen on the opposite side of the glass to where the 

tissue is (having an area of epithelium and submucosa), and the glass containing the sample 

was cut to a smaller size and placed on a metal tissue mount using sticky tabs, as shown in 

Figure 2.7. The matrix was made up of 30 mg 2,5-dihydroxybenzoic acid (DHB, MW=154.03) 

with a 1mL 1:1 methanol : water mixture containing 1% trifluoroacetic acid.  

 

 

Figure 2.7. Mounting the tissue sample prior to matrix application. 

 

The matrix application set-up is shown in Figure 2.8, which consists of a syringe pump, a 

syringe filled with the matrix solution, a tube attached to the syringe leading to the top of a 

stand, a gas attachment to the needle to allow for matrix spraying, a rotating top with a 

central hole to hold the sample mount and a plastic cup with a hole to hold the syringe 

needle that has a height of 13.5 cm which was placed centrally over the rotating sample. 
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Figure 2.8. Matrix application for MALDI-MSI set up. 

 

The sample was rotated at 600 rpm, the nitrogen flow was set to 2 bar and 300 μL of the 

matrix was applied at a rate of 30 μL/min. The sample was then ready for the imaging  

procedure. 

 

2.3.14 Matrix-Assisted Laser Desorption Ionisation – Mass Spectrometry Imaging 

To obtain spatial information of the presence of lidocaine in the tissue samples MALDI-MSI 

was utilised. A schematic of how the mass spectra by ‘scanning’ an area of tissue using a 

laser beam was obtained is shown in Figure 2.9. A Thermo QExactive Orbitrap mass 

spectrometer (Thermo Fisher Scientific GmbH, Bremen, Germany) coupled with a AP- 

SMALDI10 Ion source (TransMIT Gesellschaft für Technologietransfer GmbH, Germany) 

was used for imaging. Positive ionisation mode was utilised with a 200-800 m/z scan range 

and a mass resolving power of 140,000@m/z. An m/z 295.02131 signal of the DHB matrix 

was used as a lock mass, thereby ensuring a mass accuracy of 2 ppm or better throughout 

the entire image. The images have a spatial resolution of 20 μm resolution. The mass 
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spectrum data was converted to an imzML file so that the mass spectroscopy image of the 

analytes present in the sample can be generated in MSiReader v. 0.09 [180,181]. 

 

Figure 2.9. Schematic of MALDI-MSI principle, adapted from Hoffman and Strobaant [182]. 

 

2.3.15 Using MSiReader software to determine presence of analytes 

The mass spectrum data collected from MALDI-MS over the sample surface from each laser 

point can be put together to show the presence and distribution of the analytes in the sample. 

The MSiReader v. 0.09 is an open source Matlab plugin that was used to open the imzML 

files and to attain the MALDI images, where a bin width of 0.002 Th was used [181].  
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2.3.16 Haemotoxolyin and Eosin (H&E) stain 

Post-MALDI-MSI the glass slide was carefully removed from the tissue mount and the matrix 

on the tissue sample was removed by spraying ethanol directly onto the glass slide. The 

sample was then left to dry in the fume hood for 10 min after which 200 μL of haematoxylin 

was added to the sample, covering the tissue and was left for 12 min. Following this the 

haematoxylin was removed by pouring 0.1% NaHCO3 over the sample. The glass slide was 

then placed in a Petri dish with fresh 0.1% NaHCO3 covering the sample and incubated on a 

tipping table for 15 min. After removing the NaHCO3 one to two drops of eosin were applied 

to the sample for 1 min. The eosin was removed with distilled water, after which fresh 

distilled water was left covering the sample for 1 min. 

 

2.3.17 Optical microscope images of H&E stained tissue 

Images of the H&E stained sample were taken under the optical microscope (Olympus, 

Japan) equipped with an AxioCam ERc5s camera (Zeiss, Germany) and then Image 

Composite Editor (Microsoft, US) was used to stitch the images together. This image can 

then be used to overlay it with the MALDI images using MSiReader. 
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2.4 Methods: Electrospun antifungal mat fabrication 

To show the potential of electrospun patches to be used in the treatment of oral diseases, 

antifungal agents were loaded into the electrospun patches and in vitro tests using the most 

prevalent pathogen of oral candidiasis, Candida albicans, were performed. The 

methodologies for these tests are given below. 

 

2.4.1 Preparation of agar plates and yeast-peptone-dextrose (YPD) broth 

Yeast extract (2%), peptone (2%), dextrose (1%) and 2% agar were added to de-ionised 

water, autoclaved and transferred to a 55 °C water bath to cool before pouring into Petri 

dishes to solidify for approximately 1 h prior to storing the plates in the fridge. YPD broth was 

prepared using the same ratio as before, but without the addition of agar. 

 

2.4.2 Candida albicans strains 

The wild type strains used were BWP17 (provided by Prof. Julian Naglik, Kings Collage 

London) and SC5314 (provided by Dr Steven Saville, University of Texas San Antonio). An 

antifungal azole resistant clinical strain (CAR17; provided by Prof. David Williams, University 

of Cardiff) was also used. All strains were cultured on YPD agar at 37 °C and stored at 4 °C. 

 

2.4.3 Preparation of short- and medium-chain fatty acid stock solutions 

Stock solutions of a range of short- to medium-chain fatty acids were made up in DMSO. The 

fatty acids ranged from butanoic acid (C5:0) to dodecanoic acid (C12:0) and were made up 

as 8 M stock solutions that were diluted prior to use in experiments. 
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2.4.4 Manufacture of electrospun mats incorporating medium chain fatty acids 

Fatty acids were incorporated in both 10% (w/w) PCL and 10% (w/w) PVP/ 12.5% (w/w) 

RS100 electrospun mats. The fatty acids were incorporated into the polymer dopes as 

purchased (not from the stock solutions) and added to make up 0.2 M concentration in the 

solvent mixture of the polymer solution. Otherwise the polymer solutions were made up as 

described in section 2.2.1 and electrospun as described in section 2.2.5. 

 

2.4.5 Determination of the concentration of fatty acid in the PCL electrospun 

patches using nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) 1H spectra of fatty acids and PCL electrospun patches 

dissolved in 0.7 mL to 1 mL deuterated chloroform (CDCl3) and sealed in a 5 mm tube were 

recorded using a Bruker AVANCE III or Bruker AVANCE III HD spectrometer at 298 K and 

400.2 MHz or 500.13 MHz. The quantitative spectra were recorded with eight transients 

using a 90° pulse and a relaxation delay of 40 s (having previously determined the longest 

T1 within the mixtures to be ~6.5 s), over an acquisition window of 20 ppm and 64 k 

acquisition points. The spectra were analysed using Bruker TopSpin version 3.2 software. 

The NMR peaks are representative of the number of hydrogens present at a particular 

resonance, where the normalised integrated signals give the relative number of hydrogens at 

a particular resonance. By comparing the normalised integrals of distinguishable PCL signals 

versus fatty acid signals the mole ratio of the two components could be calculated and 

thereby the mass concentration of fatty acid present in the PCL electrospun fibres was 

established. The step by step equations to determine the mass concentration are given 

below: 

𝑀𝑜𝑙𝑒 𝑟𝑎𝑡𝑖𝑜 =  
𝐴𝑟𝑒𝑎 [𝑃𝐶𝐿]/𝑁[𝑃𝐶𝐿]

𝐴𝑟𝑒𝑎[𝐹𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑]/𝑁[𝐹𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑]
 Eq. 8 (a) 
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Where Area[PCL] or Area[Fatty acid] was the integral of the PCL or the fatty acid peak, and 

N[PCL] and N[Fatty acid] are the number of hydrogens contributing to the signal being 

integrated, where N[PCL] = 2 and N[Fatty acid] = 3.  

The mass ratio was calculated using the known molecular weights of M[PCL] and M[Fatty 

acid]: 

𝑀𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 =  
𝑀𝑜𝑙𝑒 𝑟𝑎𝑡𝑖𝑜 × 𝑀[𝑃𝐶𝐿]

𝑀[𝐹𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑]
 

 

The percentage mass of fatty acid in the sample was: 

%𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 = 1 − 
𝑀𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 × 100

𝑀𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 + 1
 

 

 

2.4.6 Gas Chromatography – Mass spectrometry to determine concentration of 

fatty acid in the PVP/RS100 electrospun patches 

Electrospun patches were weighed and dissolved in 1 mL 97% (v/v) ethanol. Standards of 

the fatty acids were also made up in 97% (v/v) ethanol, ranging from 0.01 M to 1 M . An 

Aligent DB-WAX-UI (30 m × 0.25 mm × 0.25 μm) column was used with helium flowing 

through the column at 1.2 mL min-1 with a pressure of 9.15 psi. The injection volume of the 

sample was 1 µL and the temperature of the column was increased from 50 ºC to 250 ºC at 

10 ºC min-1 intervals. The mass spectrometer scan range was between 25-500 m/z.  

 

2.4.7 Agar disc diffusion  

C. albicans strains were inoculated overnight at 37 °C in YPD broth with shaking. Disk 

diffusion tests on YPD agar plates were performed using 200 μL of 2 × 105 colony forming 

Eq. 8 (c) 

Eq. 8 (b) 
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units (CFU) of C. albicans diluted in phosphate buffered saline (PBS) (Sigma Aldrich, US), 

which were then spread across YPD agar. Fatty acids with chain length C5:0 to C12:0 were 

diluted from the stock solutions to 0.2 M concentration in DMSO and 20 μL pipetted onto 

0.62 mm diameter filter discs (Thermo Scientific, US). The filter discs were placed on the C. 

albicans streaked YPD plate in triplicate per concentration. Fluconazole (0.8 mM) and 

miconazole discs (10 μg or 2.4 nmol) were used as a positive controls and neat DMSO was 

used as the negative control. The YPD plates were incubated at 37 °C for 24 h then the YPD 

plate imaged and the zone of inhibition around the filter disc measured using ImageJ 

software (National Institute of Health, US [179]). Electrospun patches (12.7 mm diameter) 

incorporating fatty acid were also placed onto the C. albicans spread YPD plate and 37 °C 

for 24 h before measuring the zone of inhibition using the same method as for the filter discs. 

The agar disc diffusion methodology is shown schematically in Figure 2.10. 
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Step 1 - Making YPD and pouring the agar plate 

  

 

 

 

 

 

 

 

 

 

 

 

Step 2 - Making Candida albicans YDP Broth 

 

 

 

 

 

 

 

1% yeast extract 

2% peptone 

2% dextrose/glucose 

2% agar 

In dH2O 

YPD autoclaved 

and plate poured 

after YPD has 

cooled to 55 °C. 

YPD 

After approximately 

2 h the plate can be 

stored in a fridge 

ready for use. 

Add three C. albicans 

colonies to 15 mL of 

YPD and incubate at 

25 °C on shaker (at 

100 rpm) overnight. 
YPD 

Next day centrifuge 

broth at 2000 rpm for 

6 min at room temp to 

pellet Candida.  

Pour remaining YPD 

away. 

Centrifuge 

. Schematic of Agar disc diffusion method 
Figure 2.10. Schematic of Agar disc diffusion method. 
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Step 3 - Counting Candida Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PBS 

Pelletized Candida 

is re-suspended in 

15 mL of PBS. 

After thorough mixing 

20 μL of diluted Candida 

solution is pipetted into a 

counting chamber. 

Counting chamber 

Glass slide Insertion portal 

Count number of Candida 

colonies in 4 squares of 

counter under the microscope. 

Then work out number of 

Candida diluted in 15 mL of 

solution. 

Centrifuge 

Centrifuge the Candida solution 

again. Re-suspend the Candida 

at 107 CFU/mL in PBS and then 

further dilute Candida to 

106 CFU/mL. 

PBS 

with 106 

CFU/mL  

Pelletized Candida 

Figure 2.10 continued. Schematic of Agar disc diffusion method 
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Step 4 - Spreading Candida on agar plates 

 

 

 

 

 

 

 

 

 

 

 

 

Step 5 - Measure Candida inhibition zone 

  

Put 200 μL (equivalent to 

2 x 105 CFU) of Candida on 

agar plate and spread all over 

the plate with a spreader. 

Spreader 

Place 20 μL of fatty 

acid solution on 

sterile filter disk and 

place on spread 

Candida. 

 

Incubate at 37°C for 24 h. 

 

The following day the resulting 

agar plate is photographed next to 

a ruler and the inhibition zones are 

measured using image J. 

 

One inhibition zone is 

measured across four times 

and the mean diameter from 

this was used to calculate the 

surface area (cm2). 

 

Figure 2.10 continued. Schematic of Agar disc diffusion method 
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2.4.8 Biofilm viability of Candida albicans treated with fatty acid solution 

The effect of fatty acid treatment on C. albicans biofilms was measured using an XXT 

metabolism assay. 100 μL of 1 × 105 CFU/mL C. albicans (SC5314) was prepared in serum-

free RPMI and pipetted into each well of a 96-well plate and the plate incubated at 37 °C for 

24 h to enable the Candida to form a biofilm. The wells were washed once with PBS to 

remove any non-adherent cells. Fatty acids were prepared in DMSO and RPMI at increasing 

concentrations with 0.4 M being the highest concentration and 1:1 serial dilutions performed 

in RPMI. 100 μL of the fatty acid solutions was added to the wells (6 wells per treatment) and 

incubated at 37 °C for 18 h. RPMI was removed and  50 μL of freshly prepared XTT solution 

was added to the wells and the plate was incubated for a further 2 h. When the XTT is 

metabolised by the C. albicans a colour change occurs that is directionally proportional to the 

number of Candida in the well.  40 μL of the XTT solution was removed to a new 96-well 

plate and the absorbance read in a plate reader (Infinite 200 Pro, Tecan, Switzerland) at 450 

nm with a correction reading taken at 690 nm. The results were plotted in Graphpad Prism 

(US) such that the control (no treatment) shows 100% biofilm viability and the concentration 

of the fatty acid on the x-axis is log-scale. The IC50 values were calculated using GraphPad 

Prism. 

 

2.4.9 Biofilm viability assay of Candida albicans treated with fatty acid 

containing electrospun patches 

24-well plates were pre-treated with poly-L-lysine (0.01% w/v) to increase the adherence of 

the C. albicans cells to the well surface. C. albicans strains SC5314 and CAR17 were 

cultured in YPD broth overnight, centrifuged, the pellet resuspended at 1 × 106 CFU/mL in 

RPMI and 1 mL pipetted into each well of a 24-well plate, which was then incubated at 37 °C 

for 24 h to form a biofilm. The wells were washed once with PBS and then electrospun discs 

(12.7 mm ø) were placed in the individual wells along with 200 μL RPMI so that the biofilm 
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did not dry out. Three wells were used per electrospun patch condition (e.g. three wells used 

for electrospun patches containing C7:0). After 18 h incubation at 37 °C the RPMI was 

removed and 200 μL of XTT in PBS was added to each well and then returned to the 

incubator for 1 h at 37 °C. 40 μL of the XTT solution per well was removed and placed in a 

96-well plate. The absorbance was read at 450 nm with a deducted background absorbance 

of 690 nm using the plate reader (Infinite 200 Pro, Tecan, Switzerland). The biofilm viability 

of each fatty acid electrospun patch condition was plotted using GraphPad Prism. 

 

2.4.10 Live/Dead stain of C. albicans biofilm 

The Live/Dead BacLight viability kit consisted of SYTO-9 and propidium iodine stains and 

were used on C. albicans biofilms grown as described in section 2.4.9 and treated with 50 

mM of the fatty acid in RPMI solutions. The plate was washed twice and microscopic images 

were acquired using the Zeiss Axiovert 200 M inverted fluorescence microscope and 

AxioVision software. 

 

2.4.11 Cytotoxicity of fatty acid solutions on oral keratinocyte monolayers 

Monolayers of FNB6 cells were prepared in 96-well plates using 104 cells/mL (100 μL/well) 

and cultured in Green’s medium at 37 °C, 5% CO2 for 24 h. The monolayers were treated 

with nonanoic (C9:0) and dodecanoic (C12:0) acid with the highest concentration being at 

0.1 M prepared in Green’s medium and then 1:1 serial dilutions were performed across the 

plate. After 24 h incubation at 37 °C, 5% CO2 the medium was removed, the cell monolayers 

were washed twice with PBS and 100 μL/well MTT solution (0.5 mg/mL) applied and 

incubated for 2 h at 37 °C, 5% CO2. The MTT was removed and 50 μL/well acidified 

isopropanol was added, mixed to lyse the cells and the absorbance was read at 570 nm in a 

plate reader (Infinite 200 Pro, Tecan, Switzerland). 
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2.4.12 Tissue models of 3D oral mucosa 

3D tissue engineered oral mucosal models using FNB6 keratinocytes were prepared as 

described previously [183], and a schematic of these tests is given in Figure 2.11. Rat tail 

collagen (5 mg/mL in 0.1 M acetic acid) was used as a connective tissue scaffold. Normal 

oral fibroblasts (NOF) were detached from tissue culture flasks using trypsin and 

respuspended at 1 × 106 cells/mL in Green’s medium [175]. FBS, 10 × DMEM, L-Glutamine, 

and reconstitution buffer (2.2% sodium bicarbonate, 4.8% HEPES, 0.248% NaOH in dH2O) 

were added to the collagen and the pH was adjusted to 7.4 with the addition of 1 M NaOH. 

NOF were added to the collagen mixture at a concentration of 2.5 × 105 cells/mL before 

adding 1 mL to each 12 mm cell culture transwell inserts (0.4 μm pore; Millipore) and allowed 

to solidify in a humidified atmosphere at 37 °C for 2 h. NOF-populated gels were submerged 

in Green’s media and incubated for 2 d, after which 500 μL of 5 × 105 FNB6 oral 

keratinocytes per model were seeded onto the surface and further cultured for 2 d. Models 

were then cultured at an air-to-liquid interface for 14 d at 37 °C, 5% CO2. 

 

2.4.13 Infecting 3D tissue models with C. albicans and applying antifungal 

electrospun patches 

Two days prior to using the mucosal models for infection experiments the culture medium 

was removed and replaced with fresh Green’s medium without fungizone or 

penicillin/streptomycin. C. albicans (SC5314) were grown in YPD broth as described in 

section 2.4.7, centrifuged, washed twice with 25 mL PBS and resuspended in PBS at 5 × 107 

CFU/mL. The Green’s medium underneath the transwell inserts was removed and replaced 

with fresh medium (without fungizone or penicillin/streptomycin) and either 100 μL of SC5314 

C. albicans (5 × 106 CFU/mL per model) or PBS control was applied to the surface of the 

model. Models were incubated for 6 h at 37 °C, 5% CO2. Then 10 mM discs containing the 

following molecules were applied to the surface of the keratinocytes: placebo PVP/RS100 
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patch, PVP/RS100 patch containing nonanoic acid, PVP/RS100 patch containing dodecanoic 

acid, no patch control. Models were further incubated at 37 °C for 18 h. 

 

 

 

 

Day 1 – NOF in gel in an liquid-liquid 

interface culture 

Day 3 – Addition of FNB6 cells to NOF 

surface in an air-liquid interface culture 

 

       

Day 5 – Air-liquid interface culture Day 14 – Infection With C. albicans and 

addition of patches 6 h later. 

 
 
 

 

Day 15 and 16 – Keep the media for the LDH assay. Remove models for fixing, wax 

embedding and mounting on glass slide for staining.  

Figure 2.11. Schematic of 3D oral mucosa model growth, infection of model, and 

electrospun patch treatment. 
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2.4.14 Lactate dehydrogenase assay 

The medium from under the 3D models was pipetted into an Eppendorf tube and centrifuged 

at 12,000 g for 3 min to pellet the cell debris. The supernatant was pipetted into a fresh 

Eppendorf and 50 μL then transferred to each well of a 96-well plate for the LDH assay; the 

remainder was frozen down at -20 °C for later use. Cytotox 96® Reagent was prepared as 

described in the product assay protocol, then 50 μL of the reagent was added to the cell 

culture conditioned medium and the plate incubated at room temperature for 30 min in the 

dark. 50 μL stop solution was added and the OD measured using a spectrophotometer at 

492 nm. 

 

2.4.15 Histological processing of oral mucosal models 

Oral mucosal models were washed twice in PBS and fixed in 10% PBS-buffered formalin, 

where 2 mL of the fixative was placed underneath the inserts and 500 μL on top of the 

epithelial surface. The samples were left to fix for at least 5 h at 4 °C. After fixing, the insert 

along with the 3D model were removed and sandwiched in a processing cartridge before 

being placed in the wax embedding processer. The Leica TP tissue processor takes the 

tissue samples through several different graded alcohol baths over several hours and the 

sample becomes infiltrated with paraffin wax. The following day the models were bisected 

and the tissue halves placed upright in metal containers, hot paraffin wax was added and 

cooled making sure that the samples stay in an upright position. The wax was left to solidify, 

then removed from the metal container. Wax-embedded mucosal were sectioned (5 μm) 

using a Leica microtome, floated on 40 °C water, mounted on high-adhesive microscope 

slides and then dried in an oven at 50 °C for 15 min. 
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2.4.16 Periodic-acid Schiff staining 

Microscope slides were loaded into a Shandon Automated Linear Stainer (ThermoFisher, 

US), where slides were automatically taken through 3 × xylene, decreasing alcohol gradients 

(2 × 100%, 1 × 70%) then to water. The slides were kept in each bath for 15 s before moving 

onto the next one. The slides were removed from the stainer and flooded with 1% periodic 

acid for 10 min and then washed with distilled water. Next the sections were stained with 

Schiff’s reagent for 15 min and again rinsed with distilled water. Following this the samples 

were counterstained in the automated stainer with Mayer’s haematoxylin followed by 

1 × Scott’s tap water, 1 × 95% alcohol, 4 × absolute alcohol, 1 × absolute alcohol/xylene (50/50) 

and finally 2 x xylene. The slides were removed from the automated stainer, dried and mounted 

using DPX mountant, adding a coverslip in the process. Once dried images of the tissue samples 

were taken using a light microscope (Leica microscope Olympus, UK). 
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3. Results and Discussion: Characterising electrospinning solutions and 

resulting electrospun patches 

3.1 Introduction 

Choosing the material for a drug delivery device was critical, as a bioinert and non-toxic 

material was desired, which could adhere to the oral mucosa for several hours without 

eliciting an undesired inflammatory response from the tissue. Polymers dissolved in solvent 

were used to manufacture the delivery device, as they can be electrospun into a fibrous, 

flexible, drug-containing patch with mucoadhesive properties. For this study, PCL and PVP 

were chosen as the main electrospinning polymers on the basis that they are considered 

safe and are already used as medical materials in industry. Hence, they are highly likely to 

be FDA approved, which was also an important consideration in reducing the time needed to 

take the patches to clinic. Additionally, dextran and PEO particles were added to the PVP 

polymer solution and electrospun, as previous research in the group had shown increased 

mucoadhesion of the electrospun patches with these inclusions [1,178]. To gain a better 

understanding of some material parameters that influenced the final morphology of the 

electrospun patches, the polymer solutions were characterised and SEM images of the 

patches were analysed. 

 

3.2 Rheology of polymer solutions 

Electrospinning conditions, such as the voltage and flow rate, were adjusted depending on 

the solution that was electrospun. These necessary adjustments were related to the polymer 

solution properties, which may also affect the resulting morphology and fibre diameter of the 

electrospun fibres. Here, PCL at different concentrations in DCM/DMF and PVP in ethanol at 

different concentrations with a range of additives were tested using a shear viscosity test. 

The viscosity results in Figure 3.1 show that the polymer solutions are Newtonian fluids as 

the viscosity remains the same despite the change in external force acting on the fluid (n=3). 

For clarity, only the maximum and minimum concentrations of the different polymer solutions 
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are shown, however the polymers behaved as Newtonian fluids at all concentrations tested 

(Figure 3.1). With the addition of dextran particles, the polymer solutions still show 

Newtonian behaviour (Figure 3.2). However, the addition of PEO particles results in a higher 

viscosity at lower shear rates and a reduction in viscosity with increased shear stress (Figure 

3.2). This is attributed to the PEO particles not dissolving in ethanol and hence as the shear 

stresses act on the solution both mixing of the particles into the solution and potential 

breaking of the particles may be occurring.  

 

Figure 3.1. Viscosity of polymer solutions at different concentrations in solvent. PVP (blue) 

and PVP / RS100 (green) are dissolved in 97% (w/w) ethanol and PCL in DCM/DMF 

(93/7% w/w) (red and orange) (mean +/- SD, n=3). 
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Figure 3.2. Viscosity of PVP 10% and RS100 12.5% with additives at different 

concentrations in 97% ethanol (mean +/- SD, n=3). Adapted from Santocildes-Romero et al. 

[178]. 

 

The shear rate of the solution being pushed from the electrospinning needle was estimated 

to be 40 s-1, using Eq. 5 given in section 2.2.2. Hence the viscosity at a shear rate of 40 s-1 

for the polymer solutions was selected to compare the PCL dope and PVP dope solutions 

chosen for electrospinning (Figure 3.3). It was shown that PCL at the same concentration in 

DCM/DMF compared to PVP in 97% (w/w) ethanol has a viscosity approximately 10-fold 

greater (Figure 3.4). Both the PCL and PVP solutions followed an exponential trend in 

increasing viscosity as the polymer concentration in solution was increased, with R2 = 0.96 

and R2 = 0.98, respectively. As PVP is a hydrophilic polymer another polymer was added to 

1 1 0 1 0 0

0 .1

1

1 0

1 0 0

1 0 0 0

S h e a r  ra te  (s
-1

)

V
is

c
o

s
it

y
 (

P
a

 s
)

P V P  1 0 %  / R S 1 0 0  1 2 .5 %

P V P  1 0 %  / R S 1 0 0  1 2 .5 %  /  P E O  1 0 %

P V P  1 0 %  / R S 1 0 0  1 2 .5 %  /  P E O  2 0 %

P V P  1 0 %  /  R S 1 0 0  1 2 .5 %  /  D e x  1 0 %

P V P  1 0 %  /  R S 1 0 0  1 2 .5 %  /  D e x  2 0 %

5 0 0 0



Results and Discussion: Characterising electrospinning solutions and resulting electrospun patches 

84 
 

the electrospinning dope to make the electrospun patch more hydrophobic so that it does not 

dissolve too rapidly in the oral cavity once used as a drug delivery device. This polymer was 

Eudragit RS100, a copolymer of ethyl acrylate and a methacrylic acid ester, although this 

polymer also has quaternised amine side groups meaning it also has some hydrophilic 

properties. The addition of RS100 to 10% (w/w) PVP in the polymer dope solution did not 

greatly change the viscosity even as the concentration of RS100 was increased, which was 

also reflected by R2 = 0.52. However, as there were two polymers in this mixture, and the 

PVP concentration was kept at 10% (w/w), the solution was not expected to follow the same 

exponential trend as the PCL and PVP solutions on their own. The polymer solution viscosity 

is only one of the material properties that can influence the resulting electrospun polymer 

fibres and hence further material characteristics were measured in the following sections. 
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Figure 3.3. Viscosity of PCL in DCM/DMF (93% / 7%) (red), PVP (blue) and PVP 10%/ with 

RS100 (green) in 97% ethanol at different concentrations of polymer as recorded at a shear 

rate of 40 s-1 (mean +/- SD, n=3). The exponential growth was calculated using non-linear 

regression in GraphPad Prism. Adapted from Santocildes-Romero et al. [178]. 
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3.3 Conductivity of polymer solutions 

Electrospinning is performed in a controlled electrical field and the polymer solution is drawn 

by the electrical forces into a fibre. Therefore, the conductivity of the polymer solution will 

influence how well the solutions are drawn into a fibre. The results for the conductivity of PVP 

at different concentrations in ethanol and of PCL at different concentrations in DCM/DMF are 

shown in Figure 3.4. Here it is shown that the PVP solutions have a far higher conductivity 

than the PCL solutions and that this is not related to the solvent conductivity. One-way 

ANOVA reported statistically significant differences between the polymer solution and the 

respective solvent (p < 0.0001), apart from PCL 5% compared to DCM/DMF (p = 0.0008). 

There was no significant difference between the conductivities of ethanol and DCM/DMF. 

The addition of RS100 to the PVP dope resulted in a large increase in solution conductivity 

and the further addition of PEO or dextran particles reduced the conductive effect of RS100 

(Figure 3.5). In Figure 3.5 almost all solution conductivities were significantly different to each 

other (p < 0.0001) using one-way ANOVA, apart from PVP 10% RS100 10% to PVP 10% 

RS100 10% with either the addition of dextran 10% or PEO 10%. Solutions including either 

dextran 20% or PEO 20% were also not significantly different to each other. 
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Figure 3.4. Conductivity of PVP in 97% ethanol (blue) and PCL in DCM/DMF (93% / 7%) 

(red) at different polymer concentrations (mean +/- SD, n=3). Adapted from Santocildes-

Romero et al. [178]. 
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Figure 3.5. Conductivity of polymers in 97% ethanol (mean +/- SD, n=3). Adapted from 

Santocildes-Romero et al. [178]. 
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between some of the polymer solutions compared to ethanol on its own and especially with 

the addition of PEO or dextran particles, as shown in Figure 3.6 using one-way ANOVA 

(**** p < 0.0001). In contrast, the PCL solutions had slightly higher surface tensions than the 

PVP solutions, where the surface tension for the solvent systems were 22.07 +/- 0.01 for 

97% ethanol and 28.60 +/- 0.02 for DCM/DMF (93% / 7%) (mean +/- SD; N=1; n=6), which 

are significantly different to each other (p < 0.0001).  For the PCL solutions, there was a 

significant difference between the solvent on its own and the PCL/solvent mixtures at 15% 

and 20% concentration (p < 0.0001, one-way ANOVA). Significant differences between 

polymer solutions at different concentrations are not shown, although PVP 5% and PVP 10% 

were significantly different to the same PVP polymer solutions as ethanol, but to a lesser 

extent (p < 0.01). Similarly, PCL 5% and PCL 10% were significantly different to PCL 15% 

and PCL 20%. The critical voltages were determined using Eq. 2 (chapter 1.4.2), where for 

the PVP solutions, with and without other polymer additives, the critical voltages ranged from 

9.7 kV to 10.3 kV and for the PCL solutions the critical voltages ranged from 11.0 to 11.7 kV. 

It is noted that higher voltages between 17 kV and 19 kV were used for the electrospinning 

conducted in this thesis as electrospun fibres and not electrosprayed beads were desired. 
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Figure 3.6. Surface tensions of PVP solutions with RS100 and PEO or dextran at different 

concentrations in 97% ethanol (blue) and the surface tensions of PCL solutions at different 

concentrations in DCM/DMF (93% / 7%) (red) are shown. (Mean +/- SD, n=5 technical 

repeats). Significance above SD bar is compared to the respective solvent system 

(**** p < 0.0001). Significant difference between ethanol and DCM/DMF was ****. 

Significance between polymer solutions at different concentrations are not shown. 
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3.5 Morphology and fibre diameters of electrospun mats 

Fibres with smaller diameters have a greater surface area to volume ratio and therefore 

should increase the rate of drug release. However, trying to reduce the fibre diameter, either 

by changing the equipment parameters or reducing the polymer concentration in the solution, 

can cause instabilities in the electrospinning processes and result in fibre inconsistencies. 

Such inconsistencies could include beading along the fibre or the collection of electrosprayed 

beads rather than fibre formation occurring [72,184]. In this project a consistent fibre 

diameter was desired, as a drug delivery product was being developed and large variation in 

the fibre morphologies may influence several material and drug release properties of the 

electrospun patch.  

The morphology of the electrospun patches of PVP and PCL prepared at different 

concentrations are shown in representative SEM images in Figure 3.7 and Figure 3.8, 

respectively. The fibre diameters in these images were measured by image analysis and are 

shown in Figure 3.9, where the mean diameter for PVP fibres was less than for the PCL 

fibres at the same concentration. Additionally, PVP fibres have a smaller range of diameters 

at the same concentration of polymer compared to the PCL fibres. Beading along the 

polymer fibres occurred in PCL patches spun from dope containing 5% PCL, as shown in 

Figure 3.8.A. The fibre diameters of the 5% PCL patches were therefore not measured due 

to the beading effect and hence the absence of 5% PCL fibre diameter data in Figure 3.9. 

One difference that can be observed when comparing the PVP fibres and PCL fibres in the 

SEM images was that, although random fibre alignment was seen for both polymers, the 

PVP fibres look to be straighter (Figure 3.7) and less undulating than the PCL fibres (Figure 

3.8), which may be related back to the polymer solution characteristics determined in 

previous sections of this chapter. 

Representative SEM images of the electrospun fibres consisting of PVP with additions of 

RS100, RS100 and PEO, and RS100 and dextran are shown in Figure 3.10. Here, it is 

shown that the addition of RS100 does not greatly alter the morphology of the patch, 
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although the fibres flatten slightly. With the inclusion of dextran or PEO particles, occasional 

particle shapes were detected in the electrospun patch, which may be undissolved dextran or 

PEO particles, as they are not soluble in 97% ethanol, as was observed during the mixing of 

the polymer solution. From images at higher magnification, it is shown that the particles in 

the PVP/RS100/PEO patches have a diameter of up to 15 μm. It was noted that in the 

patches containing dextran very few particle shapes were observed, however particle shapes 

were more frequently detected for patches containing PEO. 

PCL electrospun patches were melted on top of a PVP/RS100/PEO patch to manufacture a 

dual-layer patch, with representative SEM images thereof shown in Figure 3.11.  This was to 

create a barrier for any drug contained within the PVP layer to not simply be washed away 

into the oral cavity. This should also improve drug release into the target tissue. The thermal 

treatment of the patches at 70 °C caused the PCL fibres to melt into each other and develop 

a relatively smooth surface, whereas no change to the PVP fibre layer was observed. The 

PCL layer will from here on be referred to as the ‘backing layer’. This concludes the 

characterisation of the developed electrospun patches, where the influence of the polymer 

solution characteristics on the patch morphologies will be discussed in the next section. 
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Figure 3.7. SEM images of PVP fibres at A) 5% concentration, B) 10% concentration, C) 

15% concentration and D) 20% concentration of polymer. Adapted from Santocildes-Romero 

et al. [178]. 
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Figure 3.8. SEM images of PCL fibres at A) 5% concentration, B) 10% concentration, C) 

15% concentration and D) 20% concentration of polymer. 
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Figure 3.9. Fibre diameters derived from SEM images of PVP at concentrations ranging from 

5% to 20% and PCL at concentrations 10% to 20% (n = 8 images and > 400 fibres measured 

per condition). Box and whisker plots show minimum, maximum, 25 th percentile, median and 

75th percentile. Mean is shown by + sign. Adapted from Santocildes-Romero et al. [178]. 
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Figure 3.10. SEM images of PVP patches containing RS100, RS100 and dextran and 

RS100 and PEO, as the description at the top right of the individual images indicates. 
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Figure 3.11. SEM images of dual-layer electrospun patches. Patches consist of a backing 

layer (BL), made up of melted PCL fibres and an adhesive layer (AL) made up of PVP, 

RS100 and PEO fibres and particles. 

 

 

 

 



Results and Discussion: Characterising electrospinning solutions and resulting electrospun patches 

98 
 

3.6 Discussion 

This chapter reviews the chosen polymer-solvent systems for electrospinning by analysing 

the polymer solution properties and the resulting electrospun fibre patches. The polymer 

mixtures that were used were PCL in DCM/DMF and PVP with RS100 and either PEO or 

dextran in ethanol. Polymer solution characteristics which are likely to influence the resulting 

fibre morphology most are the viscosity, conductivity and surface tension of the solutions, as 

highlighted in chapter 1.4 in the literature review. 

As the polymer concentration was increased, the largest material change observed was in 

the solution viscosity. The viscosity of the electrospinning solutions with one polymer in a 

solvent mixture was found to increase exponentially as the polymer concentration increased. 

The difference in viscosity between the PVP and PCL solutions was 10-fold for the same 

concentration of polymer in solvent. A previous study showed how the solution viscosity of 

10.5% (w/w) PCL in DCM/DMF was dependent on the ratio of DCM to DMF, where the 

standard deviation for 10% (w/w) PCL in this chapter with DCM/DMF (93/7% w/w) was 

however far larger and within the range of viscosities for all the ratios of DCM/DMF used by 

Zamani et al. [93]. The larger standard deviation in this experiment could relate to greater 

solvent evaporation having occurred during the experiment and thereby changing the 

DCM/DMF ratio. Two other studies using PCL dissolved at similar ratios in DCM/DMF 

reported viscosities around 10 times lower, even though the polymers were purchased from 

the same manufacturer and had similar molecular weights [90,95]. However, their mean fibre 

diameters were also significantly smaller, while similar conductivities and surface tensions 

were reported [90,95]. There were some fundamental differences, where in one study the 

viscosity was measured at 20 °C rather than the 25 °C in this work, and in the 

electrospinning set up higher voltages and a mandrel were used. Only one other comparable 

study of PCL dissolved in a mixture of DCM/DMF was found, in which the intrinsic viscosity 

of PCL was measured [185], although given the popularity of PCL as an electrospinning 

polymer in a variety of different solvents [186] other relevant literature may have been 
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overlooked. PVP in ethanol solutions have been used in a number of studies to manufacture 

electrospun fibres for drug delivery [97,99–101,103,154,187–189], however, the majority of 

these papers have not reviewed the viscosities of the solution. Viscosity measurements were 

recorded in two of these publications (both of which used PVP with a similar weight-average 

molecular mass): one recorded the viscosities for a range of PVP concentrations in 100% 

ethanol and also showed an exponential increase [154], where the measurements agreed 

with the results in this study; the other study measured the viscosity for 8% PVP in an 

ethanol/water (70/30% v/v) mixture with a viscosity of 0.22 Pa∙s [101], where an 8% PVP in 

97% (w/w) ethanol solution, as read from Figure 3.3, would have a similar mean viscosity of 

0.3 Pa∙s. Rasekh et al. [154] also reported similar conductivities and surface tensions for 

their PVP in neat ethanol. Here, the PVP and PCL solution characteristics were compared to 

results found in literature, next the trends for the polymer solution characteristics with an 

increase of polymer concentration will be compared to each other and how they may have 

affected the resulting fibre morphologies. 

As the PVP solution concentrations increased from 5% to 20% the viscosity, conductivity and 

surface tension of the solution increased and the resulting mean fibre diameters, as well as 

the range of fibre diameters, also increased. Between the 10% and 20% concentrations of 

PVP the viscosity increased 12-fold from 0.4 Pa∙s to 4.8 Pa∙s, the conductivity increased 1.4-

fold from 15.6 μS to 21.5 μS, the surface tension increased 1.14-fold from 22.9 mN/m to 

26.2 mN/m, and the mean fibre diameter increased from 1.3 μm to 2.9 μm. These results, 

including the size and range of fibre diameters, are relatable to another study where PVP 

solutions in ethanol were characterised [154]. In comparison to the PVP fibres, the mean 

fibre diameter for 10% PCL was 2.3 μm, which was similar for 15% PCL at 2.2 μm, but 

doubled for 20% PCL. As the concentration of PCL increased from 10%, to 15% to 20%, the 

viscosity increased from 1.7 Pa∙s to 12 Pa∙s to 52 Pa∙s, the conductivity went from 0.21 μS to 

0.18 μS to 0.24 μS, and the surface tension went from 30 mN/m to 35 mN/m to 33 mN/m. As 

the electrospinning set up, including the voltage, feed rate and needle-to-collector distance, 
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was kept the same for all polymer concentrations, the viscosity of the polymer solution 

seemed to have the greatest influence on the change in fibre diameter. However, the surface 

tension and conductivity of the solution influence how well the solution can be drawn into a 

fibre, as reflected by the 5% PCL versus 5% PVP solution. At a concentration of 5% of PCL a 

‘bead-on-string’ morphology was observed, which has often been reported to occur for low 

polymer concentration solutions with low viscosities [59,60], although the viscosity of the 5% 

PVP solution was lower and no bead-on-string formations were observed. This indicates that 

the higher surface tension and lower conductivity of 5% PCL compared to 5% PVP added 

instabilities to the electrospinning process. Additionally, the surface tension and conductivity 

may affect the orientation of the fibres, as the PVP solution had a higher conductivity and 

lower surface tension than the PCL solutions, where the PVP fibres were straighter and had 

a less curved formation than the PCL fibres as observed in the SEM images. One publication 

theorised using a mathematical electrospinning model that the surface tension had the least 

effect on the electrospinning jet radius [190], although the forming of the initial jet is 

dependent on the surface tension and the applied voltage, where a low viscoelastic solution 

is more likely to form unstable jets if the solution has a high surface tension. 

The morphology of the electrospun fibres is also dependent on the electrospinning 

conditions, such as the voltage, feed rate and plate-to-collector distance, as well as factors 

such as temperature and humidity. It is additionally noted that electrospinning rigs are 

currently not standardised and therefore some variation in results of similar experiments in 

literature are likely. The electrospinning rig in this thesis was put together in-house and the 

temperature and humidity were not controlled during electrospinning, where on a warm day 

the solutions were noticeably less viscous. Temperature and humidity not only influence the 

viscosity of the solution, but also the solvent evaporation during electrospinning, thereby 

affecting the resulting fibre morphology. One study using PVP in ethanol showed how an 

increase in temperature resulted in a less viscous solution, thereby manufacturing thinner 

fibres, although at a low temperature with a more viscous solution (10 °C) the ethanol 
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evaporation was reduced, thereby also producing thinner fibres [68]. An increase in humidity 

resulted in less well-defined ‘fused’ fibres as the PVP-ethanol system absorbed water during 

the electrospinning process [68]. Thus, the polymer took longer to solidify into a fibre whilst 

drawn to the collector plate, resulting in some thinner fibres, although this trend was different 

for another polymer in a non-water soluble solvent, where precipitation was observed 

[68,191]. A change in temperature and humidity may therefore affect the PCL solution 

differently to the PVP solution. PCL made up in chloroform/THF in an earlier publication did 

not change the diameter of the fibres as the humidity and temperature was increased, but 

pores were observed along the surface of the fibres [192]. Therefore, it is important to be 

aware of such possible changes to the electrospun patches in an uncontrolled manufacturing 

environment such as in this project. The voltage, feed rate and plate-to-collector distance in 

this thesis were chosen with a view to previously reported values, reviewing by eye whether 

a stable jet was formed and looking at the SEM images to determine what set up worked well 

on the electrospinning rig at the University of Sheffield, School of Clinical Dentistry. The 

effects of modifying the process parameters as reported in literature were reviewed in 

chapter 1.4.1.  

RS100 was added to the PVP electrospun patches to increase the hydrophobicity of the 

patches, as otherwise the PVP patch dissolve into a gel-like structure within a few seconds of 

water application. Dextran and PEO particles were added and successfully electrospun into 

the patches as they have previously been shown to markedly increase the adhesion 

residence time of the PVP/RS100 patches on both tissue culture plastic and ex vivo porcine 

tissue [178]. Data on the adherence residence time on human volunteers using placebo 

patches consisting of PVP/RS100/PEO at 10/12.5/20% (w/w) were also recently published, 

where the patches adhered to the buccal mucosa from 50 min up to the maximum time the 

study was run at 120 min [1]. This study especially shows the potential of these electrospun 

patches as an adherent oral mucosal wound dressing, as well as a potential oromucosal 

drug delivery vehicle. 
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The hydrophobic PCL backing layer was added to the surface of the PVP electrospun patch, 

which would consist of the drug containing fibres. The melted backing layer formed a 

relatively smooth, non-porous layer on the PVP electrospun fibres, where the two layers 

adhered to each other. However, the dual-patch needed to be handled carefully to avoid 

separation of the two layers.  This backing layer should aid uni-directional release into the 

tissue, which is considered important to avoid the drug being washed into the oral cavity and 

away from the target diseased tissue.  

As active pharmaceutical ingredients are incorporated into the electrospun fibres, the 

morphologies of the fibres may change, which may be related back to changes in the 

polymer solution properties reviewed in this chapter. Morphological changes, such as 

increased porosity or flattening of fibres, have previously been reported with the inclusion of 

therapeutic molecules into the fibres [91,92,99]. The next step in this project will be to 

incorporate a drug molecule into the electrospun patch relevant to oromucosal tissue 

treatment. Therefore, in the next chapter a lidocaine containing electrospun patch was 

analysed to test the effectiveness of the electrospun patch as a drug delivery vehicle. 



Results & Discussion: Delivery of lidocaine from electrospun patches 

103 
 

4. Results & Discussion: Delivery of lidocaine from electrospun patches  

4.1 Introduction 

Oral pain may greatly affect a person’s quality of life as it can influence basic day to day 

activities such as drinking, eating and speech [193]. Controlling oral pain, especially chronic 

pain, is challenging and are either treated via in injection of lidocaine to the oral mucosa or 

using benzydamine HCl or lidocaine mouthwashes. However, anaesthetic injections are not 

feasible over prolonged periods of time and furthermore many patients fear needle injections, 

which can cause dental anxiety and have further dental health repercussions [16]. Local 

anaesthetic gels and mouthwashes are available and are relatively successful for short term 

treatments [194,195], however the local drug retention could be improved upon. Additionally, 

an electrospun patch system may act as wound dressing covering painful oral lesions. 

The aim of this chapter was to show the potential of the electrospun patch developed in 

chapter three as a drug delivery device, by loading the patches with a drug and determining 

drug release and uptake into tissue. Specifically, in this chapter lidocaine was incorporated 

into the electrospun patches, the concentration of lidocaine in the patches was determined 

and the release of lidocaine from the patches into buffer and the permeation of lidocaine 

through ex vivo oral mucosal buccal tissue was established. To conclude this chapter, mass 

spectrometry imaging was used to visualise the time-dependent permeation of lidocaine 

through buccal tissue. This work demonstrates the potential of an anaesthetic loaded 

electrospun patch to improve the control of localised oral pain, where uncontrolled oral pain 

is a major unmet clinical problem. 

 

4.2 Incorporating lidocaine into electrospun patches 

Lidocaine HCl and lidocaine base were electrospun into the fibrous polymer patches. SEM 

images of the resulting patches were taken, representatives of which are shown in Figure 

4.1. The morphology of the PVP/RS100/PEO electrospun patches remained very similar with 
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the incorporation of lidocaine, where a range of fibre diameters can be observed. The fibre 

diameters for PVP/RS100/PEO only patches were 2.28 ± 1.35 μm, the lidocaine HCl loaded 

fibres were 1.98 ± 1.50 μm and the lidocaine base loaded fibres were 2.42 ± 2.09 μm 

(~100 fibres in total measured from n=3 patches per condition; mean ± SD). Occasional 

particle like structures may be observed as in Figure 4.1.A, which may be the PEO particles 

as discussed in chapter 3. 

 

 

Figure 4.1. SEM images of electrospun patches made up of 10% PVP, 12.5% RS100 and 

10% PEO incorporating A) no addition, B) lidocaine HCl and C) lidocaine base. 

 

Lidocaine was added at 3% (w/w) to the polymer dope prior to electrospinning, however, low 

molecular weight compounds that are to be incorporated within the polymer fibres may be 

lost during the electrospinning process [91,93]. Therefore, the amount of lidocaine 
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encapsulated in an electrospun patch was determined using an HPLC method. A robust 

HPLC method was first developed, as presented in section 2.3.7. The concentration of 

lidocaine in the electrospun patches is shown in Table 4.1. Batch variation was taken into 

consideration and three samples from three separately spun patches were tested. Here, it 

can be observed that for batch 3 of the lidocaine HCl patches less lidocaine was detected 

within the patch. For the three batches tested, greater batch consistency was observed for 

the lidocaine base patches. It is noted that, for later experiments, the exact content of 

lidocaine within the patches is unknown due to batch inconsistency and therefore percentage 

release or percentage permeation cannot accurately be determined. 

 

Table 4.1. Concentration of lidocaine in electrospun patches. 

  

Batch no. 1 Batch no. 2 Batch no. 3 

Mean ± SD 

from three 

batches 

Patches 

containing 

lidocaine 

HCl 

Patch 

weight (mg) 
5.0 6.0 7.7 6.2 ± 1.2 

Drug 

loading 

(wt%) 

2.5 2.9 1.7 2.4 ± 0.5 

Patches 

containing 

lidocaine 

base 

Patch 

weight (mg) 
5.0 10.7 12.3 9.3 ± 3.3 

Drug 

loading 

(wt%) 

2.2 2.5 2.7 2.5 ± 0.2 
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It is desirable for the drug to be kept in a high-energy amorphous form within the fibres to 

improve drug solubility and thereby bioavailability [196]. To determine whether or not the 

drug is amorphous in the electrospun fibres, DSC analysis was performed. The onset melting 

temperatures and enthalpy peaks of lidocaine HCl or lidocaine base in their, as purchased, 

powder form were not present once incorporated in the electrospun patches, as shown in 

Figure 4.2. An onset melting temperature of PEO at 59 °C was observed for the plain 

polymer electrospun patch (thermogram D), which was similar in the drug containing 

electrospun patches. For the electrospun fibres alone or containing lidocaine HCl 

(thermograms D and E) a less pronounced, but wider endothermic peak can also be 

observed between 80 °C and 135 °C, which is consistent with a previously published DSC 

thermogram of PVP K90 particles and an electrospun PVP K90 patch [197]. The lack of 

sharp endothermic peaks for the lidocaine complexes in the electrospun patch samples, or 

any significant change to the endothermic peak resulting from the polymer component of the 

patch (between 59 °C and 75 °C for samples D-F in Figure 4.2), concludes that lidocaine is 

amorphous within the polymer fibres. 
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Figure 4.2. DSC heating profiles of A) an empty pan, B) lidocaine HCl powder, C) lidocaine 

base powder, D) PVP/RS100/PEO electrospun fibres, E) PVP/RS100/PEO electrospun 

fibres containing lidocaine HCl and F) PVP/RS100/PEO electrospun fibres containing 

lidocaine base. The onset melting temperatures of the upward facing enthalpy peaks are 

given to the nearest 1 °C. The image is representative of n=2 independent experiments. 

 

As drug release from a system can be dependent of the pH microenvironment, and as the 

acid and base complex of lidocaine were incorporated into the patches, the pH of the 

electrospun patches dissolved in deionised water was measured. The mean pH of the plain 

patch was pH 7.78 and as expected the addition of lidocaine HCl made the patch more 

acidic, reducing the pH by about 0.5, and the addition of lidocaine base increased the pH by 

about 0.5 (Figure 4.3).  
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Figure 4.3. pH of electrospun patches dissolved in deionised water measured at 20 °C either 

as the plain PVP/RS100/PEO patch without drug, the patch containing lidocaine HCl or the 

patch with lidocaine base (mean ± SD, n=3). 

 

4.3 Lidocaine release from electrospun patches 

To ensure that the electrospun patches can be utilised as an anaesthetic delivery system, 

drug release from the patches needed to be determined. As there was variation in patch 

weight, with 10.8 ± 3.9 mg for lidocaine HCl containing patches and 11.0 ± 2.7 mg for 

lidocaine base containing patches (mean ± SD, n=4), the accumulative drug release per 10 

mg of patch was calculated in PBS over 1 h (Figure 4.4). Lidocaine from lidocaine HCl 

patches released more rapidly from the electrospun fibres with 0.16 ± 0.04 mg released over 

the first 15 min, compared to lidocaine base where 0.06 ± 0.01 mg was released within 15 

min. At 60 min, 0.21 ± 0.02 mg of lidocaine from the lidocaine HCl patches was released 

compared to 0.11 ± 0.02 mg of lidocaine base. This corresponds to approximately 81% and 

40% of total lidocaine content released from the lidocaine HCl-containing and lidocaine base-

containing patches, respectively. Overall, the release of lidocaine from the lidocaine HCl-
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containing patches was significantly quicker than that from the lidocaine base-containing 

electrospun patches (p < 0.0001). 
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Figure 4.4. Accumulative release of lidocaine into PBS from electrospun patches containing 

either lidocaine base or lidocaine HCl over 1 h as measured by UV-HPLC. Data presented is 

the mean ± SD (n=4), where only upward SD is shown. Mann-Whitney U test showed a 

significant difference in release between the two drugs (p < 0.0001). 

 

4.4 Lidocaine permeation through ex vivo porcine buccal mucosa 

Lidocaine release from the electrospun patches into PBS has been established, however 

permeation of lidocaine into oral mucosal tissue is required for it to have an anesthetic effect. 

To determine whether released lidocaine did permeate tissue, patches were assessed in an 

ex vivo model using porcine buccal mucosa. Dual-layer electrospun patches were used in 

the permeation studies to ensure uni-directional release of lidocaine directly into the mucosal 

tissue, thereby preventing release into the donor chamber which is simulating the oral cavity. 

The lidocaine HCl loaded electrospun patches were placed onto the surface of ex vivo 

porcine buccal epithelium and the permeation through 1011 ± 133 μm thick tissue (mean ± 
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SD, n=10) over 5 h using permeation chambers was measured. Consistent accumulative 

permeation of lidocaine was observed for all repeats and lidocaine was detected by HPLC in 

the permeation chamber after only 15 min (Figure 4.5). It is difficult to estimate the 

concentration of lidocaine in the patches as the dual layer system was used, however it was 

estimated that a minimum of 0.20 mg to a possible maximum of 0.35 mg of lidocaine HCl 

was present per patch. The average resulting flux, calculated using equation 7 (see section 

2.3.10), was 4.47 ± 0.16 ng cm- 2 s-1 (mean ± SD; n= 6). In comparison, applying 3% (w/v) 

lidocaine HCl in solution resulted in a flux of 68.20 ± 1.03 ng cm-2 s-1 and an apparent 

permeability (Papp, equation 4 in section 1.7.2) value of 2.27 ± 0.03 (× 10-6) cm s-1 (mean ± 

SD; n= 4) (Figure 4.6.). The two experiments are not directly comparable as lidocaine HCl in 

solution does not require a release step from solid polymer fibres and additionally a very 

large concentration of lidocaine HCl (60 mg in 2 mL PBS) was present in the chamber. 

Electrospun patches containing between 0.25 mg and 0.39 mg lidocaine base per patch 

were tested in the same model, however, no lidocaine could be detected in the receptor 

buffer. 

 

Figure 4.5. Accumulative permeation of lidocaine released from an electrospun patch 

through ex vivo porcine buccal mucosa as measured by UV-HPLC. The electrospun patches 

contained between 0.20 and 0.35 mg lidocaine HCl. Data are mean ± SD (n=6). 
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Figure 4.6. Accumulative permeation of lidocaine applying 3% (w/v) lidocaine HCl in PBS 

through ex vivo porcine buccal mucosa as measured by UV-HPLC. Data are mean ± SD 

(n=4). 

 

4.5 Mass spectrometry imaging of lidocaine from electrospun patches permeating 

into ex vivo tissue  

One method more recently used for detecting the spatial distribution of drug in tissue is the 

use of mass spectrometry imaging (MSI). Matrix-assisted laser desorption ionisation-MSI 

(MALDI-MSI) was used to detect the distribution of lidocaine in tissue after it had been 

applied to the surface of the epithelium, either in PBS solution or within an electrospun patch. 

An AP-SMALDI10 Ion source was used allowing imaging with 10 μm spatial resolution and a 

high-resolution mass analyser, a QExactive Orbitrap mass spectrometer with high mass 

resolving power of current, was used to give sub ppm mass accuracy [198–200]. The 

2,5-DHB matrix provided a lock mass at m/z 295.0213 giving an internal standard in the 

mass spectrum that re-calibrates any drift in the electrical field, thereby maintaining mass 

accuracy of the spectrum. An example mass spectrum to show that the lidocaine signal was 

best detected in the protonated form at m/z 235.1807 with a mass accuracy of 1.0 ppm, and 
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the mass used to detect the epithelium marker at m/z 751.5134, is shown in Figure 4.7. Over 

10,000 mass spectra were recorded to create each MSI, as the images were around 

125 × 100 pixels in size.  In the MSI images, lipid phosphatidylglycerol (PG) (34:1) with an 

m/z of 771.513 was used as the epithelium marker and is false-coloured blue, whereas 

lidocaine with m/z 235.181 was false-coloured red. After a MALDI-MSI was recorded the 

same tissue was H&E stained, to make the epithelium layer and lamina propria clearly visible 

(Figures 4.8-4.10). 

Firstly, drug distribution after exposure to a solution of lidocaine HCl (3 mg mL-1, 

approximately 0.21 mg applied) for up to 3 h was investigated (Figure 4.8), where a clear 

time-dependent permeation was observed. The control shows that no lidocaine signal 

present was when the drug was not applied. In the first 15 min, lidocaine was visible 

exclusively within the epithelium, where it was evenly distributed throughout the stratified 

structure of the upper epithelium and extending into the rete ridges. After 1 h, lidocaine was 

detected throughout the epithelium and was shown to progress into the lamina propria. At 

3 h, lidocaine was shown in the entire imaged section of the tissue, including lidocaine 

distribution in the epithelium, lamina propria and submucosa. 
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Figure 4.7. Mass spectra corresponding to one pixel from the MSI images of porcine buccal 

tissue with lidocaine HCl solution applied to the surface of the epithelium. The epithelium 

marker PG (34:1) (m/z 771.5134 [M+Na]+) and lidocaine (m/z 235.1807 [M+Na]+ are circled. 
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Figure 4.8. H&E stained tissue sections and corresponding MALDI-MS images of porcine 

buccal mucosa with no treatment (control), and exposed to 0.3% (w/v) lidocaine HCl solution 

(m/z 235.1807 [M+Na]+; red) after 15 min, 1 h and 3 h. The epithelium (blue) for each sample 

is shown using the epithelial marker PG (34:1) (m/z 771.5130 [M+Na]+). 

 

The placement of the electrospun patch on top of the surface of the epithelium is shown by 

the blue arrows in the H&E images (Figure 4.9 and 4.10). Lidocaine released from the 

lidocaine HCl-containing electrospun patches was shown to permeate into the epithelium 

layer in the first 15 min, with the m/z signal being most abundant in the area local to where 

the patch was placed (Figure 4.7). After 1 h, slightly more lidocaine was shown in the lamina 

propria and at 3 h it spread through both the epithelium and lamina propria.  
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Figure 4.9. H&E stained tissue sections and corresponding MALDI-MS images of porcine 

buccal mucosa exposed to dual-layer electrospun patches containing 3% (w/v) lidocaine HCl 

(m/z 235.1807 [M+Na]+; red) after 15 min, 1 h and 3 h. The epithelium (blue) for each sample 

is shown using the epithelial marker PG (34:1) (m/z 771.5130 [M+Na]+). The arrows in the 

H&E images show the position of the electrospun patch. 

 

For the lidocaine base containing patches some lidocaine was detected in the lamina propria 

at 15 min, and at 1 h and 3 h it was seen throughout the imaged parts of the tissue (Figure 

4.10). Overall, the mucosal distribution of lidocaine was more widespread and homogeneous 

when lidocaine HCl was applied as a solution compared to the electrospun patches. 

However, unlike administering a solution in the oral cavity, the electrospun patches will 

maintain local contact to the tissue and, as can be seen in Figure 4.9 and 4.10, lidocaine was 

not depleted from the patch over a period of 3 h.  
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Figure 4.10. H&E stained tissue sections and corresponding MALDI-MS images of porcine 

buccal mucosa exposed to dual-layer electrospun patches containing 3% (w/v) lidocaine 

base (m/z 235.1807 [M+Na]+; red) after 15 min, 1 h and 3 h. The epithelium (blue) for each 

sample is shown using the epithelial marker PG (34:1) (m/z 771.5130 [M+Na]+). The arrows 

in the H&E images show the position of the electrospun patch. 
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4.5 Discussion 

The aim of this chapter was to demonstrate the application of an electrospun patch as a 

vehicle for a small molecule drug to be delivered directly to oral mucosal tissue. Although 

transbuccal drug delivery has been studied for formulations, such as tablets, gels, creams 

and films [144,173,195,201–203], only limited data on electrospun fibrous patches as 

oromucosal drug delivery vehicles has been recorded to date. Some of the most relevant 

studies to the work in this chapter have been published in the past two years. The most 

related study was largely performed by the same research group in Sheffield, where 

corticosteroids were directly incorporated into a polymer dope prior to electrospinning the 

patch, and the patch was used for transbuccal delivery of the steroid [1]. In that study data 

using in vitro, ex vivo and in vivo models to show the potential of the drug-loaded patch were 

produced. Another study used the same drug as in this project, where lidocaine was 

additively printed onto the surface of an electrospun patch for the purpose of oromucosal 

delivery, although the delivery system was only characterised for its material properties and 

did not study the application of the device on tissue or any other biological assay [204]. As 

highlighted in the literature review, and by other published review articles [10,205], improving 

local oromucosal drug delivery to treat oral diseases is desirable as the tissue is easily 

accessible for self-administration, sustained release is achievable and it could reduce side 

effects experienced from taking drugs systemically. Additionally, the reason for choosing 

lidocaine was as it could benefit a wide range of patients experiencing oromucosal pain. 

Although lidocaine has not previously been electrospun into patches for the application of 

transbuccal delivery, it has been electrospun into patches for wound dressing applications 

[151,174,206–209]. Various polymer/solvent mixtures were used, with a number of studies 

using PLGA, but PCL and PLLA were also used. In this study, lidocaine was incorporated 

into PVP/RS100/PEO fibres, where the incorporation of the drug did not appear to alter the 

fibre morphology. The drug encapsulation into PLGA was previously shown by FTIR 

spectroscopy [208,209], although as the lidocaine content in the electrospun 
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PVP/RS100/PEO patches here were measured by HPLC, no FTIR or X-ray diffraction was 

performed. However, DSC was used to determine the crystallinity of the drug in the fibres. In 

PLLA fibres, it was noted that there were areas of crystalline lidocaine [174]. This crystallinity 

is not desired, as an amorphous drug form should be higher energy, and therefore more 

soluble, to allow drug release from the patch and into tissue [196]. The DSC results in 

section 4.2, however, showed that lidocaine HCl and lidocaine base were both amorphous 

within the PVP/RS100/PEO fibres. This is consistent with other active pharmaceutical 

ingredients in electrospun polymer fibres [97,121,146], where this amorphous form was 

shown to increase drug solubility and bioavailability. 

The release of lidocaine from lidocaine HCl and lidocaine base containing electrospun 

patches was measured in PBS over 1 h (Figure 4.4). Lidocaine in the lidocaine HCl patches 

was released significantly quicker from the fibres than the basic form of the drug and 

released 70-80% of the total drug concentration in the patch over 1 h, similar to previously 

reported release data for lidocaine HCl in PLLA and PCL electrospun fibres [151,174]. 

Lidocaine base previously electrospun into CMC/PEO and prepared in a 

hydroxypropylcellulose film had 50-60% of the total drug concentration released over 1 h 

[206,210], which was also similar to the release observed in this project. The difference in 

release between the two lidocaine complexes incorporated into the patch were likely due to a 

difference in pH microenvironment of the fibres, as shown in Figure 4.3, and the acidity of the 

drug complexes. The acidic and protonated salt, lidocaine HCl, releases more quickly than 

lidocaine base from the surface of the fibres. The solubility of weakly basic drugs are 

increased by lower pH environments and hence acidity modifiers within the delivery vehicle 

may be used to increase their solubility [211]. 

The subsequent uptake of lidocaine released from the electrospun patch into buccal mucosa 

was determined using ex vivo porcine tissue. Prior to experimentation, the porcine tissue was 

kept at -80 °C in cryopreservants, where an earlier study using the same tissue and 

cryopreservant, showed no change in the permeation barrier properties between fresh and 
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de-frosted tissue [212]. Unchanging permeation properties have also been reported for fresh 

and frozen porcine oesophageal tissue [203]. A research group at the University of Parma 

has previously performed a number of permeation studies of lidocaine HCl-containing 

poly(vinyl alcohol) films on oesophageal porcine tissue [203] and rabbit ear skin [55,213], 

where the permeation profiles were similar to lidocaine across porcine buccal mucosa 

released from the lidocaine HCl-containing patches in this study. The flux was calculated to 

be 4.47 ± 0.16 ng cm-2 s-1 (mean ± SD; n= 6) for the lidocaine released from the electrospun 

patch, which was 15 times less than the flux measured from a high concentration of lidocaine 

in PBS. However, the two systems cannot be directly compared as the release medium and 

concentrations were different. Films that contained 19 times more lidocaine had a flux 

between 0.7 and 20.7 μg cm-2 s-1 in porcine buccal tissue, showing how polymer composition, 

enhancers and drug dosing can have a large influence on drug release and permeability 

[214]. The apparent permeability for lidocaine in solution crossing oesophageal porcine 

epithelium was previously reported as 7.25 ± 0.75 (× 10−6) cm s-1 [203], which is similar to the 

Papp value of 2.27 ± 0.03 (× 10-6) cm s-1 (mean ± SD; n= 4) of lidocaine crossing the porcine 

buccal tissue in this study. The Papp for just crossing the buccal epithelium (with no underlying 

lamina propria unlike the tissue in this study) was reported to be over seven times greater at 

17.0 ± 1.8 (× 10-6) cm s-1  [27]. This would suggest that the lamina propria in this study greatly 

reduces the permeation rate, however this is highly unlikely as the epithelium is known to be 

the greater permeation barrier and the lamina propria consists of loose connective tissue. In 

fact the top one third of the epithelium has been shown to cause the greatest permeation 

barrier in buccal tissue, as the squamous epithelium cells extrude lipids into the extracellular 

space [215,216]. Therefore, biological tissue variation between the pigs in the different 

studies, or potentially the handling of the tissue, was more likely to have caused the 

difference in apparent permeability. 

Two studies were found to have previously incorporated lidocaine base into a film and to 

have subsequently measured the release and permeation through buccal tissue [165,210]. 
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One of the films contained approximately 100 times more lidocaine base than the 

electrospun patches, and, unlike in this study where no permeation of lidocaine from the 

electrospun patches over 5 hours (n=4) was observed, the lidocaine was detected in the 

receptor chamber after only 5 min [165]. The permeation in the study was surprisingly quick, 

especially as the release rate into PBS was similar and the tissue thickness was reported to 

be 1.3 cm. Therefore, the state of the tissue was slightly in question. The other study had 6 

mg of lidocaine base (200 times the amount in this study) in the film and over two hours 0.4 

mg or 500 μg/cm², similar to the lidocaine HCl in solution as shown in Figure 4.6, permeated 

through hamster oral mucosa. However, this is only 6% of the original concentration and a lot 

less compared to 75% of lidocaine that was reported to release from the films into buffer over 

the same amount of time. If only 6% of lidocaine base permeated through the tissue from the 

electrospun patches, this would only be around 20 μg, which would however have been 

measureable using the HPLC. One plausible explanation for not detecting the lidocaine 

permeation in this instance is related to the low water-solubility and higher lipid-solubility of 

the uncharged lidocaine when present as the free-base, where stable lipid binding with the 

oral keratinocyte cells in the laminar propia may have occured [217]. In comparison, the 

more water-soluble and positively charged lidocaine molecules dissociated from lidocaine 

HCl permeate through the lamina propria in a paracellular manner and were therefore 

detected in the Ussing chamber permeation experiments [217]. The more alkaline 

microenviroment of the free lidocaine base also influences the water solubility of the 

molecules resulting in a slower permeation of the molecules through the various tissue 

layers, where the tissues layers also have their own different pH microenvironments. 

Although the ex vivo permeation data provides valuable quantitative information on the 

amount of lidocaine permeated, it does not inform us on the spatial distribution of drug within 

the tissue. MSI is a powerful technique which can detect a multitude of compounds, including 

lipids, small molecules and metabolites, to a high resolution and can be used to form a visual 

image of the tissue and presence of drug molecules. Desorption electrospray ionisation – 
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MSI has been previously used to detect the presence of lidocaine, and metabolites thereof, 

in skin [218–220] and MALDI-MSI was used to detect nicotine and mannitol permeation 

through porcine buccal mucosa [221,222]. This was however, the first time that MALDI-MSI 

was used to detect release of a small drug molecule from an electrospun patch system. 

Specifically, the spatial distribution of lidocaine within porcine buccal mucosa after delivery 

from an electrospun patch was shown. The images show that in the first 15 min the lidocaine 

penetration into the buccal mucosa was mainly focussed in the local area of patch placement 

(Figure 4.9 and 4.10). For the lidocaine HCl patches the lidocaine signal was strongest in the 

region of patch placement and in the epithelium directly adjacent to the patch, especially at 

15 min and 1 h time points (Figure 4.9). The reason for the electrospun patches having 

stronger lidocaine signals in the patch compared to the tissue at the lower time points can be 

explained by reviewing the permeation data, as only 20 μg of potentially up to 300 μg of 

lidocaine contained in the patch permeated through the mucosa after 1 h. This concentration 

of lidocaine in the electrospun patch should reduce over time as it is released, although after 

3 h the lidocaine patches were not entirely depleted of the drug (Figure 4.9 and 4.10). Care 

should however be taken when comparing ion signals within MS images and comparing 

separate MS images in terms of signal intensity and correlating this to drug concentration. 

The signal intensity is dependent on a number of variables which make quantification and 

direct comparison between images difficult and is a challenge many researchers are 

currently confronting [223–225]. Such variables include ion suppression, the heterogeneity of 

the tissue and matrix application, the matrix crystal size, analyte stability and fluctuations in 

the detector response [226].  

Despite not being able to detect lidocaine permeation from a lidocaine base containing patch 

in a 5 h period using UV-HPLC, MALDI-MSI Figure 4.10 clearly shows the presence of 

lidocaine in tissue. Figure 4.10 shows that even after 15 min of patch application to the 

tissue, lidocaine was present in both the epithelium and the lamina propria. As lidocaine is a 

fairly lipophilic molecule, upon release from the patch, it is expected to permeate through the 
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epithelium, into the lamina propria and submucosa over time, as shown in Figures 4.9 and 

4.10, although the rate of permeation will depend on the charge state and water- and lipid-

solubility of the lidocaine ions [217]. The time-dependent penetration of the drug was 

observed especially clearly when lidocaine HCl in solution was applied to the surface of the 

epithelium, where a homogenous distribution in the tissue was shown at 3 h. The tissue 

penetration depth may also be controlled by the dose of the drug, as was shown for lidocaine 

on skin [219]. Hence, if the patch were left on the tissue over a prolonged period of time with 

a greater concentration of lidocaine loaded into the electrospun patch, increased tissue 

penetration would be expected. Clinically, 2% lidocaine is often reported for topical 

administration, which indicates a 20 mg/mL drug loading. Xylocaine (lidocaine HCl) 2% 

viscous oral solution by Frensius Kabi, where the product has been discontinued, 

recommends in the usage instructions that a single dose for an adult should not exceed 4.5 

mg/kg of body weight and should not exceed 300 mg in total [227]. In these instructions it is 

recommended for an adult to swirl 15 mL of the solution in the mouth, which corresponds to 

300 mg. This is clearly a lot higher than the 0.3 mg incorporated in the patches in this study, 

however, compared to a mouthwash, the patches would be directly adhering to the mucosa 

for a prolonged period for sustained drug delivery. Furthermore a 10-fold increase to 

incorporate 30% (w/w) instead of 3% (w/w) of lidocaine HCl in the electrospun patch was 

later achieved. This 30% (w/w) loading is similar to previous film patches which were used in 

an in vivo study [214]. This in vivo study was of films containing 4.71 mg of lidocaine HCl 

adhered to the buccal pouch of rabbits and slightly over 2 μg/mL of lidocaine were found in 

the plasma after 2 h, where the therapeutic range has been reported to be greater than 

1.5 μg/mL [228]. Another in vivo study using PLGA electrospun nanofibers incorporating an 

assumed 56 mg of lidocaine HCl (although the concentration for the in vivo study was 

unclear)  was used as an eluting implant on incised rat abdomen [208]. Over fourteen days, 

samples of plasma contained 10-100 μg/mL of lidocaine. However, it has previously been 

reported that at plasma concentrations over 6 μg/mL the risk of cardiac arrhythmias 

increases [229]. The electrospun patch in this project, however, will be used for a shorter 
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application time of a few hours with a smaller dose of lidocaine. Therefore, a next step would 

be to test the 30% (w/w) lidocaine HCl-loaded electrospun patches in a similar in vivo study 

as Abu-Huwaij et al. [214]. 

To summarise the results in this chapter, electrospun patches containing lidocaine base and 

lidocaine HCl were successfully manufactured using electrospinning, and the release profiles 

of these drugs were demonstrated.  Lidocaine uptake and permeation through ex vivo 

porcine buccal mucosa was shown following release from a lidocaine HCl-loaded patch. This 

was confirmed using MALDI-MS, where for the first time, the distribution of electrospun 

delivered lidocaine within oral soft tissues was depicted. The data in this chapter shows the 

potential of electrospun patches as a delivery vehicle for lidocaine to buccal mucosa, with the 

aim of improving current local treatment of oral pain. However, in vivo studies and clinical 

investigation are first required to determine the feasibility of using this patch system as a 

topical dental anaesthetic or as an analgesic for patients with painful oral mucosal disease 

conditions. 
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5. Results & Discussion: Medium-chain fatty acids in electrospun patches 

inhibit Candida albicans  

5.1 Introduction 

Oral candidiasis is a major risk factor for immunocompromised patients and can range from 

chronic mucocutaneous conditions to severe, invasive systemic infections with high morbidity 

and mortality [230]. Antimicrobial resistance has increased in the last decade, including 

resistance to commonly used antifungal drugs such as fluconazole and miconazole to treat 

candidiasis [38]. It is key that alternative antifungal agents are discovered to reduce the risk 

of resistance. The most prevalent human pathogen of Candida species is Candida albicans, 

for which a large increase in azole drug resistance has been reported [37]. Alternative 

therapies that have previously been researched are surfactants[39,40], synthetic 

peptides[41–43] and fatty acids[44–48]. For the purpose of this study C. albicans was 

selected as a fungal model organism and a range of short- to medium-chain saturated fatty 

acids were tested for their antifungal properties.  

The research in this chapter aimed to determine whether short- to medium-chain saturated 

fatty acids could be used as an alternative antifungal agent to treat oral candidiasis and on 

the potential of electrospun patches as an antifungal drug delivery vehicle. 

 

5.2 Medium chain saturated fatty acids inhibit Candida albicans yeast growth 

The antifungal ability of a range of short- to medium-chain saturated fatty acids, from 

butanoic (C5:0) to dodecanoic acid (C12:0), were first tested on two wild-type (BWP17 and 

SC5314) strains and one azole resistant (CAR17) strain of C. albicans grown in their yeast 

form using an agar disc diffusion assay as described in section 2.4.7. Octanoic (C8) and 

nonanoic (C9) acid at 0.2 M applied onto filter discs had the highest inhibitory response on C. 

albicans wild type strain growth, significantly preventing growth of C. albicans wild-type 

compared to the DMSO control as well as undecanoic acid (C11) on BWP17 and heptanoic 
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acid (C7) on SC5314 (p<0.05) (Figure 5.1.A&B). The inhibition zones of the positive controls, 

fluconazole (0.8 mM) or miconazole (10 μg disc or 2.4 nmol) were similar to those of octanoic 

(C8) and nonanoic acid (C9) on the wild type strains. Disc diffusion data using the CAR17 

strain confirmed that this was an azole resistant strain as these antifungal agents failed to 

prevent fungal growth with similar levels to the DMSO control (Figure 5.1.C). In contrast, 

when applied to CAR17, not only did octanoic acid (C8) and nonanoic (C9) acid show a 

similar inhibition area as for BWP17 and SC5314, but their killing efficiency was significantly 

different (p<0.0001) to the positive controls, suggesting that these fatty acids are able to kill 

azole resistant strains of C. albicans (Figure 5.1.C). Hexanoic (C6) and heptanoic (C7) acid 

were also shown to have an increased inhibitory effect on CAR17 compared to inhibition on 

the wild type strains, although with greater standard deviation. 
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Figure 5.1. Inhibition surface areas on C. albicans streaked agar plates around filter discs 

impregnated with fatty acids made up at 0.2 M in DMSO, ranging from butanoic (C5) to 
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dodecanoic acid (C12), with positive controls fluconazole (0.8 mM) in DMSO and miconazole 

discs (10 μg or 2.4 nmol). DMSO alone was used as the negative control. Results are for C. 

albicans strains BWP17, SC5314 and CAR17. Data are mean +/- SD (n = 3). *p<0.05; 

**p<0.01, ***p<0.001, ****p<0.0001 compared to DMSO controls. Significant differences of 

other fatty acids to C5:0 and C6:0 are not shown. Images show representative inhibition 

zones of commonly used antifungal drug miconazole and nonanoic acid (C9) on C. albicans 

streaked agar plates related to the graphs to the left of the images. 

 

5.3 Medium chain saturated fatty acids show toxicity towards Candida albicans 

biofilms 

The drug diffusion assay determines the toxic effect of substances to a forming C. albicans 

colony. However, it is likely that C. albicans in a pre-existing biofilm state is the target for 

therapeutic intervention. Therefore, the inhibitory effect of heptanoic (C7) to dodecanoic 

(C12) acid on pre-formed SC5314 biofilms was tested using a metabolic/XTT assay as a 

surrogate measure of toxicity. Butanoic (C5) and hexanoic (C6) acid were not tested here as 

they showed almost no inhibitory response on the previous agar disc diffusion experiments. 

The results show that as the carbon chain length of fatty acids increases from C7:0 to C12:0 

the required concentration to inhibit 50% of the biofilm (IC50) decreases (Figure 5.2), meaning 

that the SC5314 biofilm is more susceptible to dodecanoic acid (C12). The IC50 of the fatty 

acids is given in table 5.1, where it was shown that the IC50 of dodecanoic acid (C12) was 10-

fold less compared to heptanoic acid (C7). In fact a large decrease in fatty acid concentration 

required to achieve IC50 is observed for undecanoic (C11) and dodecanoic (C12) acid 

compared to the other saturated fatty acids tested with shorter carbon chain lengths. 

 



Results & Discussion: Medium-chain fatty acids in electrospun patches inhibit Candida albicans 

129 
 

 

Figure 5.2. C. albicans strain SC5314 biofilm viability when subjected to fatty acids 

heptanoic acid (C7) to dodecanoic acid (C12) ranging in concentration from 400 mM to 1.56 

mM using a metabolic XTT assay. The data is normalised to untreated controls (100% 

viability) and mean +/- SD over three plates and five wells per concentration is given (n=3). 

 

Table 5.1. The inhibitory concentration (IC50) of fatty acids on C. 

albicans SC5314 biofilm. Mean +/- SD (n=3). 

IC50 of fatty acids on SC5314 biofilm (n=3) 

Fatty acid chain length Average (mM) 

C7 47.3       +/- 1.9 

C8 47.5       +/- 2.7 

C9 36.5       +/- 8.5 

C10 26.0       +/- 8.2 

C11 5.4         +/- 1.3 

C12 4.7         +/- 1.1 
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The XTT assay measures cell mitochondrial metabolism and not cell viability per se, with the 

rationale that metabolism is directly linked to the number of viable cells (non-viable cells do 

not metabolise). To confirm the XTT findings an additional experiment was performed using 

fluorescent viability stains that directly distinguish live (green) or dead (red) cells (Figure 5.3). 

Similar to the XTT data, the live/dead stained images in Figure 5.3 show direct C. albicans 

killing by the fatty acids (50 mM), as observed by an increase in red fluorescence staining. 

Only biofilm killing for nonanoic acid (C9) and dodecanoic acid (C12) are shown, however 

live/dead images for SC5314 biofilms subjected to heptanoic acid to dodecanoic acid were 

tested. At this concentration the fatty acids such as heptanoic (C7), octanoic (C8) and 

nonanoic (C9) acid with shorter chain lengths showed little killing activity, whereas decanoic 

(C10), undecanoic (C11) and dodecanoic (C12) acid showed markedly greater killing activity. 

The fluorescence images also suggest that mainly yeast cells were killed by nonanoic acid 

treatment, given the more rounded structure of the dead cells, whereas dodecanoic acid 

treatment lead to both yeast and hyphae cell death. 
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Figure 5.3. Fluorescence live/dead stain images of SC5314 biofilm subjected to media 

control (RPMI media only), 50 mM nonanoic acid (C9) or 50 mM dodecanoic acid (C12) in a 

24 h incubation. Images show viable cells (green), dead cells (red) and the live/ dead images 

combined (n=3 wells per treatment). 

 

5.4 Incorporating medium chain saturated fatty acids in electrospun patches 

Fatty acids incorporated into an electrospun oromucosal drug delivery system could have 

multiple applications. One potential application could be as an antifungal delivery system for 

oral candidiasis. Another may be as a drug permeation enhancer as capric acid (C10) and 

lauric acid (C12), as well as sodium caprate and sodium laurate, are well known drug 

absorption enhancers through mucosal and dermal tissue [51,203,231–233]. The inclusion of 

medium chain saturated fatty acids in the electrospun system may therefore have 

applicability in both these processes. For example, the inclusion of fatty acids as an 
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antifungal into the backing layer of the patch may be useful for dual treatment with corticoid 

steroids, which have been previously incorporated into the PVP layer by researchers at 

Sheffield [1], where a potential side-effect of steroidal treatment is oral candidiasis. If an 

antifungal patch as a stand-alone product were to be developed the fatty acid could be 

incorporated directly into the PVP layer (without a backing layer). For this reason fatty acids 

were incorporated both into PCL and PVP/RS100 electrospun patches. Representative SEM 

images for PCL and PVP/RS100 fatty acid containing patches are shown in Figure 5.4 and 

Figure 5.5, respectively. The fibres containing fatty acids, both for PCL and PVP/RS100 

fibres, look to be flatter and ribbon-like with more variable fibre diameters observed.  
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Figure 5.4. SEM images of electrospun patches consisting of 10% PCL, alone or with fatty 

acids heptanoic acid (C7) to dodecanoic acid (C12) incorporated into the patch. 
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Figure 5.5. SEM images of electrospun patches consisting of 10% PVP/ 12.5% RS100, 

alone or incorporating fatty acids from heptanoic acid (C7) to dodecanoic acid (C12). 
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To establish the concentration of fatty acid present in the electrospun patches two different 

techniques were used for the PCL and PVP/RS100 fibres. 1H NMR spectroscopy required 

little sample preparation or method development, hence this technique was used for the PCL 

fatty acid containing fibres. In contrast to the PVP/RS100 fatty acid fibres, there were 

distinguishable peaks in the 1H NMR spectra for the PCL and fatty acid components. 

Specifically, there were no overlapping peaks for the PCL CH2 group next to the -COO group 

at 4.1 ppm and the fatty acid CH3 group at the end of the chain at 0.8 ppm (Figure 5.6). The 

method and calculations outlined in section 2.4.5 were used to determine the percentage 

mass for all fatty acids shown in Figure 5.7 and these were plotted in Figure 5.8. Comparing 

the NMR spectra for different fatty acids incorporated into the electrospun patch in Figure 5.7 

it is noticeable that fatty acids with shorter carbon chain lengths than decanoic acid (C10) 

were barely detectable in the PCL fibres at 0.8 ppm (circled in red), which is also reflected in 

Figure 5.8. PCL electrospun patches cut in a 12.7 mm diameter weighed between 5 - 8 mg, 

which means patches in this weight range containing 22 wt% dodecanoic acid (C12) contain 

1.1 - 1.8 mg dodecanoic acid (C12) equivalent to 5 - 9 μmol. 
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Figure 5.6. 1H NMR spectra of PCL in pellet form, electrospun PCL fibres, neat dodecanoic 

acid (C12), and dodecanoic acid (C12) in PCL electrospun fibres, all dissolved in deuterated 

chloroform. The chemical structures of PCL and dodecanoic acid (C12) are displayed at the 

top of the figure. The 1H NMR signals from the PCL and dodecanoic acid structures are 

alphabetised and numbered, respectively, correlate to the labels in the spectra. The fatty acid 

peak at 0.8 ppm labelled ‘11’ and the PCL peak at 4.1 ppm labelled ‘a’ are used for analysis 

and are circled in red. 
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Figure 5.7 1H NMR spectra of a PCL electrospun patch and of fatty acids heptanoic acid 

(C7) to dodecanoic acid (C12) incorporated in the PCL fibres and dissolved in deuterated 

chloroform are given. The fatty acid peak at 0.8 ppm and the PCL peak at 4.1 ppm used for 

analysis are circled in red. 
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Figure 5.8. Fatty acid concentration of heptanoic acid (C7) to dodecanoic acid (C12) in PCL 

fibres given in weight % of the total patch weight (n=2). 

 

For the PVP/RS100 fibres, GC-MS was used to quantify the amount of fatty acid 

encapsulated into the fibres, where only nonanoic (C9) and dodecanoic acid (C12) 

containing patches were analysed due to the time required to complete analysis. Similar to 

the PCL patches, more dodecanoic acid (C12) was retained within the patches after 

electrospinning compared to nonanoic acid (C9). However, only around 12 wt% compared to 

22 wt% dodecanoic acid (C12) was present in the PVP/RS100 fibres compared to the PCL 

fibres. In contrast 8.1 +/- 2.7 wt% nonanoic acid (C9) in PVP/RS100 was retained in the 

patches compared to 2.2 wt% in the PCL patch. The PVP/RS100 patches contained 3.3 +/- 

0.9 mM nonanoic acid (C9) with patch weights 6.8 +/- 1.3 mg and 5.2 +/- 1.7 mM dodecanoic 

acid (C12) with patch weights 8.6 +/- 2.8  mg (mean +/- SD, n=7 for C9 and n=7 for C12). 

Patches with ten times less dodecanoic acid (C12) in the polymer dope solution at 0.02 M (or 

1.7 wt% in the dope) were electrospun and the resulting electrospun patches also showed a 

ten-fold decrease in the concentration of fatty acid present in the fibres with a concentration 

of 1.3 +/- 0.1 wt% and 0.23 +/- 0.04 mM for patches weighing 3.5 +/- 0.3 mg (mean +/- SD, 

n=3). 
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Figure 5.9. Nonanoic acid (C9) and dodecanoic acid (C12) concentration by percentage 

weight in PVP/RS100 fibres. Mean +/- SD shown for nonanoic acid (n=9) and dodecanoic 

acid (n=7). 

 

5.5 Electrospun patches containing fatty acids inhibit C. albicans yeast growth 

Electrospun patches containing fatty acids (C5-C12) were placed on C. albicans streaked 

agar plates and the inhibition zones were measured in a similar manner to the disc diffusion 

assay previously described in section 2.4.7. As shown in Figure 5.10 PCL patches showed 

no inhibition zones at all for patches containing butanoic (C5) to octanoic (C8) fatty acids, 

with levels similar to those for PCL patches containing no fatty acid (Figure 5.10.A). For 

nonanoic (C9) to dodecanoic acid (C12) an inhibition zone around the PCL patch was 

observed (Figure 5.10.B&C) where C9 displayed the most significant difference compared to 

a plain PCL patch and many of the other fatty acids tested. Decanoic (C10) and undecanoic 

(C11) acids also displayed marked zones of inhibition that were not significantly different 

from those observed with C9 (Figure 5.10A). Interestingly, PVP/RS100 patches containing 

no fatty acid displayed a small zone of inhibition (Figure 5.10.D&E) that may be related to the 

more hydrophilic PVP/RS100 patches almost instantaneously shrinking on placement of the 

patches on the moist, C. albicans streaked, agar plates. Similar observations were found for 

PVP/RS100 patches containing C5 – C7 (Figure 5.10.D). Only patches containing C8 and C9 
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were significantly different (p≤0.001) to the plain PVP/RS100 patch. Some of the PVP/RS100 

patches containing fatty acid shrank more than the plain PVP/RS100 patch (Figure 5.10 E & 

F).  

 

 

Figure 5.10. Inhibition zone surface areas on C. albicans strain SC5314 for fatty acids 

incorporated in A-C) PCL electrospun patches and D-F) PVP/RS100 electrospun patches. 

Mean +/- SD shown (n=3).  *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001, where the p value 

over the SD bar is compared to the plain patch system (PCL or PVP). 
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SEM images of the PCL patches that were removed from the agar plate and turned upside 

down are shown in Figure 5.11. In these representative images C. albicans yeast cells are 

present between the fibres. Fewer yeast cells were found on patches containing nonanoic 

(C9) and decanoic acid (C10), yet this observation was from a single biological experiment 

(n=1), although three individual patches were analysed.  The difference in hydrophilicity 

between the PVP/RS100 patches in Figure 5.12 compared to the PCL patches in Figure 5.11 

was clearly visible since most of the PVP/RS100 patches had lost their fibrous structure 

compared to the PCL patches. C. albicans yeast cells were observed only on the 

PVP/RS100 plain patches, although due to the structure of these patches any yeast cells that 

may have been present could have been removed during the SEM processing procedure. 
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Figure 5.11. 10% PCL electrospun patches containing octanoic acid (C8) to dodecanoic acid 

(C12) removed from agar plates streaked with C. albicans after 18 hour. 
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Figure 5.12. 10% PVP and 12.5% RS100 electrospun patches containing octanoic acid (C8) 

to dodecanoic acid (C12) removed from agar plates streaked with C. albicans after 18 hours.  
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5.6 Electrospun patches containing fatty acids reduce metabolic activity of C. 

albicans biofilms 

PCL and PVP/RS100 electrospun patches with the inclusion of fatty acids were now tested 

on pre-existing C. albicans biofilms for both SC5314 (section A) and CAR17 (section B) 

strains, as shown in Figures 5.13 and 5.14. For both PCL and PVP/RS100 electrospun 

patches decanoic (C10), undecanoic (C11) and dodecanoic (C12) acids displayed the 

greatest effect on metabolic activity/viability on both SC5314 (Figure 5.13 & 5.14 A) and 

CAR17 (Figure 5.13 & 5.14 B) biofilms. Nonanoic acid (C9) also showed good biofilm killing 

from both electrospun polymer patches, more so on CAR17 than SC5314. The PCL patches 

displayed no significant difference on biofilm viability compared to media alone, labelled 

‘Blank’ in Figure 5.13. However, the addition of PVP/RS100 patches without fatty acid to the 

CAR17 biofilm appeared to reduce the biofilm viability (Figure 5.14.B), although this was not 

statistically significant (p = 0.7004). The reason as to why this occurred on three separately 

run experiments for these patches on only this C. albicans strain was not established. 
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Figure 5.13. Biofilm viability of C. albicans strains A) SC5314 and B) CAR17 when PCL 

electrospun patches containing fatty acids heptanoic acid (C7) to dodecanoic acid (C12) 

were placed on the biofilm. Mean +/- SD (n=3). Kruskall-Wallis non-parametric test was used 

to determine significant differences compared to the plain PCL patch (*p<0.05; **p<0.01, 

***p<0.001). Statistical differences between the fatty acids are not shown. 
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Figure 5.14. Biofilm viability of C. albicans strains A) SC5314 and B) CAR17 when 

PVP/RS100 electrospun patches containing fatty acids heptanoic acid (C7) to dodecanoic 

acid (C12) are placed on the biofilm (plain PVP/RS100 patch labelled at PVP). Mean +/- SD 

(n=3). Kruskall-Wallis non-parametric test was used to determine significant differences 

compared to the plain PVP/RS100 patch *p<0.05; **p<0.01, ***p<0.001). Statistical 

differences between the fatty acids are not shown. 
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5.7 Toxicity of fatty acid solutions on oral keratinocytes 

The two most potent fatty acids, nonanoic acid (C9) and dodecanoic acid (C12), for C. 

albicans yeast and biofilm inhibition were selected to evaluate their cytotoxic effect on a 

monolayer of oral keratinocytes. Nonanoic acid (C9) was found to be three times less 

cytotoxic than dodecanoic acid (C12), as shown by the IC50 values in Figure 5.15. The mean 

IC50 value for oral keratinocyte monolayers was seven times smaller for nonanoic acid (C9), 

and four times smaller for dodecanoic acid (C12), than for C. albicans biofilm (Table 5.1). 

These data suggest that the concentrations used to kill C. albicans would also be toxic to oral 

keratinocytes, with no therapeutic window established.  
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Figure 5.15. Cytotoxicity of A) nonanoic acid [C9] and B) dodecanoic acid [C12] on FNB6 

immortalised oral keratinocyte monolayers using a metabolic activity MTT assay. Graphs 

shown are the mean +/- SD for 6 wells of one representative experiment. The IC50 value is 

given in the top right of the graph (mean +/- SD) for n=3 independent experiments 

 

5.8 Application of fatty acid containing electrospun patches on 3D oral mucosa 

tissue models 

Fatty acids C9 and C12 were shown to be toxic to monolayers of oral keratinocytes cells at 

the therapeutic dose required to kill C. albicans biofilms. However, a one cell thick monolayer 

does not take into account the complex and multi-layered structure of the oral mucosal 
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tissue. It is well known that toxicity data obtained in 2D cell culture models does not reflect 

toxicity in 3D or native tissue [234], with levels of toxicity always greater for monolayers 

compared to 3D tissue when a substance is applied at the same concentration [235]. 

Therefore, 3D in vitro models of the oral mucosa that better represent the native oral tissue 

structure were used. The effects of electrospun patches, either without or containing 

nonanoic or dodecanoic acid were used on this model. The mucosal model consists of a 

stratified squamous epithelium that are several cell layers thick, with epithelial desquamation 

occurring at the most superficial layers, and a fibroblast-populated collagen lamina propria 

(Figure 5.16.A) and uninfected models were used as controls. Addition of a PVP/RS100 plain 

electrospun patch or a patch containing nonanoic acid (Figure 5.16.A), did not alter the 

epithelium thickness on uninfected tissue, whereas addition of the dodecanoic acid patch 

visibly reduced the epithelium thickness and the presence of a crystalline structure was 

observed on the surface of the epithelium that may be the fatty acid (Figure 5.16.B). 

Electrospun patches used weighed ~5 mg suggesting that ~600 μg (3.8 μmol) of nonanoic 

acid and 1100 μg (5.5 μmol) of dodecanoic acid were present within the patches. If this entire 

fatty acid content releases into 100 μL of media at the site of patch application, the 

concentration of nonanoic acid is ~8 times more than on the IC50 concentration on the 

keratinocyte monolayers (which was 4.9 mM) and ~39 times more than that of dodecanoic 

acid (1.4 mM). It was assumed that the majority of fatty acid from the patches would be 

released over the 18 h treatment period. 

C. albicans was grown on the surface of the epithelium over 4 h prior to the application of the 

electrospun patches to obtain a biofilm on the epithelium surface in order to represent oral 

candidiasis. Candida, (coloured purple by PAS staining) had formed hyphae and was 

observed invading into the epithelium as occurs clinically. However, it was noted that C. 

albicans biofilm was not widely spread across the epithelium surface of the model and was 

mainly found in dips along the epithelium surface. This indicates that the method required 

optimisation, perhaps using a greater volume of media in which the C. albicans would be 
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suspended on the epithelium surface. The epithelium thickness was drastically reduced for 

all C. albicans–infected models, although fewer C. albicans cells were detected with the 

application of the electrospun patches (Figure 5.16.G&H). This was however also true for the 

models with plain patches applied (Figure 5.16.F).  

Keratinocyte cell lysis was measured using an LDH assay. OD readings were very high for 

all conditions, including models receiving medium alone (Figure 5.17). OD values were 

approximately eight times greater than expected when compared to similar experiments in 

the literature [236], suggesting that for some reason cell lysis was occurring for all conditions. 

Only two conditions were markedly different to the untreated tissue model; namely there was 

a reduction in cell lysis with the application of the plain electrospun patch on the tissue 

without any Candida and an increased LDH response when the nonanoic acid patch was 

applied on the tissue without Candida. Although, it must be noted that due to time constraints 

this experiment was performed only once and so it is difficult to come to any firm conclusions 

without performing more optimised, repeat experiments.  
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Figure 5.16. Representative light microscope images of PAS stained 3D oral mucosal 

models with the following treatments: A) nonanoic acid patch applied, B) dodecanoic acid 

patch applied, C) C. albicans with media only, D) C. albicans with plain patch applied, E) C. 

albicans with nonanoic acid patch applied, F) C. albicans with dodecanoic acid patch applied. 

The scale for all images are as shown in H. 
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Figure 5.17. Lactate dehydrogenase assay of media surrounding 3D oral mucosa models 

with different conditions applied to the models. ‘PVP’ is the plain PVP/RS100 electrospun 

patch applied to the models and labels ‘C9’ and ‘C12’ are nonanoic and dodecanoic acid 

containing electrospun patches, respectively. Label ‘Ca’ is short for Candida, where C. 

albicans strain SC5314 was applied to the surface of the epithelium. Mean +/- SD are of 

three technical repeats from n=1 biological experiment. 
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5.9 Discussion 

The aim of this chapter was to determine the capability of the electrospun patches as an 

antifungal vehicle to treat oral candidiasis. This condition was chosen as oral fungal 

infections are relatively common amongst mainly immuno-compromised individuals and is 

also a side-effect following steroidal treatment for oral lichen planus, which was the original 

electrospun device application fabricated by the research group at the School of Clinical 

Dentistry in Sheffield [1]. Two in vitro methods to test fatty acids incorporated into 

electrospun patches against candidiasis were employed. First C. albicans was streaked on 

agar plates to test the ability of fatty acids to inhibit fungal cell growth and secondly C. 

albicans was grown into a biofilm to test the ability of fatty acids in killing an already existing 

biofilm. C. albicans yeast form tends to be associated with the commensal organism that 

occurs in approximately 50% of the adult healthy population [29]. In contrast, the biofilm form 

contains a mixture of yeast and hyphae where the latter are associated with penetration and 

invasion into the oral epithelium causing tissue damage and disease [30]. Therefore, testing 

fatty acids on both of these forms of C. albicans was of interest. 

In the last few decades there has been a rise in antifungal resistance and hence testing for 

alternative therapies to common antifungal drugs is important. The reason for choosing 

short- to medium-chain saturated fatty acids was as they have known antimicrobial and 

antifungal properties [45,237]. Additionally, a number of bacteria use short-chain fatty acids 

as their own antimicrobial defense mechanism against other organisms [52]. However, the 

majority of earlier studies were performed using tests in broth culture, which are not clinically 

relevant as this method does not resemble C. albicans growth or biofilm formation in the oral 

cavity [45,237]. Other benefits of using fatty acids as the therapeutic agent are their low 

production cost and that they are known to be permeation enhancers and aid penetration of 

other therapeutic molecules into tissues due to their lipophilicity [51]. 

As well as comparing the antifungal potential of a range of short- to medium-chain fatty acids 

on both yeast and biofilm states of C. albicans, it is important to test inhibition on a number of 
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C. albicans strains as some are likely to be less susceptible to inhibition than others. Tests 

were therefore performed on two wild types of C. albicans, SC5314 and BWP17, as well as a 

clinical isolate, CAR17, known to be resistant to azole drugs. On both wild type strains tested 

the fatty acids in solution showed a similar pattern of inhibition. The most notable difference 

in results between the wild type strains was that SC5314 was more susceptible to the 

positive controls, fluconazole and miconazole, than BWP17. For both strains octanoic (C8) 

and nonanoic (C9) acid showed the greatest inhibition by disc diffusion test. Previous studies 

showed that only even numbered carbon chain length fatty acids were effective against 

C. albicans [44–47]. This is the first study to show that nonanoic acid displays inhibitory 

capabilities on C. albicans. Additionally, no previously published agar disc diffusion results 

were found for short- to medium-chain fatty acids on C. albicans. Earlier studies using fatty 

acids as an antifungal measured C. albicans yeast inhibition in broth dilutions using a 

number of different C. albicans strains, either recording the minimum inhibitory concentration 

(MIC) by the turbidity of the broth or by diluting the broth and counting CFU/mL on agar 

plates [44–47]. In every one of these earlier studies decanoic acid had the best inhibition on 

the yeast C. albicans cells in broth. Huang et al showed that hexanoic, octanoic and 

dodecanoic acid all gave similar inhibition results [45], whilst Kabara et al. [47] and Bergsson 

et al. [44] reported that octanoic acid had very low inhibitory responses on C. albicans yeast 

cells in broth. Hayama et al. [46] reported the MIC of octanoic acid, decanoic acid and 

dodecanoic acid as 34.7 mM, 29.0 mM, and 49.9 mM on a C. albicans clinical isolate strain 

in broth culture. Therefore, given the larger inhibition zone for octanoic acid compared to 

decanoic acid in this study (Figure 5.1), it would suggest that octanoic acid diffuses better on 

the agar plates than decanoic acid. This is likely as the water solubility of octanoic acid is 

around 10-fold higher than for decanoic acid and as the carbon chain length of the fatty acid 

increases the water solubility decreases further. The fatty acids were all prepared in DMSO 

prior to adding them to filter discs, which would also aid the elution of the fatty acid into the 

agar environment as DMSO is miscible in water. 
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Fluconazole resistance of Candida strains (of different species) has been previously defined 

using an agar disc diffusion method, where an inhibition diameter smaller than 14 mm with 

an MIC greater than 32 μg/mL was termed resistant by two separate studies that acquired 

large data sets (one study used 250 strains and another 1407 strains) [238,239]. In 

comparison the concentration of fluconazole used on the clinical isolate CAR17 in this thesis 

was 245 μg/mL and the mean inhibition zone was 8.4 mm (Figure 5.1), showing that this 

strain was very resistant to fluconazole. Additionally, fluconazole and miconazole had non-

significant inhibition zones on CAR17 and were similar to that of the negative control DMSO. 

The fatty acids, however, had similarly high inhibition zones as on the wild type strains, with 

octanoic and nonanoic acid again having the largest inhibition zones on the agar plate, along 

with heptanoic acid (although the standard deviation was very large for heptanoic acid). This 

shows for the first time that medium-chain saturated fatty acids have potential as an 

alternative therapy for azole-resistant Candida strains.  

Metabolic tests conducted on the pre-exisitng C. albicans biofilm showed a different fatty acid 

to be the most toxic to the hyphae C. albicans cells (Figure 5.2) compared to on the yeast 

cells in the agar disc diffusion tests (Figure 5.1). Here, dodecanoic acid (C12) showed the 

best biofilm inhibition compared to the other fatty acids with an IC50 of 4.7 mM. As the carbon 

chain length of the fatty acid increases the metabolic activity of the biofilm is reduced for the 

same concentration of fatty acid.  Only one previous study reported hyphal IC80 for fatty acids 

octanoic, decanoic and dodecanoic acid at 205 μM, 16.7 μM and 61.0 μM respectively [46]. 

These values are surprisingly low and very different to the IC50 values obtained in this study. 

The main reason for this large difference in inhibitory concentration may be that a different 

strain of C. albicans was used, however, substantial differences in the methodology are also 

apparent, where far fewer CFU were used (5 × 103 compared to 1 × 105 cells/mL used in this 

study) and the IC80 was measured using a crystal violet staining assay, where the MIC was 

defined as a reduction in biofilm growth by 80% measured using the optical density (OD) 

compared to the OD of a non-treated biofilm. In crystal violet staining the entire biomass is 
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stained (including live cells, dead cells and extracellular mass), compared to only the viable 

cells by XTT assay used in this thesis. A study which has previously compared the two 

methods to study C. albicans biofilm growth found that far better experimental reproducibility 

was achieved using the XTT method compared to crystal violet staining [240]. 

Compared to the yeast cells in the agar disc diffusion test the biofilm contains a variety of 

structures of the polymorphic fungus C. albicans, where both yeast and hyphae cells are 

present, as can be observed in the live/dead stain images (Figure 5.3). In the biofilm the cells 

also excrete extracellular matrix and glycoproteins to make a denser, more invasive structure 

that is much more resistant to therapy. It was observed that the biofilm was less thick after 

fatty acids at 50 mM had been applied to the biofilm, as there was a reduction in the live 

(green) area of cells in the images, and more dead (red) cells present as well. With the 

application of dodecanoic acid a greater number of dead cells were present compared to 

when nonanoic acid was applied at the same concentration, as seen visually in the live/dead 

stain images. This data confirms the metabolic assay data and shows that actual cell death 

and not just a decrease in metabolic activity occurred. Previous literature has analysed the 

mechanism in which fatty acids kill the C. albicans cells, where a TEM image of a yeast 

candida cell to which decanoic acid (C10) had been applied showed that the whole 

cytoplasm was disrupted, although no difference to the size of the cell wall was observed 

[44]. This is very similar to the observations made by TEM for C. albicans cells treated with 

miconazole, where several fat globules forming within the cytoplasm and vesicles on the 

outer cell wall theorised to be remnants of cytoplasm were also shown [241]. Previous 

studies on C. albicans virulence and the gene expression responsible for the yeast to hyphae 

change also give information on how the application of fatty acids may lead to fungal cell 

death. There are a number of hyphae-associated genes that allow the Candida cells to be 

transformed from yeast to hyphae cells, one of which is the hyphal wall protein HWP1 [242]. 

Hyphae cells also release adhesins and cell surface glycoproteins so that they can adhere to 

a variety of surfaces and to other microorganisms, of which HWP1 is also one. Reduced 
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HWP1 expression upon addition of decanoic acid has previously been determined, along 

with the reduction of another glycoplipid, INO1, which is also related to C. albicans virulence 

[52]. Genes related to azole resistance in C. albicans strains have been previously reported 

to have an upregulation of INO1 proteins [243]. Therefore, using antifungals such as fatty 

acids to downregulate proteins related to hyphal switching and which have an increased 

presence in azole resistant strains are desirable. 

No previous literature on incorporating medium-chain fatty acids into electrospun patches for 

medical purposes has been reported, although a number of papers have incorporated lauric 

acid (C12) into electrospun polymer fibres to phase change the polymer material for thermal 

energy storing uses [244,245]. A more related study to the work in this thesis incorporated 

monolaurin, a monoester formed of glycerol and lauric acid, into shellac (a resin) electrospun 

fibres to test antimicrobial properties on C. albicans, Staphylococcus aureus and Escherichia 

coli [246]. Another research group has also incorporated the antifungal drug clotrimazole into 

electrospun patches, which successfully eradicated C. albicans viability within a few hours in 

broth dilutions [101,103,117]. Therefore, given the potential of medium-chain saturated fatty 

acids as an antifungal even for azole drug resistant strains of Candida, and of electrospun 

patches as a drug delivery vehicle, these two systems were combined and researched in the 

second half of this chapter. 

Heptanoic to dodecanoic acid were electrospun into both PCL and PVP/RS100 fibres, where 

0.2 M of the respective fatty acids were incorporated into the polymer dope solution. 

Although both the PCL (Figure 5.4) and the PVP/RS100 fibres (Figure 5.5) look slightly flatter 

with the incorporation of fatty acids, the morphology of the PCL fatty acid fibres look more 

different than the PVP/RS100 fatty acid fibres when compared to the plain patches with a 

greater range of thin and thick fibres. This would suggest that the material dope properties 

may be more different when fatty acids were added to the PCL dope than to the PVP/RS100 

dope, although there was also more variation in the plain PCL dope properties as observed 

in chapter 3. As the fatty acids have different degrees of solubility and volatility it was 
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expected that some fatty acid might be lost in the electrospinning process. Therefore, 1H 

NMR spectroscopy data was obtained to find the fatty acid concentration in PCL, whereas 

GC-MS was used to detect the amount of fatty acid present in the PVP/RS100 fibres. The 

less volatile fatty acids, decanoic to dodecanoic acid, which were solids prior to being 

dissolved into the polymer dope, were present in the PCL fibres at a similar wt% as in the 

polymer dope. However, the more volatile fatty acids with shorter carbon-chain lengths, 

heptanoic to nonanoic acid, were barely present in the PCL fibres. In the PVP/RS100 fibres 

more nonanoic acid was present than in the PCL fibres, however more dodecanoic acid was 

present in the PCL fibres. Reasons for this were not explored, however it is assumed that the 

different chain-length fatty acids interact differently with the polymer complexes. Hydrogen 

bonding between the (-OH) group in lauric acid and (C=O) in PLGA (a bond which is also 

present in PCL, but not in PVP) has previously been theorised using FTIR spectroscopy data 

to explain the plastizing effects that occurred when the polymer and fatty acid were combined 

to manufacture an electrospun patch [54]. Both the PCL and PVP/RS100 electrospun 

patches in this study also became noticeably stiffer with the addition of the medium chain 

fatty acids, also suggesting plasticisation occurring. 

The agar disc diffusion tests to measure the inhibition of C. albicans growth were repeated 

for the fatty acid containing electrospun patches on strain SC5314. Although PCL patches 

did not contain much nonanoic acid from the NMR results, they still produced the greatest 

inhibition zone on the C. albicans lawn (Figure 5.10). This would indicate that nonanoic acid 

is far more toxic to the C. albicans yeast cells, even at lower concentrations, than the other 

fatty acids tested. PVP/RS100 patches containing octanoic and nonanoic acid displayed the 

most significant inhibition compared to the plain patches, despite the GC-MS results also 

showing less nonanoic acid than dodecanoic acid to have been retained in the patches. The 

plain PVP/RS100 patches also inhibited the C. albicans growth in the disc diffusion assay, 

which was likely due to the hydrophilicity of these patches. The difference in hydrophilicity 

between the PCL and PVP/RS100 patches was shown by comparing SEM images after the 
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patches had been removed from the C. albicans streaked agar plates, where the PVP/RS100 

patches did not retain clear fibrous structure compared to the PCL fibres. The PCL patch 

containing nonanoic and decanoic acid had the fewest yeast cells visible among the fibres, 

whereas on the PVP/RS100 patches yeast cells were only visible on the plain patch. This 

may however be related to the loss in fibrous structure and the patches therefore not 

retaining the yeast cells during the SEM processing procedure. For PVP/RS100 patches with 

octanoic acid and nonanoic acid the outline of the fibres could still be determined, whereas 

no fibre outlines are visible for patches that contained decanoic to dodecanoic acid. This is 

likely to be related to the increase in lipophilicity of the higher end fatty acids, which have 

been reported on databases for chemical substances and for metabolites as logP [247,248]. 

The biofilm viability tests with electrospun patches containing fatty acids were performed on 

strains SC5314 and CAR17 (Figure 5.13 and 5.14). For both the PCL and PVP/RS100 

patches on both strains decanoic to dodecanoic acid gave the best reduction in biofilm 

viability, similar as for the fatty acid solution only results. The patches containing nonanoic 

acid also showed significant inhibition, apart from in PCL on strain SC5314. The data in 

chapter 5.6 therefore shows that electrospun patches incorporating fatty acids could be used 

to treat C. albicans biofilms. 

The two fatty acids that were most potent against the yeast and hyphae C. albicans cells 

were selected to test their cytotoxicity on a monolayer of oral keratinocytes (FNB6 cell line). It 

was shown that dodecanoic acid was more toxic to the cells than nonanoic acid, as was the 

case for the C. albicans biofilms (Figure 5.2). The IC50 values were similar to previous values 

reported for a human endothelial cell line (EA.hy 926), where an IC50 of 1.72 mM for 

decanoic acid and 2.95 mM for lauric acid were recorded [49]. The IC50 for the two fatty acids 

were lower on the oral keratonicytes than on C. albicans biofilm and therefore from this data 

no therapeutic window could be established, especially as an IC90 of fatty acid to make sure 

that the majority of the Candida would be killed is desired. The IC90 was around 10 mM for 

dodecanoic acid to kill C. albicans and the IC90 for the monolayer of oral keratinocytes was a 
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similar concentration. The reason for the C. albicans cell being more resistant to treatment 

than an oral keratinocyte can to be related to the difference in the cell wall structures of the 

respective cells. A Candida cell wall is mainly composed of a thick layer of chitin with several 

layers of mainly glycosylated and mannosylated proteins on the cell surface creating a 

considerable barrier for the fatty acids to penetrate [249]. In comparison, oral keratinocytes 

have just a plasma membrane as a biological barrier for the fatty acids to pass into the cell 

and to disrupt the cytoplasm leading to cell death. There are several limitations in using a 

monolayer of keratinocytes as an in vitro cytotoxicity test. Cell monolayers are one cell in 

thickness and so do not replicate the oral epithelium tissue structure, thickness, mechanical 

or biomechanical cues. In monolayer culture the keratinocytes have basal and stem cell 

features and are all actively proliferating, whereas oral mucosa is a stratified epithelium with 

multiple cell layers where only the most basolateral basal cells proliferate. In a 2D in vitro 

model interaction with the other, non-proliferating cell layers is not replicated. It is also 

difficult to model the flow of saliva and the presence of other excipients on the surface of the 

oral mucosa that create additional therapeutic barriers. Therefore on multi-layered oral 

mucosa and even in a 3D in vitro tissue model an increase in inhibitory concentration of the 

fatty acid on the oral mucosal tissue would be expected. 

Initial tests on 3D oral mucosa models were performed to replicate oral candidiasis so as to 

test the antifungal electrospun patches on this model. C. albicans biofilms have previously 

been successfully grown and characterised on 3D oral mucosa models [236,250]. The oral 

mucosa models in this thesis were infected as described by Yadev et al. [236], however an 

even biofilm growth along the surface of the epithelium was not achieved. For this reason a 

modification of the Yadev et al. [236] method, could be used by applying a greater volume of 

C. albicans to the model surface in the infection stage to try and obtain a more even C. 

albicans biofilm across the surface of the epithelium. An alternative method was described by 

Morse et al. [250] where the biofilm was first grown separately in acrylic coupons for several 

days then the coupons were applied to the oral mucosal model by inverting the coupon onto 
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the surface of the model and leaving it for 12 hours. This produced good biofilm growth and 

biofilm invasion into the model, however the coupon was only carefully removed post-

infection and the model was straight processed for histology. Therefore, this method could be 

difficult to replicate as the electrospun patches also need to be applied to the infected model 

over several hours. Another issue with the initial pilot study was the high concentration of 

fatty acid within the electrospun patches. Future experiments would focus on the dodecanoic 

acid electrospun patches as the difference in toxicity between the Candida and oral 

keratinocytes was less than when using nonanoic acid (four fold difference versus a seven 

fold difference in IC50) and as dodecanoic acid was the most potent fatty acid on the biofilm 

experiments. Testing patches containing between 0.5 μmol and 1 μmol dodecanoic acid 

would also optimise experimental conditions in future experiments. One μmol dodecanoic 

acid in 100 μL of solution (10 mM) would kill around 90% of the C. albicans biofilm, but would 

also be toxic to the oral keratinocytes according to data presented in this chapter. From table 

5.1 the mean IC50 of dodecanoic acid for C. albicans was 4.7 mM, which is however four 

times the mean IC50 on the oral keratinocytes. Therefore, this concentration would be toxic to 

the C. albicans cells but much less toxic to the oral mucosa tissue model than for oral 

keratinocyte monolayers.  

Taken together the data in this chapter suggests that medium-chain saturated fatty acids 

have potential as an antifungal agent to inhibit C. albicans yeast or biofilm. Octanoic and 

nonanoic acid were most suited as a preventative for oral candidiasis growth and dodecanoic 

acid to treat an already existing biofilm of Candida. These fatty acids were also shown to 

have similar inhibition on an azole resistant strain of C. albicans, which is very promising 

given the rise in antifungal resistance. Additionally, the medium-chain fatty acids were 

successfully electrospun into patches and had similar inhibitory responses as for the fatty 

acid solutions. An electrospun patch would therefore be an ideal vehicle to deliver the fatty 

acids directly to the locally infected candidiasis sites on the oral mucosa. Further research on 

the toxicity of the fatty acids on mammalian tissue needs to be conducted, with suggested in 
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vitro testing on 3D models, so that a therapeutic dose can be determined without it being 

harmful to tissue. 
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6. Conclusions 

As highlighted in the literature review, there is an existent clinical need in oral medicine to 

improve local drug delivery to oral diseases with improved drug retention at the disease site. 

This is challenging given the moist and malleable mucosal tissue in the oral cavity. 

Therefore, the aim of this thesis, as presented in section 1.10, was to evaluate an 

electrospun polymer patch as a drug delivery vehicle for direct treatment of oral diseases. 

The electrospun patch system was successfully developed, manufactured and analysed for 

such purposes. Specific objectives for this project were determined in section 1.10 and the 

main conclusions of the research are presented here: 

 

1. In chapter 3 two main polymer systems for electrospinning a drug delivery device 

were chosen and the polymer solution and resulting electrospun patches were 

characterised. PVP in ethanol and PCL in DCM/DMF (93/7 w/w%) could be 

electrospun well, especially at 10 – 15% (w/w) of the polymer in solvent, to form 

fibrous mats with some variations in fibre diameter. Differences in material solution 

properties, such as the viscosity, surface tension and conductivity, could be related 

back to the difference in fibre diameters and morphologies observed at different 

polymer concentrations and between the two polymer systems. The main difference 

between the PVP and PCL solutions was that the mean polymer solution viscosity 

and the mean fibre diameters for PVP were less than for PCL at the same 

concentration of polymer. The higher surface tension and lower conductivity for PCL 

solutions at the same concentrations of PVP were theorised to be the reason for the 

less straight and more undulating PCL fibres compared to PVP fibres. RS100 and 

PEO particles were added to the PVP solution and successfully electrospun at 

10/12.5/10% (w/w) PVP/RS100/PEO to form a less hydrophilic and mucoadhesive 

patch (as shown in a previously published study by another member of the research 

group). The PVP/RS100/PEO layer and PCL layer were molten together at 70 °C to 
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form a smooth PCL backing layer on the fibrous PVP layer, which should aid uni-

directional drug release into tissue if an active pharmaceutical ingredient were 

added into the PVP fibres. 

 

2. In chapter 4 a small drug molecule, lidocaine, was incorporated into the electrospun 

patch and uptake into tissue was evaluated to show the potential of the electrospun 

system characterised in chapter 3 as a drug delivery vehicle. Lidocaine in its base 

and hydrochloride salt form were incorporated into the PVP/RS100/PEO electrospun 

fibres at 2.9 ± 0.3 % (w/w) and 2.4 ± 0.5 % (w/w) of the dry patch, respectively. 

Lidocaine in both the salt and basic forms were shown by DSC to be amorphous 

within the electrospun fibres, where the amorphous state is known to improve drug 

solubility from the fibres and into tissue. A robust HPLC method to measure 

lidocaine concentrations in buffer, including determining the limit of quantitation, was 

established in section 2.3.7.  It was shown that the acidic lidocaine HCl released 

more quickly from the electrospun fibres than lidocaine base and were shown to 

have around 80% and 50% of total drug content released in buffer over 1 h, 

respectively. Lidocaine from the lidocaine HCl containing patches was shown to 

release from the electrospun fibres and permeate through around 1 mm thick ex 

vivo porcine mucosa within the first 15 min and had a flux of 4.47 ± 0.16 ng cm-2 s-1. 

Although, lidocaine permeation from the lidocaine base electrospun patches was not 

detected using the same HPLC method. However, the lidocaine uptake from the 

electrospun patches into tissue was confirmed by MALDI-MSI, where the spatial 

distribution of lidocaine in buccal tissue was visualised post-release from both 

lidocaine HCl and lidocaine base containing patches. The time-dependent 

penetration of lidocaine into tissue was also clearly shown by MALDI-MSI, where 

lidocaine was mainly present in the epithelium layer in the first hour, however, over 

three hours the lidocaine was distributed in the epithelium and lamina propria. For 
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the condition where lidocaine was applied to the epithelium surface as a solution 

lidocaine was also visible in the submucosa after 3 h. Therefore, this data shows 

great promise for the application of electrospun patches as anaesthetic and/or 

analgesic vehicle of lidocaine to buccal tissue. Further validation work of the system 

is suggested in the following chapter. 

 

3. In chapter 5 medium-chain saturated fatty acids were shown to have therapeutic 

ability in treating oral candidiasis strain C. albicans, including a strain resistant to 

common azole antifungal drugs. Octanoic (C8) and nonanoic (C9) acid were shown 

to have the greatest inhibition effect on C. albicans growth from the range of fatty 

acids tested, whereas dodecanoic acid (12) was the best treatment option for an 

already existing biofilm of C. albicans. The fatty acids were incorporated into 

PVP/RS100 and PCL polymer dopes and electrospun into fibrous mats, where the 

higher carbon-chain length fatty acids (C10 and over) were better encapsulated in 

the PCL fibres. In the PVP/RS100 fibres only nonanoic (C9) and dodecanoic (C12) 

acid were tested for their encapsulation efficiency, where C12 was also better 

encapsulated in the fibres than C9, but not as well as in the PCL fibres. The 

inhibition zones on the C. albicans streaked agar plates were similar for the fatty 

acids eluting from electrospun patches as for when they were applied as solutions, 

showing the potential of the electrospun patches as an antifungal fatty acid delivery 

vehicle. Fatty acid containing electrospun patches placed on biofilms of C. albicans 

also showed decanoic (C10) to dodecanoic (C12) acids being the most potent of the 

fatty acids tested against the biofilms. Cytotoxicity tests on a monolayer of oral 

keratinocytes showed that the therapeutic concentration at which the fatty acids 

killed C. albicans was also toxic for the monolayer. However, as a monolayer is 

more susceptible to therapeutic treatments than live and thick oral mucosal tissue 

an initial study using a more physiologically relevant C. albicans infected 3D oral 

mucosal model was performed. Here, nonanoic (C9) and dodecanoic (C12) acid 
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containing patches on the infected 3D oral mucosal models were applied. However, 

this study needed further development to obtain a greater C. albicans infection along 

the epithelium surface of the mucosa model and a lower concentration electrospun 

patch to provide valuable and conclusive data. The necessary additional work for 

this study will be proposed in the next chapter. Overall, medium-chain saturated 

fatty acids were shown to be a good alternative antifungal therapy to treat C. 

albicans compared to current antifungal drugs, for which C. albicans is becoming 

increasingly resistant. Additionally, the use of an electrospun polymer patch was 

shown to be an effective delivery method for these antifungals. Combining the two 

systems provides a promising solution to targeting oral candidiasis locally. 

 

In conclusion, this thesis demonstrated the development of electrospun devices for delivery 

of therapeutics to treat and target oral diseases. Loading of therapeutics into the electrospun 

fibres was demonstrated, as well as release of these therapies from the fibres in the 

presence of moisture or when directly applied to mucosal tissue. Both drug uptake into tissue 

from the electrospun system as well as disease treatment via electrospun patch was shown 

in this work. This suggests that electrospun drug delivery devices could be a viable 

alternative local delivery method for sustained treatment of oromucosal diseases, where a 

real clinical need to improve such treatment methods exists. For this reason further studies of 

the electrospun devices developed, including clinical work, are recommended as highlighted 

in the following chapter. 
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7. Future Work 

The research in this thesis demonstrates the value of electrospun devices for oral drug 

delivery; however, some additional validation work will be recommended here: 

1. The electrospinning process in this work was performed without any environmental 

controls, where humidity and temperature can have an effect on the electrospinning 

solution and resulting electrospun fibres. Therefore, one improvement, especially if 

such a device were to be manufactured for a commercial pharmaceutical purpose, 

would be to control the electrospinning environment. This could be achieved either 

by using a more specialised electrospinning rig or by having the rig in an 

environmentally controlled room. 

2. As highlighted in the literature review, a multitude of other bioadhesive polymers 

may aid mucoadhesion of the electrospun patches. Therefore, a systematic review 

of such polymers could be performed, however, first a study to differentiate between 

the mucoadhesive strengths of electrospun systems would need to be established, 

especially where only small differences can be observed, which would be a large 

project of its own.  

3. Establishing the maximum possible loading of lidocaine into the electrospun fibres 

may be of interest to increase the amount of lidocaine that can be delivered to tissue 

within the area of patch application. This would also require the experiments in 

chapter 4 to be repeated to observe how drug concentration changes the release 

rate from the patches and the permeation rate into tissue.  

4. The research in chapter 4 was performed using the dual-layer electrospun patch. 

However, whether the backing layer does in fact aid uni-directional release and 

penetration of the drug into tissue was not tested due to time constraints. This may 

also be difficult to show using the Ussing permeation chambers as in this study, 

where the chambers are vertical and if the donor chamber had been filled with buffer 

the patch would have most likely degraded into this chamber. Therefore, using the 
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horizontal Franz Diffusion chambers with simulated saliva flow on the epithelium 

surface where the patch is applied, and taking aliquots from both the donor and 

receptor sides, could be one way of testing whether the backing layer does in fact 

aid uni-directional release. For this study a dual-layer and single-layer patch with the 

same drug content would need to be manufactured and the results compared. 

5. In literature it has been shown via MALDI-MSI that drug penetration depth in tissue 

was dose-dependent [219]. As a quick response of the anaesthetic along the tissue 

is desirable, especially if the patches were to be used prior to dental surgery, a 

dose-dependent MALDI-MSI study would be interesting. 

6. In this thesis it was not shown whether lidocaine was still biologically active after it 

was electrospun into the polymer fibres. As lidocaine functions by blocking voltage-

gated sodium channels, a biological assay to show this effect could be employed. A 

previous study using a neuroblastoma cell line showed the functionality of the 

voltage-gated sodium channels using a neurotoxin (veratridine) to open these 

channels and a fluorescence kit to show calcium ion release once the channels 

were opened [25]. Applying lidocaine elutant to the cells prior to adding veratridine 

should dampen the fluorescence signal, indicating that fewer calcium ions were 

released and that therefore the voltage-gated sodium channels were blocked. 

7. In vivo animal studies using electrospun patches with different concentrations of 

lidocaine would be of interest to validate the anesthetising effect of the patches. 

Such studies could potentially be performed in the buccal pouches of hamsters or 

rabbits, as have been previously shown in literature, and the lidocaine concentration 

in plasma over a number of hours could be recorded [214]. 

8. Finding a therapeutic window in which fatty acids, such as nonanoic and dodecanoic 

acid, inhibit C. albicans growth or biofilm formation without being highly toxic to 

tissues in the oral cavity is required if they were to be a viable treatment option for 

oral candidiasis. First the C. albicans infected 3D oral mucosa method used in 

chapter 5.8 needs to be amended to obtain a more even biofilm spread across the 
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epithelium surface of the model. It will need to be reviewed whether this could be 

achieved by increasing the CFU or volume of solution added to the epithelium 

surface. Once the infection method has been improved an electrospun patch 

containing a lower concentration of dodecanoic acid should be added to the model 

compared to what was performed in this work, where a 0.5 μmol and 1 μmol 

dodecanoic acid patch are suggested. 

9. Recent work on infecting the oral cavity of mice with C. albicans for antifungal 

treatment tests have been reported [251,252]. Adapting these methods for the 

application of dodecanoic acid patches would be possible, although another animal, 

such as rabbits or hamsters, may be better suited for electrospun patch application. 
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